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ABSTRACT

THE IMPACT OF CLIMATE CHANGE ON BROOK TROUTSALVELINUS FONTINALJS
THERMAL HABITAT IN THEIR NATIVE RANGE IN THE UNITED STATES

By

Kelsey Maggan Schlee

Within their native range in the United States (U.S.), brtoolst Salvelinus fontinalsare valued for
the recreational opportunities they provide to anglers anithéar utility as indicators of the environmental
health of the habitats in which they are found. For btomkt, stream temperatures within their viable thermal
range (0°-25°C) are vital to ensuring growth, reproducaoid, survival. Changes in air temperatures related to
climate change will influence stream temperatures, likely resutiagierations in the distribution and
guantity of thermal habitat available for brook trout, leadinghanges in this fish’s range and productivity.

| examined the effects of changing air temperature on brookttiermal habitat availability for 51
streams across 30 subbasins spanning the latitudinal anaitbngl gradient of the brook trout’s native range
in the U.S. To determine the impact of air temperature chamiges @y climate change for these streams, |
converted air temperatures projections for the subbasin leweltfiree coupled climate models into stream
temperatures using two linear regression models and thenhatgddlity of stream habitat for brook trout
growth and survival based on the results.

According to both linear regression models, all 30 subbasime predicted to increase in
temperature by between 0.94°C and 4.16°C from 2006 to 28&4ting in reduced thermal habitat quality for
brook trout in 20 subbasins according to the first madel 15 according to the second model.

To mitigate the effects of climate change related increases in wapggrtgares due to increased air
temperature over the course of the next half-century, fisheriesgaemnmust focus their efforts on keeping
streams as cool as possible by protecting and planting ripanenshading and by guarding against additional
sources of stream warming such as influxes of runoff dugtiogn events and by maintaining other natural

stream cooling mechanisms, like groundwater inputs.
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THE IMPACT OF CLIMATE CHANGE ON BROOK TROUTSALVELINUS FONTINALJ)S
THERMAL HABITAT IN THEIR NATIVE RANGE IN THE UNITED STATES

I ntroductory Summary

In the United States (U.S.), the brook trout, (8khus fontinalis), is a highly valued
sportfish, contributing to the recreational fishingustry and to the well being of participating
anglers. In addition to the excitement they proatée end of a fishing line, this species is also
valued for its utility as an indicator of environntal health, due to their sensitivity to changes in
water quality. Therefore, maintaining brook trautheir native waters is for the economic,
social, and environmental benefit of the nation.

Maintaining this species in its native range wibve challenging for fisheries managers,
however, in part because this species is reliart warrow range of cold water temperatures for
growth, reproduction, and survival, making streaarming a threat to their persistence in U.S.
streams. Air temperature, one of the drivers @astr temperature, is projected to change as
greenhouse gas emissions continue to contribuiglbal climate change in the coming years
(Melillo et al., 2014). As such, air temperatur@res and concurrent changes in stream
temperature, will affect the availability of therhinabitat for brook trout, making future
strategies for the management of this species lasad understanding of the potential risk and
magnitude of stream warming a necessity.

The goal of this thesis study was to improve timderstanding by assessing the
potential impacts of changing air temperaturesjltieg) from climate change, on stream
temperature and therefore, on brook trout therrahbltht across their native U.S. range.
Specifically, | evaluated changes in summer stresanperature between the years 2006, 2012,

2026, and 2056, based on projected changes iamapdratures for selected streams currently



supporting productive brook trout populations aistidries. Then, | used these findings to
project changes in the future thermal habitat bilitg of these streams for this species. Lastly,
this study provides a methodology for managergedipt current and future stream
temperatures and resultant thermal habitat suitylibm air temperatures to aid in developing

future management plans for brook trout.

I ntroduction

Brook Trout Life History

The brook charr, Salvelinus fontinalis, or as itadloquially known in the United States,
the brook trout, is native to a large portion ofrtloAmerica. Its range extends from the
Canadian province of Manitoba in the west, nortNéwfoundland and Labrador, through the
Great Lakes Basin, and south along the Appaladiliamtain Chain (MacCrimmon and
Campbell, 1969, Waco, 2009). Within this range plrtvout exhibit three distinct life-history
forms. Two of these forms exist entirely in fresiwvaand one is anadromous, indicating time
spent in both fresh and salt water. The anadrorfus, commonly called “the salter,” can be
found along the east cost of North America and ateg to the ocean most likely for feeding
opportunities (Karas, 1997). The salter becomesisih color while living in marine waters, but
returns to typical freshwater brook trout coloratigoon its return to rivers and streams (Karas,
1997). The two entirely freshwater forms of brookut are the stream variety and the larger
potamodromous “coaster.” The stream brook trotgpgcally found in coldwater streams and is
small and short lived, with a lifespan of approxiata 3-5 years and a typical length of between
20 and 25cm (Waco, 2009). Relative to the streametyathe coaster form is larger, later to

mature, and longer lived. The coaster, which intsdbrge lakes and rivers, as well as streams,



may live to between eight and ten years old aradra#t weight of between four and six kg
(Power, 1980, Waco, 2009, Raleigh, 1982).

While brook trout do exhibit distinct differencaseaxternal appearance depending on
location (MacCrimmon and Campbell, 1969), in freakav brook trout typically have an olive
green to black body with red spots, some of whiehsairrounded by blue halos on their sides
(Page and Burr, 1991, Ml DNR, 2012). The bellyjsi¢ally white and wavy light green or
cream-colored vermiculations run along the backdordal fin (Ml DNR, 2012). The caudal fin
is only very slightly forked to nearly straight-estband the lower fins are edged in white (Ml
DNR, 2012, Page and Burr, 1991). A brook trout’suthds large and extends past the eye (Ml
DNR, 2012). Breeding males have black bellies ainghbred-orange sides (MI DNR, 2012,

Page and Burr, 1991).

The Importance of Stream Temperature

The brook trout is a stenothermic cold-water olikdgésh, therefore maintaining stream
temperatures within its optimal thermal range (€&l is vital to ensuring the efficient
functioning of life processes critical to surviaald productivity. This is because the internal
temperature of poikilothermic organisms, like braaut, is directly controlled by the
surrounding water temperature, which ultimatelyuences their metabolic processes,
reproduction, behavior (Helfman et al., 2009), distribution both in a broad geographic sense
and within a single river system (Hynes, 1970).

Fish metabolism increases with increasing tempegatasulting in a rising demand for
oxygen intake and consumed energy to fuel celjplacesses (Helfman et al., 2009). As a
component of anabolic metabolism, growth is alesely related to stream temperature (Hynes,

1970, Allan, 1995). Feeding activity and digestiate increase as temperatures rise, allowing



fish to grow faster provided that the demand fadf@nd oxygen to fuel this process can still be
met (Allan, 1995). Dissolved oxygen concentrationvater decreases as temperature increases,
however, and at some point fish can no longer risedxygen demands of a heightened
metabolism at high temperatures. Even when disdaxggen concentration is not the limiting
factor for supporting a heightened metabolism,tiahifood availability could be. Trout, for
example, are not typically found in warm water @tns in part because at approximately 20°C
they reach a thermal threshold above which theyaable to meet their energetic demands
(Allan, 1995). Additionally, at temperatures nedrsa’s upper thermal limit, more energy must
be utilized for metabolic processes more cruciauxvival than growth, which explains why
growth is typically reduced as fish approach tlgiper thermal limits (Allan, 1995).

Gonadal growth and development is also influermediater temperature in the same
way that somatic growth is, therefore, water terapees play a role in fish reproduction
(Helfman et al., 2009, Strussmann et al., 1998Hi#ahally, fecundity is also influenced by the
effect of water temperature on growth because lsoyis positively correlated with the number
of eggs produced (Beldade et al., 2012, Hislop8L98&/ater temperatures also affect fish
reproduction by acting as a behavioral cue for spagvevents (Hynes, 1970). For example,
peak spawning activity was coincident with dropsake temperature to below 11°C for lake-
dwelling brook trout in Scott Lake Ontario, Canad@r a period of two years (Blanchfield and
Ridgway, 1997). As such, in order to maximize gtovaurvival, and reproduction, fish tend to
select environmental temperatures where they fanctiost efficiently (Coutant, 1987, Helfman
et al., 2009). Therefore, reduction in the avaligbof optimal thermal habitat has potentially

significant impacts on fish survival and produdivi



The brook trout’s upper and lower thermal limite @6.3°C and 0°C, respectively (Fry et
al., 1946). These fish are most productive andbextine highest rate of growth between 11°C
and 16°C (Raleigh, 1982), where internal physialagprocesses for this species function most
efficiently (Brett, 1956). Outside this thermal gan brook trout experience reduced growth and
reproductive potential and are also more vulnerehixternal factors, such as predation and
disease, which often result in increased mortéBiett, 1956). For this reason, high
temperatures during the summer months in the bitook’s native U.S. range are limiting to
trout biomass and abundance (Bowlby and Roff, 1986jing the height of summer, brook
trout can be found in high densities in 15°C-19°@ew (Wehrly et al., 2003), suggesting
congregation around cool-water refugia like gromatér springs (Helfman et al., 2009). In
extreme cases, fish reliance on small pocketsesfihlly suitable water can result in
overcrowding, which may lead to an increase inpiteralence of disease, locally depleted food
resources, and overfishing, impacting growth, suadyiand reproductive capacity (Helfman et
al., 2009). As such, ambient stream temperatuned®ea limiting factor to brook trout
productivity and distributional range (McCormickagt, 1972); constraining them to cooler
locations (Helfman et al., 2009, Meisner, 1990a).

Maintaining thermal conditions suitable for broodut within their native U.S. range is
important because this species is valued for theeoonomic benefits it provides local
communities and for its utility as an indicatoresfvironmental health (Eastern Brook Trout Joint
Venture, 2008). In 2006, the United States’ trashéry, which includes the brook trout,
provided recreational fishing opportunities forestimated 6.8 million anglers who spent
US$4.8 billion (Harris, 2010). In 2011, particigatiin trout angling increased to an estimated

7.2 million participants (U.S. Department of Interet al., 2011). In addition to their value as a



recreationally important fish, brook trout are atemsidered a gauge of environmental condition
due to their sensitivity to changes in water qygiaras, 1997). Therefore, maintaining stream
temperature within the brook trout’s thermal rarg®r the economic, social, and

environmental benefit of the nation.

Effect of Air Temperature on Stream Temperature

When managing thermally sensitive fish speci&s, tirook trout, into the future, it is
critical to understand the drivers of stream terapae and the influence that changes in these
drivers may have. Stream temperatures are detedrbyelimate, elevation, streamside
(riparian) vegetation, runoff, groundwater inp@sd urban and agricultural land use (Allan,
1995, Nelson and Palmer, 2007). For this studgcli$ed on air temperature, a component of
climate, because projected changes in climatelaky ko influence this stream temperature

driver, resulting in future impacts to brook trgapulations.

Climate Change

Since air temperature, which is ultimately coreédlby climate, is a driver of water
temperature, which in turn influences brook trautvésal and productivity, to manage their
populations into the future it is important to uretand how changing climate is likely to
influence air temperature and therefore, streanpéeatures. Climate change is generally
understood as long term changes in weather patiédc@grecipitation and air temperature,
resulting from increasing concentrations of greersieogasses (GHGs), most notably carbon
dioxide (CQ), water vapor, methane, nitrous oxide, and chloavbcarbons, in the atmosphere
(Henson, 2011, Houghton, 2009). These gasses &dlyelnianket the Earth, absorbing the heat
emitted by the planet, while only releasing a portf that heat back into space (Henson, 2011).

As the concentration of GHGs in the atmospheres rige heat capacity to sequester heat



increases, influencing Earth’s climate (Henson,12@Goughton, 2009). Much of the increase in
atmospheric GHGs since the beginning of the IncaldRevolution around the year 1750 has
been attributed to changes in human activitiesigiolg, but not limited to reliance on fossil
fuels for energy, agriculture, and land use chghtgson, 2011). GHG emissions have
continued to rise over time with humans addingstimeted 31 gigatons of Gnto the
atmosphere in 2009, as opposed to approximatetygzons in 2002, and 15 gigatons in 1970
(Henson, 2011).

To predict future greenhouse gas emission, a daivelimate change, in 2001 The
International Panel on Climate Change (IPCC) depatica Special Report on Emissions
Scenarios (SRES), which included descriptions a3y futures for GHG emissions
(Houghton, 2009). The 35 scenarios were developsddon differing sets of assumptions
about the future, including factors like economiowgth, human population growth,
technological innovations, and the evolution ofudlet regarding social and environmental
sustainability (Houghton, 2009).

To illustrate how climate may change, climateteficing variables, like the projected
GHG emissions scenarios described above, are ioigal into global climate models (GCMs).
GCMs are highly sophisticated computer models tsetimulate the interactions between the
atmosphere, ocean, land, ice, and biosphere, wittichately govern Earth’s climate (Houghton,
2009). Many GCMs, called coupled models, incorpotato or more sub-models describing
interactions between these different climate deygétenson, 2011). Such models can project
future conditions for climatic variables, like éémperature and precipitation patterns.

Since GCMs typically provide projections of climatiea very large scale, regional

models (RCMs) or statistical downscaling methodslmaused to apply climate change



projections at more appropriate resolution for isitfie endeavors involving the progression of

climate change in a fixed area (Henson, 2011, Hmugt2009).

Climate Change and its Impact on Stream Temperature

The brook trout’s native range within the U.S. ud#s the Midwestern states of
Minnesota, lowa, Wisconsin, Michigan, and Ohio artends along the Appalachian mountain
chain from Maine in the north to northeastern Geongthe south (Figure 1) (MacCrimmon and
Campbell, 1969). Within this range, climate charsgeredicted to result in rising air
temperatures and longer, more frequent, and meeressummer heat events (Karl et al., 2009).
In the Midwest, regional average air temperaturesapected to rise by between 3.1°C and
4.7°C by the end of the century (2081-2100) ((M=lkdt al., 2014). In the Northeast, air
temperatures are expected to rise by between 16/8®°C by the 2080s (Kunkel et al. 2012;
(Horton and coworkers, (Melillo et al., 2014). letSoutheast, air temperatures are expected to
rise by 5.6°C by 2100 (Kunkel et al. 2012). Thelsanges in air temperature are expected to
directly influence stream temperatures (Karl et2009) because, as mentioned above, water
temperatures typically fluctuate in synch withtaeimperature (Pilgrim et al., 1998), resulting in
changes in brook trout thermal habitat. Rising wegmperatures are of concern because many
fish species, including brook trout, are often euatly found living near their upper thermal limit
(Magnuson and Destasio, 1997, Helfman et al., 20@8ich means that even minimal changes
in stream temperature could result in fish extiggatrom the stream.

Rising air temperatures are particularly problemdtiring the summer months, as annual
air and water temperatures reach their maximumsglunid to late summer, making brook trout
vulnerable to heat-related stress during this se@deisner, 1990b). Longer, hotter summers

predicted with climate change (Karl et al., 200@ l&ely to result in an increase in the



FIGURE 1. Thebrook trout’snative U.S. range divided into its Midwestern arastiern portionsThe subbasins (HUC8s) containi
each study streamre numbered and their corresponding identificatiombers and names are listed in Tak
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TABLE 1. List of high quality brook trout streamscanumber corresponding to each subbasin

(HUCB8) included in the national study site mapyfig1).

National Site Map Key

State Watershed Name Map ID
CT Housatonic 16
CT Lower Connecticut 18
CT Shetucket 20
CT Thames 22
CT Quinnipiac 24
CT Saugatuck 26
ME Aroostook 1
ME Meduxnekeag 2
ME Maine Coastal 3
ME Lower Kennebec 4
MI Dead-Kelsey 5
Ml Escanaba 7
Ml Black 9
Ml Thunder Bay 12
Ml Au Sable 13
MN Buffalo-Whitewater 15
NC Lower Little Tennessee 30
NY Great Chazy-Saranac 6
NY Ausable 8
NY Chenango 17
NY Upper Genesee 21
NY Southern Long Island 25
WI Wolf 10
WI Red Cedar 11
Wi Lower Chippewa 14
WI La Crosse-Pine 19
WI Lower Wisconsin 23
WY North Branch Potomac 27
\WAY Elk 28
\WAY Gauley 29

incidence and severity of heat related stress svanbrook trout, impacting their distribution

(Meisner, 1990a, Meisner, 1990b, Magnuson et 8801 Shuter and Post, 1990), and

productivity (Hokanson, 1977, Drake and Taylor, @98aking future strategies for the
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management of this species based on an undersgaoidine potential risk and magnitude of

stream warming a necessity.

Goals and Objectives

The goal of this study was to assess the potantdcts of changing air temperatures,
resulting from climate change, on brook trout tharimabitat across their native U.S. range. The
specific objectives of this study were: 1) evaludtanges in summer stream temperature
between the years 2006, 2012, 2026, and 2056, loaspbjected changes in air temperatures
for selected streams currently supporting prodedbrook trout populations and fisheries; 2) to
project changes in future thermal habitat suitgbdf these streams for brook trout in terms of
growth and survival; and 3) to provide a methodglfy managers to predict current and future
stream temperatures and resultant thermal habitaidity for brook trout from air

temperatures.

Methods

Site Selection

| chose 52 high quality brook trout streams (Figuted; Table 2) distributed across their
native U.S. range to evaluate the potential efdclimate change related shifts in air
temperature on thermal habitat suitability for thiecies. | selected streams from states spanning
the latitudinal and longitudinal gradient this ran@ an effort to capture current and predicted
differences in climate along this expanse. Stapsesented in this study include: Minnesota
(MN), Wisconsin (WI), and Michigan (MI) in the midstern region and Maine (ME), New
York (NY), Connecticut (CT), and North Carolina (Ni@ the Eastern region (Figures 1-9; Table

2).
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FIGURE 2. Location of each subwatershed (HUC12)aoimg a high quality studyream in
the state of Minnesota.
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FIGURE 4. Location of each subwatershed (HUC12)&@ioirig ahigh quality study stream |
the state of Michigan.
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FIGURE 5. Location of each subwatershed (HUC12)aoirig a high quality study stream in the s
of Maine.
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FIGURE 6. Location of each subwatershed (HUC12)aoimg a higrquality study stream i
the state of New York.
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FIGURE 7. Location of each subwatershed (HUC12)aioimg a high quality study stream
the state of Connecticut.
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FIGURE 8. Location of each subwatershed (HUCcontaining a high quality study stream

the state of West Virginia.
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TABLE 2. List of high quality brook trout streamscanumber corresponding to each subwatershed (HUG&R)ded in the state
study site maps (figures 2- 9).

State Site Map Key

State Stream Name Map ID
CT Ames Brook 1
CT Ballymahack Brook 2
CT North Branch Hamlin Brook 3
CT Mallory Brook 4
CT West Brook 5
CT Good Hill Brook 6
CT Humaston Brook 7
CT Jericho Brook 7
CT Sutliffe Brook 7
CT Riggs Street Brook 8
CT North Branch West Branch Saugatuck River 9
CT Cemetery Brook 10
CT West Swamp Brook 11
CT Broad Swamp Brook 12
CT Lake Pond Brook 13
CT Watermans Brook 14
CT Bunker Hill Brook 15
CT Gulf Brook 16
CT Brooksvale Stream 17
CT Bryant Brook 18
CT Gilbert Bennett Brook 18
CT Woods Pond Brook 18
CT Morehouse Brook 19
ME Meduxnekeag River 1
ME Salmon Brook 2
ME Sandy River 3
ME Old Stream 4
ME Little Mopang/Mopang Stream 5
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Table 2 (cont’d).

ME Pleasant River 6
Ml Escanaba River 1
Ml Au Sable River 2
Ml Comstock Creek 3
Ml Black River 4
Ml Silver River 5
Ml Salmon Trout River 6
MN Snake Creek 1
NC Deep Creek 1
NY East Branch Ausable River 1
NY True Brook 2
NY Otselic River 3
NY Bush Brook 4
NY Carmans River 5
WI Black Earth Creek 1
WI Red River 2
WI Embarrass River 3
WI Silver Creek 4
Wi Cady Creek 5
WI Connors Creek 6
WV North Fork Cranberry River 1
\WAY Laurel Fork 2
wvV Johnnycake Run 3
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| chose to investigate the impacts of changingesmperatures resulting from climate
change origh qualitybrook trout streams specifically, because if tiexinal habitat suitability
of these streams is impacted, then changing aipéeatures will also affect the habitat
suitability of more thermally marginal streams witthe same regions. Therefore, to select the
study streams, | examined streams designated teyfitheries management agencies as high
quality recreational brook trout fishing watersiwitaturally reproducing populations (Table 3).
The lists of high quality streams were either aletdifrom publically available state agency
websites, or via direct contact with the agendiegurally reproducing populations of brook
trout and the presence of a recreational fishemggaly indicate high fish productivity, which |
assumed reflected the presence of preferred thdvatatiat conditions. Therefore, | designated
streams supporting a naturally reproducing poputadif brook trout, a recreational fishery, and
therefore, optimal thermal habitat as “high quélgyreams for the purposes of this study.
TABLE 3. The names of state agencies that desigrestel study stream as high quality for
each state: Michigan Department of Natural Res@ Masconsin Department of Natural
Resources, Minnesota Department of Natural Ressukéaine Department of Inland Fisheries

and Wildlife, Pennsylvania Fish and Boat Commissharth Carolina Wildlife Resources
Commission. *Indicates states with publically-aghblk lists.

Source of Designated High Quality Brook Trout Strean Lists

State Source

CT Connecticut Department of Energy and Environ@lePtotection (CDEEP)
ME Maine Department of Inland Fisheries and Wikl({MDIFW)*

Mi Michigan Department of Natural Resources (MDNR)*

MN Minnesota Department of Natural Resources (MNDNR

NC North Carolina Wildlife Resources Commission {(NRC)*

NY New York Department of Environmental Conservat{dlYDEC)

Wi Wisconsin Department of Natural Resources (WDNR)

WV West Virginia Department of Natural ResourcesIWR)

| used the National Hydrography Dataset Plus Vergi¢NHDPlusV1) (U.S. Geological

Survey and U.S. Environmental Protection Agenc¥3)Watershed Boundary Dataset to
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determine the eight and 12-digit hydrologic unitles, HUC8 (Table 2; Figure 1) and HUC12
(Figures 2-9) respectively, containing each studgesn selected using the method above. These
hydrologic unit codes are used to catalog the Hgdro drainage system in the United States,
with unit boundaries defined by hydrographic angbgraphic features (U.S. Department of
Agriculture, Natural Resource Conservation Servicag system is nested hierarchically into
six levels based on the size of the drainage tivetlevels from largest to smallest are: region,
subregion, basin, subbasin, watershed, and sulshet:( U.S. Department of Agriculture,
Natural Resource Conservation Service). The HU@8s-HJC12s used in this study correspond
to the subbasin (HUCS8) and subwatershed (HUC12JdeWrhe Subcommittee on Spatial Water
Data, including members of several United Statderfd agencies, is responsible for the
development of the Watershed Boundary Dataset,mwdoatains the delineations for HUCs
(U.S. Department of Agriculture, Natural Resour@m€ervation Service).

Then, | used NHDPIlusV1 ( U.S. Geological Survey Bn8. Environmental Protection
Agency, 2005) to locate stream temperature-recgrgages within the same subwatersheds
(high quality HUC12s) as each of the high qualttgams. High quality streams without any
gages within their HUC12 were removed from the gt@hce | had identified all the stream
temperature-recording gages located within each giglity HUC12, | chose one gage to
represent each remaining high quality stream. k@purposes of this study, the gages chosen
had to be included in the network of gages contmigudata to the Northeast Climate Center’s
(NECSC) databadend must have had stream temperature data aeataploduce monthly

averages for at least one summer month, June,alubygust, in either the year 2006, 2012, or

2 NECSC project title*A Stream Temperature Inventory Network and Deciskupport Metadata Mapper -
Evaluating the Resources to Understanding Clima&@nGe Effects on Streams in New England and thatGre
Lakes States”
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bott?. Gages that did not meet these criteria were rexh@om the study. In the event that
multiple gages meeting these criteria were avalabh high quality HUC12, a gage located
directly on the high quality stream was preferdiytighosen. If there were multiple gages
located on the high quality stream, the most upstrgage was chosen. Similarly, if no gages
were available directly on the high quality streéinan the most upstream gage on the most
proximal gaged stream within the same subwater@iel€12) was used. The rationale behind
choosing the most upstream gage was that streapetatares are typically coolest at their most
upstream reaches, warming as the water moves deansttherefore the most optimal habitat
for cold water obligate brook trout would likely bethe most upstream reaches. Gages located
directly below dams were disqualified from the stuak the temperature of the water discharged
from dams may be artificially altered (Lessard, @00

At the end of the selection process, | had coltkete average monthly water temperature
for at least one summer month (June, July, or Aygimsthe year 2006, 2012, or both from 51
stream temperature-recording gages located witldrsame HUC12 as a state agency designated
high quality brook trout stream. Table 4 summaaiksetrics collected for all 51 study sites
including: high quality stream name, state, subb@84lUC8), subbasin name, subwatershed
(HUC12), NorEast gage identification number for ¢jagje representing each stream (NorEast
ID), area weighted average of percent groundwatetribution to streams within each HUC12

(GW%), and Strahler stream order for each gageastr(Stream Order).

3 Downscaled air temperature projections were available for the years 2006, 2012, 2026, and 2056.
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TABLE 4. Descriptive data for each high quality atresite including: stream name (HQ Stream N&ns¢te, subbasin (HUCS),
subbasin name (HUC8 Name), subwatershed (HUC12Ea$b gage identification number for the gage regméng each stream
(NorEast ID), area weighted average of percentrghauater contribution to streams within each HUCGRW6), Strahler stream
order for each gaged stream (Stream Order).

High Quality Stream Information

21

GwW Stream
Stream Name State| HUCS HUCS8 Name HUC12 | NorEast ID % Order
Good Hill Brook CT | 01100005 Housatonic 011000050903 CT_DEP_922 473 4
Humaston Brook CT | 01100005 Housatonic 011000051105 CT_DEP_194 04(7.3 3
Jericho Brook CT | 01100005 Housatonic 011000051105 CT_DEP_197 047.3 4
Mallory Brook CT | 01100005 Housatonic 011000050703 CT_DEP_1455 7948. 4
Riggs Street Brook CT | 01100005 Housatonic 011000051206 CT_DEP_5991 934)7. 3
Sutliffe Brook CT | 01100005 Housatonic 011000051105 CT_DEP_725 0473 4
West Brook CT | 01100005 Housatonic 011000050802 CT_DEP_333 4.4 4
Broad Swamp Brook CT | 01080205 Lower Connecticut 010802050905 USGS94740 48.01 6
W. Swamp Brook CT | 01080205 Lower Connecticut 010802050603 CT_DBB 4 49.57 2
Brooksvale Stream CT | 01100004 Quinnipiac 011000040301 CT_DEP_1807 99B. 2
Bunker Hill Brook CT | 01100004 Quinnipiac 011000040202 CT_DEP_1853 95y, 2
Gulf Brook CT | 01100004 Quinnipiac 011000040206 CT_DEP_68 48.14 2
N. Branch Hamlin Brook | CT | 01100004 Quinnipiac 011000040101 CT_DEP_488 %0.4 2
Watermans Brook CT | 01100004 Quinnipiac 011000040105 CT_DEP_289 49.2 4
Bryant Brook CT | 01100006 Saugatuck 011000060202 CT_DEP_245 4758 4
Cemetery Brook CT | 01100006 Saugatuck 011000060102 CT_DEP_319 4788 3
Gilbert Bennett Brook CT | 01100006 Saugatuck 011000060202 CT_DEP_235 4758 3
Morehouse Brook CT | 01100006 Saugatuck 011000060302 CT_DEP_1810 1477 2
N. Branch W. Branch
Saugatuck River CT | 01100006 Saugatuck 011000060103 CT_DEP_1288 1491 2
Woods Pond Brook CT | 01100006 Saugatuck 011000060202 CT_DEP_236 4758 4
Ames Brook CT | 01100002 Shetucket 011000020206 CT_DEP_5955 549.2 1
Ballymahack Brook CT | 01100002 Shetucket 011000020303 CT_DEP_5968 630.8 1

4 Stream names indicating directionality have bedosr@biated. For example, N. Fork Cranberry Riverespnts North Fork Cranberry River and etc.




Table 4 (cont’d).

Lake Pond Brook
Salmon Brook
Meduxnekeag River
Sandy River
Mopang Stream
Old Stream

Pleasant River
Silver River

Salmon Trout River
Escanaba River
Black River
Comstock Creekl

Au Sable River

Snake Creek

Deep Creek
E. Branch Ausable River
True Brook
Carmans River
Otselic River
Bush Brook
Embarrass River
Red River
Silver Creek
Cady Creek
Connors Creek
Black Earth Creek
Johnnycake Run
N. Fork Cranberry River
Laurel Fork

CT
ME
ME
ME
ME
ME
ME
Ml
Mi
Mi
Mi
Ml
Mi
MN

NC
NY
NY
NY
NY
NY
Wi
Wi
Wi
Wi
Wi
Wi
WV
WV
WV

01100003
01010004
01010005
01030003
01050002
01050002
01050002
04020105
04020105
04030110
04070005
04070006
04070007
07040003

06010204
02010004
02010006
02030202
02050102
04130002
04030202
04030202
07040006
07050005
07050007
07070005
02070002
05050005

05050007

Thames
Aroostook
Meduxnekeag
Lower Kennebec
Maine Costal
Maine Costal
Maine Costal
Dead-Kelsey
Dead-Kelsey
Escanaba
Black Watershed
Thunder Bay
Au Sable

Buffalo-Whitewater
Lower Little
Tennessee

Ausable
Great Chazy-Saranac
Southern Long Island

Chenango
Upper Genesee
Wolf
Wolf
La Crosse-Pine
Lower Chippewa
Red Cedar
Lower Wisconsin
North Branch Potomac
Gauley
Elk

011000030304
010100041001

0101000504

07

010300030902
010500020901

0105000208
0105000212

040201050605
040201050401

04030110043
0407000507

040700060502
040700070501
070400030602

060102040107

020100040103 NY_DEC_AusableRikast Br. 31

020100060

501

020302020802

0205010203
041300020
04030202100
04030202050

0704000602

0705000510
0705000705
0707000505
020700020
0505000502

01
705
5
5
03
03
01
01
204
D1

05050007030

[E=Y

USGS_011277905

ME_DMR_14_1SALNBD40

USGS_01018035
ME_DMR_9BXR97_66
ME_DMR_5MOIB34_81
ME_DMR_5OTLRS7_86
ME_DMR_4M8IN1_00
USGS_04043150
USGS_0408323
USGS_04059000
MI_IFR_38
MI_IFR_1189
USGS_04136000
MN_DNRLMO002

USGS_0351706800

NY_DE@ Brook_107

NYCDEarmans River_12

NY_DEC_OtselieRiL37
NY_DEC_\WiGteek 239
USGS 0407809265
USGS_04077630
USGS_0%3822
WI_WDNR_Zd¢l
WI_WDNR_Zzsfxha
USGS_05a06
WWP OENB-00014-10.9

WV_DEP_KG-00212-0.2
WV_DEP_KE-00203-0.5

8511
53.75
53.35
44.01]
52.82
56.23
53.50
58.02
61.59
77 58
80.18
.169
2978.
69.76

47.95
57.97
85.02
47.73
36.25
70.69
66.76
59.67
60.30
60.30
59.74
40.98
36.38
.23(0

3

N N

N
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Air Temperature Projections

| used three coupled climate models (CCMs) to ptdjgure summer air temperatures
for the years 2026 and 2056 and to backcast apeestures for 2006 and 2012: the Third
Generation Coupled Global Climate Model (CGCM3, &han Centre for Climate Modelling
and Analysis) the CM2 Global Coupled Climate Mo@&2, Geophysical Fluid Dynamics
Laboratory at the National Oceanic and Atmosph&dministration), and the Hadley Centre
Coupled Model version 3 (HadCM3, Met Office, Unit€sthgdom’s National Weather Service),
to project future summer air temperatures for thary 2026 and 2056 and to backcast air
temperatures for 2006 and 2022. three models, based on the World Climate Redear
Programme’s (WRCP) Coupled Model Intercomparisanjeet phase 3 (CMIP3), were spatially
downscaled using the Bias-Correction Spatial Disagg@tion (BCSD) approach (Maurer et al.,
2007). This is a statistical downscaling method nehtbe spatial resolution of the climate model
(approximately 200km x 200km) is adjusted to arfiresolution (12km x 12km) more relevant
to the scale of the study with differences betwaleserved and modeled variables (i.e., air
temperature and precipitation) used to adjust aecofuture simulations for each time step and
grid cell (Maurer et al., 2007).

| ran all three CCMs with the WCRP’s CMIP3 and ahtis assume the Special Report
on Emission Scenarios (SRES) A1B climate forcirgnseio. SRES A1B is considered the
middle emissions path, predicting atmospheric Gidcentrations of 700ppm by 2100 (Meehl et
al., 2007). I chose to use the A1B climate-forcsiegnario because | considered it to be the most
moderate of the three SRES scenarios, therebyiagogétreme possible future climate

conditions.
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The United States Forest Service's (USE83$tern Forest Environmental Threat
Assessment Center (EFETAC) in North Caroloaéculated average monthly air temperatures
for the subbasin level based on the predictionsigeal by the three coupled climate models
(CGCM3, CM2, and HadCM3) using area-weighted méanthe years 2006, 2012, 2026, and
2056 EFETAC provided us with the monthly summer (Juhdy, and August) air temperature
averages for each HUCB8 containing one of the saddaigh quality brook trout streamshose
to predict stream temperature for these monthsusectey are typically the warmest months in

the studied region and therefore pose the higisdsof heat stress to brook trout.

Air Temperature to Stream Temperature Conversion

Air temperature is, in many cases, an accurateqicedf current and future stream
temperatures, as several studies have cited ayriearlinear relationship between water an air
temperature for weekly and monthly data (StefanRreaid’'homme, 1993, Pilgrim et al., 1998).
For example, near 1:1 linear relationships betwaeand stream temperature have been
described for 39 Minnesota streams (Pilgrim etl&98) and 11 Mississippi basin streams
(Stefan and Preud’homme, 1993).Therefore, air teshyoes can be used to approximate stream
temperature using linear regression models (CrmspHowson, 1982, Stefan and Preud’homme,
1993, Pilgrim et al., 1998, Mohseni and Stefan,9199ider et al., 2013).

| chose to use two linear equations estimating Vyesik-water temperature relationships
to convert the HUCS8 level air temperature projawibreceived from EFETAC into stream
temperatures for the four study years. The twaalimegression equations used were Stefan and
Preud’homme’s (1993) weekly stream temperaturenesion model and Krider et al.’s (2013)

composite model.
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For Stefan and Preud’homme’s (1993) model, weekgasm temperature is estimated
by:

Tw()=29+0.86 1

Where T, is water temperature (°C) and i$ air temperature (°C).

Stefan and Preud’homme (1993) developed both geretadaily and weekly
temperature empirical models to convert air tenpieea into water temperatures for 11 rivers
and streams within the Mississippi River basimteestigate the practice of using air
temperatures to predict water temperatures. Stegahair temperatures are more strongly
correlated at weekly and monthly timescales thahetaily timescale (Stefan and
Preud’homme, 1993, Pilgrim et al., 1998, Ericksod &tefan, 2000). This principle is reflected
by the standard deviations produced for StefanRredd’homme’s (1993) daily and weekly
models. The standard deviation for the generaldzly model is 2.70°C, whereas the weekly
model produces more accurate predictions, withvanage standard deviation of 2.16°C (Stefan
and Preud’homme, 1993). Therefore, | chose tohesei¢ekly temperature model for this study.

For Krider et al.’s (2013) model, weekly stream pemature is estimated by:

Tw (t) =6.63+0.38 T

Where T, is water temperature (°C) and i$ air temperature (°C).

This model was developed specifically to predicekbg stream temperatures from air
temperatures for streams with substantial grounelwaputs (Krider et al., 2013). The 40
streams used to develop this composite linear meded from groundwater fed streams from
southeastern Minnesota, a region dominated by k@psgraphy (Krider et al., 2013). The

standard deviation for this equation is 4.80°C.
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| chose to pair these two equations because at suintemperatures, Stefan and
Preud’homme’s (1993) equation produces stream teatpes close to air temperature,
indicating an equation that should predict tempeeatvell for surface water dominated streams,
with temperatures primarily driven by air temperatu On the other hand, because Krider et
al.’s (2013) equation was developed for groundwaddeninated streams that fluctuate in
temperature less with changing air temperature tal@entinuous inputs of groundwater which
remain at a relatively stable temperature througbiwaiyear, the equation produces stream
temperatures which are much cooler than air tentyperaEssentially, the two equations form a
range of projected stream temperatures based grah@nence of either air temperature or
groundwater input as drivers of stream temperaithie.Stefan and Preud’homme (1993)
equation predicts temperatures for surface watenmted streams, those that are likely most
reactive to changes in air temperature, while thddf et al. (2013) equation predicts
temperatures for groundwater dominated streamshndrie likely less reactive to changes in air
temperatures. | hypothesize that future stream éeatpres for the high quality brook trout
streams will fall within the range of temperatupesdicted by the Stefan and Preud’homme
(1993) equation as a maximum and the Krider gR8l13) equation as a minimum, based on the
relative importance of groundwater inputs andemnperature as drivers of stream temperature.

Since there is nearly a 1:1 relationship betweely dad monthly air and water
temperatures (Ozaki et al., 2003), | assumed tlekhyeand monthly relationships to be
comparable and substituted the projected monthliemperature data from EFETAC in place of
weekly averages called for by the Stefan and Preudime (1993) and Krider et al. (2013)

equations when preforming the air-stream tempegatanversion.
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| considered the standard deviations of 2.16°@fRiefan and Preud’hommes’s (1993)
equation and 4.80°C weekly air to water conversnmmalel when analyzing the results of the
study. Changes in temperature between years warpared to the equation’s standard
deviation when analyzing the results produced b Beefan and Preud’hommes’s (1993) (SD

2.16°C) equation and Krider et al.’s (2013) (SDOA®) equation.

Stream Temperature Projections

| used an ensemble approach to report the strelapetratures predicted by the three
CCMs to best reflect the range of possible changas temperature and to account for the
uncertainty inherent in all climate models. Thejgcted stream temperatures reported for 2006,
2012, 2026, and 2056 were based on the averape afrttemperatures predicted by the three
CCMs. For the sake of clarity and to emphasizenthgimum stream temperatures brook trout
are likely to face in each of the study years, dhb/stream temperature from the month with the
warmest projected water temperature is reportetteSitream temperatures were predicted
based on air temperature projections for the sublbegel, the projected stream temperatures

reported reflect the temperatures of all streantkiwithe same subbasin.

Brook Trout Thermal Habitat Suitability

| assigned a rating (status 1-4) of thermal hakiégbility to each subbasin for all four
study years based on the reported projected stieraperatures. Habitat suitability ratings were
based on the brook trout’s capacity for growth aavival at different temperatures (Table 5).
Streams rated as “ status 1” were predicted toebheden 11°C and 16.5°C, the optimal thermal
range for brook trout growth (Raleigh, 1982). Stneaassigned a rating of “ status 2” were
predicted to be between 16.5°C and 20°C, wherekiiroat experience reduced rates of growth

compared to the optimal growth range. Streams dateg as “3” were predicted to be between

27



20.5°C and 25.3°C, within this temperature rangmbtrout are capable of survival, but the
energetic demands of living above their optimatried range inhibit all growth (Baldwin,
1957). Streams designated as “4” were predictéx t85.3°C or higher, indicating that brook

trout were no longer capable of survival within gteeam (Fry et al., 1946).

TABLE 5. Thermal habitat status designations (thétmaaitat status), their corresponding
temperature range (temperature range), and thé lramat growth rate they represent (growth
status) (Raleigh, 1982, Power, 1980, Fry et ak6)9

Brook Trout Thermal Habitat Status Designation Chart
Thermal Habitat Status Temperature Range Growth Status
1 11<°C<16.5 Highest rate of growth
2 16.5<T<20.5 Reduced rate of growth
3 20.5<C<25.3 No growth
4 °C>25.3 Extirpation

Current Stream Temperatures

To determine the accuracy of the model, | compéredeported projectdtream
temperatures for the years 2006 and 2012 to fidldsured (actual) average monthly stream
temperatures for the same month and year. Therfielasured stream temperature data were
provided by the NECSC database. Each gage withgrddtabase was identified by a NorEast
ID. The NECSC database does not include gage dathd state of North Carolina, however.
Therefore, the gage data used for Deep Creek, N\etaeved from the United States
Geological Survey’'s (USGS) National Water InforroatiSystem

(http://waterdata.usgs.gov/nwis

5 When field measured data were not available fombath projected to produce the warmest streameesiyres (reported
stream temperature), | used the next warmest summoeth for which field measured data was available.
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Baseflow & Stream Order

| hypothesized that since baseflow contribution sinédam order can influence stream
temperature, the results of the air temperatured& model were likely to deviate from field
measured stream temperatures. The field measurgzbtatures for streams with high levels of
groundwater input would cooler than predicted gy/iodel, and high order streams were likely
to be more accurately predicted by the model. dfoee, | collected data on percent
groundwater contribution within each high qualityowatershed (HUC12) and the Strahler
stream order of each gaged stream.

Percent groundwater contribution for each subwhéstsvas calculated as an area
weighted average. Stream segments with known pegceandwater contribution to baseflow
were multiplied by the local catchment area andstira of these values was divided by the total
area of the subwatershed. Strahler stream ordeafdr gaged stream was determined using the

ArcMap tool in ArcMap 10.2.1 software.

Individual Models

To further determine the accuracy of the modaldividualized linear regression models
were created using field measured stream temperatd air temperature data for a small subset
of the high quality stream sites. | created limegression models only for those streams
represented by USGS operated stream temperatues gad retrieved available average
monthly stream temperatures (°C) for the month ufést between the years 2000 and 2014
using the USGS’s National Water Information Systéselected August because the three
CCMs predict August to be the warmest month in nobshe studied subbasins by 2056 and the
outputs of the individualized linear models shawdfiect the most strenuous future thermal

conditions for brook trout.
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Average August air temperatures from 2000 to 20&dewetrieved from The National
Oceanic and Atmospheric Administration’s (NOAA) haial Climatic Data Center

(http://www.ncdc.goy. This website allows access to weather gageostaticross the United

States and allows the user a variety of differeathods in searching for the desired information.
| chose to search for weather stations by subb&siite each subbasin included several weather
gages, | chose one gage from each with collectattihoaverage air temperature data from
between 2000 and 2014. If more than one gagedseleriteria, | chose the first gage listed.

With field-measured air and stream temperaturesgdted linear regression models to
predict stream temperatures from air temperatunesdch stream. Those with fewer than four
data points were removed from this portion of thuglg. | input air temperatures projected by the
three CCMs into each individualized linear regressnodel to predict stream temperatures for

2006 and 2056.

Results

Changes in Stream Temperature and Thermal Habitaallity for Brook Trout
Stream temperatures predicted by the Stefan andiignmeé (1993) air-water temperature
linear regression model (SP model) increased f@Casubbasins between the beginning of the
study period in 2006 and the end in 2056; 29 oh8feased by more than 2.16°C. The range of
cumulative stream temperature change between yleess was from 2.11°C to 4.16°C, with an
average change of 3.08°C (Figure 10). Meduxnekigti) (vas the only subbasin not to
experience a projected stream temperature chaegeéegithan 2.16°C over the course of the

study, with a total change of 2.11°C.

% The SP model represents predominantly surfacerwagams, as stream temperature predictions tisimgnodel are much
closer to air temperatures than those predictetidyels developed for groundwater dominated strelikesthe KEA model.
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FIGURE 10. Stream temperatures projected for tlaesy2006 and 2056 for the 51 study stre
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Between 2006 and 2012, 26 subbasins increasethpetature and four decreased,
however, none of these changes were greater th&fC2. The range of stream temperature
change during this first study period was -0.876Q.86°C, with an average change of 0.67°C.

The first change in stream temperature greater 2lEsfC was recorded between the
years 2012 and 2026, when the Lower Little Tenree@N€) subbasin increased in temperature
by 2.61°C. This second study period seemed to amcterized by a high number of stream
cooling events, with 21subbasins cooling and oimg mvarming. The range of temperature
change between 2012 and 2056 was -1.44°C to 1.36fiCan average change of -0.05°C.

Between 2026 and 2056 the subbasins experiencagtehtest increase in stream
temperature between study years. During this tall&0 subbasins increased in temperature,
with 21 of these changes being greater than 2.16R€ range of temperature change was
between 1.86°C and 3.32°C, with an average temperahange of 2.47°C.

As a result of these changes in stream temperatacerding to the SP model, 20 out of
30 subbasins containing streams currently listeltigts quality brook trout habitat were given
poorer habitat status designations at the endeostilndy in 2056 than at the beginning in 2006
(Figure 11). In essence, 20 out of 30 subbasingrbeavarmer by more than 2.16°C and less
conducive to brook trout growth and survival.

Chronologically, changes in habitat status designatere rare at the beginning of the
study and most prominently observed between the/éss's of the study (2026-2056), as a result
of the high number of changes in stream temperagaater than 2.16°C during this period. As
such, there were four changes in status designdtiong the 2006-2012 study period, one status
change during the 2012-2006 study period, anddisthanges during the 2026-2056 study

period.
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Figure 11. Change in thermal habitat status for brtoout between the years 2006 and

2056 predicted by the SP model. Thermal habitdtstdesignations are described in
Table 5.

SP Model Thermal Habitat Status: 2006

¥ Status 1
¥ Status 2
¥ Status 3
¥ Status 4

SP Model Thermal Habitat Status: 2056

“Status 1
“Status 2
~ Status 3

“Status 4
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Of the 20 subbasins that became less suitabledaklirout growth and survival
between 2006 and 2056, eight subbasins initialhpetting brook trout growth (status 2) in
2006 could no longer sustain brook trout growtt2b$6 (status 3) and 12 subbasins with
thermal conditions allowing for species survivakB06 (status 3) increased in temperature
beyond the brook trout’s upper thermal limit (stafl). Ten subbasins did not change status
during this time period, although each increasewmperature. All ten remained at temperatures
allowing for fish survival, but not growth (stat@8f between the beginning and end of the study.
The projected changes in stream temperature anasdh&abitat status made by the SP model
are listed in Table 6.

On the other hand, as would be expected of a nimledloped to predict temperatures
for groundwater dominated streams, stream tempesapurojected using the Krider et al. (2013)
linear regression model (KEA model) were coolenttieose predicted by the SP model. Stream
temperatures predicted for all 30 high quality sagibs increased, though not by more than the
equation’s standard deviation between 2006 and 20%@ range of change between the
beginning and end of the study was 0.94°C to 1.8%/th an average change of 1.37°C (Figure
10).

Since the same CCM projected air temperatures usaé in calculating stream
temperatures for both linear models (SP model hBad&kEA model), the same stream
temperature fluctuations apparent in the SP ma$eilts were also present in the KEA results.
Therefore, it is only pertinent to report the raagel average temperature change and changes in
thermal habitat status between study years foKE# model. During the first study period,

between 2006 and 2012, the changes in stream tatapes ranged from -0.39°C to 0.61°C,

" When employing the KEA model predict stream terapees, the model's standard deviation used wa¥'@.8
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Table 6. Average stream temperature (Average °C) for the warmest month (Month) projected by the three coupled climate
models (CCMs) and the resulting thermal habitat status designation (Status) during the years 22082, 2026, and 2056 for each
high quality HUC8. The air-water temperature cosia@r was conducted using Stefan and Preud’homrh8%3) equation (SP).

Projected Stream Temperatures (°C) and Thermal Haltat Status Designation (SP)
2006 2012 2026 2056
Watershed Name Month | SP Model | Status | Month | SP Model | Status | Month | SP Model | Status | Month | SP Model | Status
Housatonic, CT 7 21.25 3 7 22.28 3 7 21.99 3 8 24.10 3
Lower Connecticut, CT 7 22.37 3 7 23.50 3 7 23.09 3 7 25.19 3
Quinnipiac, CT 7 22.69 3 7 23.73 3 7 23.55 3 7 25.48 4
Saugatuck, CT 7 22.79 3 7 23.77 3 7 23.70 3 8 25.60 4
Shetucket, CT 7 21.33 3 7 22.50 3 7 21.97 3 7 24.16 3
Thames, CT 7 21.86 3 7 23.00 3 7 22.56 3 7 24.66 3
Aroostook, ME 7 18.70 2 7 20.07 2 8 18.62 2 8 20.88 3
Meduxnekeag, ME 7 19.26 2 7 20.52 3 8 19.18 2 8 21.37 3
Lower Kennebec, ME 7 19.68 2 7 21.02 3 8 20.03 2 7 22.37 3
Maine Costal, ME 7 19.62 2 7 20.72 3 8 20.16 2 8 22.22 3
Dead-Kelsey, Ml 7 20.04 2 7 20.25 2 7 19.78 2 8 22.74 3
Escanaba, Ml 7 20.04 2 7 20.13 2 7 19.85 2 8 22.75 3
Black, Ml 7 20.85 3 7 21.06 3 7 21.03 3 8 23.31 3
Thunder Bay, Ml 7 20.75 3 7 21.06 3 7 21.18 3 8 23.28 3
Au Sable, Ml 7 20.69 3 7 20.92 3 7 21.05 3 8 23.28 3
Buffalo-Whitewater, MN 7 22.81 3 7 23.54 3 7 23.50 3 8 26.76 4
Lower Little Tennessee,
NC 8 23.60 3 7 22.73 3 7 25.34 4 7 27.63 4
Ausable, NY 7 18.75 2 7 19.96 2 7 19.20 2 8 21.74 3
Great Chazy-Saranac, N 7 19.41 2 7 20.62 3 7 19.89 2 8 22.45 3
Southern Long Island, NY 7 23.30 3 7 24.28 3 7 24.23 3 8 26.27 4
Chenango, NY 7 20.90 3 7 21.53 3 7 21.34 3 8 23.91 3
Upper Genesee, NY 7 20.78 3 7 20.85 3 7 21.26 3 8 23.85 3
Wolf, WI 7 21.88 3 7 22.47 3 7 22.20 3 8 25.13 3
La Crosse-Pine, WI 7 23.00 3 7 23.73 3 7 23.87 3 8 26.94 4
Lower Chippewa, WI 7 22.39 3 7 23.21 3 7 22.81 3 8 26.03 4
Red Cedar, WI 7 22.05 3 7 22.86 3 7 22.35 3 8 25.66 4
Lower Wisconsin, WI 7 22.78 3 7 23.47 3 7 23.87 3 8 26.94 4
North Branch Potomac,
wv 7 22.00 3 7 21.92 3 7 23.35 3 8 25.21 4
Gauley, WV 8 21.20 3 7 21.06 3 7 22.64 3 8 25.15 4
Elk, WV 7 22.61 3 7 22.56 3 7 24.12 3 8 26.68 4
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with an average change of 0.30°C. Stream temperahange decreased during the second study
period (2012-2026), cooling streams by -0.02°C werage. The range of change during this
period was -0.64°C to 1.16°C. During the last stpdsiod (2026-2056) the greatest increases in
stream temperature were observed, with temperahaeges ranging from 0.83°C to 1.47°C and
1.10°C on average. It is important to note, howethem none of the changes in stream
temperature were outside the equation’s standandtotn.

When using the KEA model to predict stream temijpees, changes in stream
temperature resulted in 15 changes in thermal &iadtiatus between the beginning and the end
of the study (2006-2056) (Figure 12). The firstropp@ in thermal habitat status, was again for the
Lower Little Tennessee subbasin (NC) between 20822826, when it changed from optimal
brook trout habitat (status 1) to habitat allowfogreduced growth rate (status 2). The
remaining changes in habitat status occurred duhieghird study period between 2026 and
2056. All 15 reductions in thermal habitat statesaeva degradation from optimal habitat (status
1) to reduced growth conditions (status 2). Thggated changes in stream temperature and
thermal habitat status made by the KEA model atediin Table 7.

As a result of projected rising air temperatubegh the SP and KEA models predict
reductions in thermal habitat quality for brookutrdetween 2006 and 2056. The SP model
predicts that by 2056 40% of the high quality suditsstudied will be too warm to support
brook trout populations during the warmest summenttm, while brook trout inhabiting the
remaining 60% of study subbasins will not be capalblgrowth during this period. The KEA
model predicts that while 50% of studied subbasitisemain optimal thermal habitat for brook
trout; thermal habitat quality for the other 50%steams will be reduced. As such, | conclude

that whether the high quality streams are predontipgurface water or groundwater

36



dominated, rising air temperatures related to déntdange, overtime, will lead to substantial
reductions in the quality of thermal habitat avaliéato brook trout; ultimately resulting in

extensive changes in their current distribution pratiuctivity in the United States.

Figure 12. Change in thermal habitat status fooktoout between the years 2006 and 2056
predicted by the KEA model. Thermal habitat statesignations are described in Table 5.

KEA Model Thermal Habitat Status: 2006

HStatus 1
“Status 2
~ Status 3

H Status 4

KEA Model Thermal Habitat Status: 2056

“Status 1
“Status 2
~ Status 3

“Status 4
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Table 7. Average stream temperature (Average “Chtowarmest month (Month) projected by the tlo@epled climate models
(CCMs) and the resulting thermal habitat statusgt@sion (Status) during the years 2006, 2012, 28868 2056 for each high quality
HUCS. The air-water temperature conversion was gotedl using Krider et al.’s (2013) equation (KEA).

Projected Stream Temperatures (°C) and Thermal Halbat Status Designation (KEA)
2006 2012 2026 2056
Watershed Name Month | KEA Model | Status | Month | KEA Model | Status | Month | KEA Model | status | Month | KEA Model | Status
Housatonic, CT 7 14.78 1 7 15.23 1 7 15.11 1 8 16.04 1
Lower Connecticut, CT 7 15.27 1 7 15.77 1 7 15.59 1 7 16.53 2
Quinnipiac, CT 7 15.42 1 7 15.88 1 7 15.80 1 7 16.65 2
Saugatuck, CT 7 15.46 1 7 15.90 1 7 15.87 1 8 16.71 2
Shetucket, CT 7 14.81 1 7 15.33 1 7 15.10 1 7 16.07 2
Thames, CT 7 15.05 1 7 15.56 1 7 15.36 1 7 16.29 2
Aroostook, ME 7 13.64 1 7 14.25 1 8 13.61 1 8 14.61 1
Meduxnekeag, ME 7 13.89 1 7 14.45 1 8 13.86 1 8 14.83 1
Lower Kennebec, ME 7 14.08 1 7 14.67 1 8 14.23 1 7 15.27 1
Maine Costal, ME 7 14.05 1 7 14.54 1 8 14.29 1 8 15.21 1
Dead-Kelsey, Ml 7 14.24 1 7 14.33 1 7 14.13 1 8 15.44 1
Escanaba, Ml 7 14.24 1 7 14.28 1 7 14.15 1 8 15.44 1
Black, Ml 7 14.60 1 7 14.69 1 7 14.68 1 8 15.69 1
Thunder Bay, Ml 7 14.55 1 7 14.69 1 7 14.74 1 8 15.68 1
Au Sable, Ml 7 14.53 1 7 14.63 1 7 14.69 1 8 15.68 1
Buffalo-Whitewater, MN 7 15.47 1 7 15.80 1 7 15.78 1 8 17.22 2
Lower Little Tennessee,
NC 8 15.82 1 7 15.43 1 7 16.59 2 7 17.61 2
Ausable, NY 7 13.67 1 7 14.20 1 7 13.87 1 8 14.99 1
Great Chazy-Saranac, N 7 13.96 1 7 14.50 1 7 14.17 1 8 15.31 1
Southern Long Island, NY 7 15.69 1 7 16.12 1 7 16.10 1 8 17.01 2
Chenango, NY 7 14.62 1 7 14.90 1 7 14.82 1 8 15.96 1
Upper Genesee, NY 7 14.57 1 7 14.60 1 7 14.78 1 8 15.93 1
Wolf, WI 7 15.05 1 7 15.32 1 7 15.20 1 8 16.50 1
La Crosse-Pine, WI 7 15.55 1 7 15.88 1 7 15.94 1 8 17.31 2
Lower Chippewa, WI 7 15.28 1 7 15.65 1 7 15.47 1 8 16.90 2
Red Cedar, WI 7 15.13 1 7 15.49 1 7 15.27 1 8 16.74 2
Lower Wisconsin, WI 7 15.46 1 7 15.76 1 7 15.94 1 8 17.30 2
North Branch Potomac,
WV 7 15.11 1 7 15.07 1 7 15.71 1 8 16.54 2
Gauley, WV 8 14.75 1 7 14.69 1 7 15.39 1 8 16.51 2
Elk, WV 7 15.38 1 7 15.36 1 7 16.05 1 8 17.19 2
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Stream Temperature Model Validation

When | used the SP model to predict stream tertyes of the 37 streams with field
measured stream temperature available for the3@@4, the field measured temperatures of 16
streams (43%) were warmer than predicted (undetiqgiezl) and 21 (57%) were cooler than
predicted (over-predicted). The actual temperatafélsel16 under-predicted streams ranged
from 0.02°C to 5.30°C higher than projected, witheaerage under-prediction of 1.76°C. Of the
21 over-predicted streams, actual stream tempesatanged from 0.04°C to 6.72°C cooler than
predicted, with an average over-prediction of 2G39°

Only 12 of the 37 streams (32%) were unaieover-predicted, however, in accordance
with the model’'s standard deviation. The standadation of the SP model was 2.16°C.
Therefore, | considered any actual stream temperéieyond +/- 2.16°C of the projection value
to be under or over-predicted by this measureth@e 12 streams, the field measured
temperatures of four were warmer than the uppentad the SP standard deviation by between
0.34°C and 3.14°C (average 1.29°C). The field meaktemperatures of eight streams were
cooler than predicted by between 0.92°C and 4.56%€rage 2.5°C) below the lower bound of
the standard deviation (Figures 11 and 12).

In 2012, like 2006, more streams were over predibiemodel than were under-
predicted. During this year, nine out of 22 streavese under-predicted by between 1.26°C and
4.26°C, with an average under-prediction of 2.59Pe other thirteen streams were over
predicted by between 0.55°C and 7.51°C, with amamesover prediction of 3.01°C.

Twelve of the 22 streams were owerunder-predicted beyond the upper and lower
bounds of the equation’s standard deviation in 2002 four under-predicted streams were

beyond the standard deviation by between 1.11°Qa&l@FC, with an average of 1.69°C beyond
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the standard deviation. The eight over-predicteshsts were between 0.15°C and 5.35°C
beyond the standard deviation, with an average@°C beyond the lower limit of the standard
deviation. Figures 13-16 depict validation chaoisthe SP model.

The KEA model predicted much lower stream tempeeatthan the SP model. In 2006
all 37 streams were under predicted by the modéldiween 0.38°C and 10.87°C, with an
average under-prediction of 5.88°C. Only 25 of ¢heseams were cooler than the lower bound
of the equation’s standard deviation (4.80°C), haveThe 25 under-predicted streams were
between 0.18°C and 6.07°C warmer than the uppérdihthe standard deviation, with an
average under-prediction of 5.88°C.

Again, in 2012, all study streams with availabléadaere under-predicted. The 22
streams with available field measured data in 20&& between 0.60°C and 11.22°C warmer
than predicted by the model. Of these 22 streaBgjete under-predicted by between 0.61°C
and 11.22°C beyond the standard deviation, withwveamage under-prediction of 5.87°C. Figures
17-20 depict validation charts for the KEA modeheTfield measured and projected stream
temperatures (SP model and KEA model) for all sit€®006 are summarized in Table 8 and

those for 2012 are listed in Table 9.

Individualized Air-Stream Temperature Linear Regras Models

| created individualized air-stream temperatunedr regression models (I-models) for
eight streams, a subset of the 51 high quality lotomut streams selected for the study as a
whole. Customized linear regression models bedagxfhe relationship between air and stream
temperatures for each individual stream, theretioeg should more accurately predict stream
temperatures than more generally applied modelddv@ihius, | created these I-models to

compare with the SP model, to determine how cossishe results between the two models
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SP Model Validation and Baseflow Percentage: 20

FIGURE 13. Comparison between field measured (acttildam temperature (°C) data and stream tempenatojectiols made
using the Stefan and P8bomme (1993) (SP) model for the year 2006. Dsisorted by percent groundwater contributio

baseflow br each stream from least to great

A Actual Temperature

® SP Prediction

A ‘B|qes ny

W ‘sselrequig

M ‘pay

ON ‘deaqg

q N ‘In0J] uowles
M ‘slouuo)

M ‘Aped

— N ‘eqeuedsy

[N “JaAIS

N ‘uowes

N ‘Beaxauxnpain
JN ‘Buedopny

0 YoeyewA|eg
D ‘uljureH youeig ‘N
D ‘dwems 1sopn
LD 1saM

LD ‘sawy

D ‘suewiarepn

2 Honebnes

D ‘aleasyoolg
10 ‘AiojleN

12 4Ino

N ‘e|gqesny youelg '3
LD ‘IIH J3xung

D ‘19041S sbbiy
2 ‘Medwa)d

D ‘asnoyaloN

D ‘puod Spoo
D ‘mauuag uaqo
LD ‘uelig

LD ‘I'H poo9o

LD ‘aygiins

2O ‘oydusr

D ‘uoisewnH

IN ‘Apues

AN ‘ysng

AM ‘[2ine

4321098765
A

41

Stream Name




® Actual Temperature

T
A SP Prediction

| T 1

.|
 —

1

-
¢

-

T

248

JANN

SP Model Validation and Stream Order: 200!

N—HOOWMN~OLW

using the Stefan and P8bomme (1993) (SP) model for the year 2006. Daisorted byhe Strahler stream order for each ga
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FIGURE 15.Comparison between field measured (actual) streampérature (°C) data and stream temperature pi@js made
using the Stefan and Pdbomme (1993) (SP) modfor the year 2012. Data is sorted by percent grauater contribution t
baseflow for each stream from least to gres
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FIGURE 16.Comparison between field measured (actual) streampérature (°C) data and stream temperature pi@js made

using the Stefan and P8bomme (1993) (SP) model for the year 2012. Daisorted by the Strahler stream order for eachdt
stream, from highest to lowest order.
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KEA Model Validation and Stream Order: 2006
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FIGURE 19. Comparison lbeeen field measured (actual) stream temperat@edata and stream temperature projections r
using the Krider et al. (2013) (KEA) model for tyear 2012. Data is sorted by percent groundwatetribaition to baseflovfor each

stream from least to greatest.
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FIGURE 20.Comparison between field measured (actual) streampérature (°C) data and stream temperature pi@jsanade
using the Krider et al. (2013) (KEA) model for thear 2012. Data is sorted by the Strahler strea@rdor each gagestream, from
highest to lowest order.
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TABLE 8. Average projected stream temperaturesHeryears 2006 and 2012 using both the
air-stream temperature conversion equations, StefdrPreud’homme’s (1993) equation (Pro.
SP) and et al. (2013) equation (Pro. KEA), compavigd field measured stream temperatures
for both years (Actual). The month (Month) projectand actual gage temperatures are provided
for is also included. “X” represents no data.

Actual Vs. Projected Stream Temperatures (°C) 2006
Watershed SP KEA Actual-SP | Actual-KEA
Stream Name Name Month | Actual | Model | Model Model Model
Good Hill Brook, CT Housatonic 7 21.27 21.25 | 14.78 0.02 6.49
Humaston Brook, CT Housatonic 7 22.15 21.2"5 14.7B 0.90 7.37
Jericho Brook, CT Housatonic 7 23.27 | 21.25 | 14.78 2.02 8.49
Mallory Brook, CT Housatonic 7 23.08 21.24 14.78 1.83 8.30
Riggs Street Brook, CT Housatonic 7 17.39 | 21.25 | 14.78 -3.86 2.62
Sutliffe Brook, CT Housatonic 7 22.85 21.24 14.78 1.60 8.07
W. Brook, CT Housatonic 7 23.03 | 21.25 | 14.78 1.79 8.26
Lower
Broad Swamp Brook, CT Connecticut 7 X 22.37 15.27 X X
Lower
W. Swamp Brook, CT Connecticut 7 18.95 | 22.37 | 15.27 -3.42 3.68
Brooksvale Stream, CT Quinnipiac 7 22.15 22.69 15.42 -0.54 6.73
Bunker Hill Brook, CT Quinnipiac 7 16.36 | 22.69 | 15.42 -6.33 0.94
Gulf Brook, CT Quinnipiac 7 23.62 22.69 15.42 0.94 8.21
N. B. Hamlin Brook, CT Quinnipiac 7 21.41 | 22.69 | 15.42 -1.27 6.00
Watermans Brook, CT Quinnipiac 6 18.73 20.54 14.46 -1.81 4.27
Bryant Brook, CT Saugatuck 7 21.87 | 22.79 | 15.46 -0.92 6.41
Cemetery Brook, CT Saugatuck 7 22.43 2279 15.46 -0.36 6.97
Gilbert Bennett Brook, CT Saugatuck 7 22.75 | 22.79 | 15.46 -0.04 7.29
Morehouse Brook, CT Saugatuck 7 21.60 2279 15.46 -1.19 6.14
N. B. W. B. Saugatuck River, CT | Saugatuck 7 2155 | 22.79 | 15.46 -1.24 6.09
Woods Pond Brook, CT Saugatuck 7 22.04 2279 15.46 -0.75 6.58
Ames Brook, CT Shetucket 7 21.84 | 21.33 | 14.81 0.52 7.03
Ballymahack Brook, CT Shetucket 7 22.56 21.33 14.81 1.24 7.75
Lake Pond Brook, CT Thames 7 X 21.86 | 15.05 X X
Salmon Brook, ME Aroostook 7 20.35 18.70 13.64 1.65 6.71
Meduxnekeag River, ME Meduxnekeag| 7 2255 | 19.26 | 13.89 3.29 8.66
Lower
Sandy River, ME Kennebec 8 16.02 19.1( 13.82 -3.08 2.20
Mopang Stream, ME Maine Costal 7 24.92 | 19.62 | 14.05 5.30 10.87
Old Stream, ME Maine Costal 7 X 19.62 14.0% X X
Pleasant River, ME Maine Costal 7 X 19.62 | 14.05 X X
Silver River, Ml Dead-Kelsey 8 18.74| 18.88 13.76 -0.14 4.98
Salmon Trout River, Ml Dead-Kelsey | 7 14.88 | 20.04 | 14.24 -5.16 0.64
Escanaba River, M Escanaba 6 19.09] 164D 12.62 2.69 6.47
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Table 8 (cont’d).

Black River, Ml Black 7 X 20.85 | 14.60 X X
Comstock Creek, Ml Thunder Bay 7 X 20.75 14.5% X X
Au Sable River, M Au Sable 8 17.72 | 1958 | 14.04 | -1.87 3.68

Buffalo-
Snake Creek, MN Whitewater 7 X 22.81 15.47 X X
Lower Little
Deep Creek, NC Tennessee 8 26.10 | 23.60 | 15.82 2.49 10.27
E. B. Ausable River, NY Ausable 8 17.12 17.91 13.29 -0.79 3.83
Great Chazy-
True Brook, NY Saranac 7 X 19.41 | 13.96 X X
Southern
Carmans River, NY Long Island 7 X 23.30 15.64 X X
Otselic River, NY Chenango 7 X 20.90 | 14.62 X X
Upper
Bush Brook, NY Genesee 7 19.07 20.78 14.57 -1.71 4.50
Embarrass River, WI Wolf 7 23.32 21.88 | 15.05 1.44 8.27
Red River, WI Wolf 7 22.28 21.88 15.05 0.40 7.23
La Crosse-
Silver Creek, WI Pine 7 X 23.00 | 15.55 X X
Lower
Cady Creek, WI Chippewa 7 15.67 22.39 15.28 -6.72 0.38
Connors Creek, WI Red Cedar 7 16.60 22.05 | 15.13 -5.45 1.47
Lower
Black Earth Creek, WI Wisconsin 7 X 22.78 15.44 X X
North Branch
Johnnycake Run, WV Potomac 7 X 22.00 | 15.11 X X
N. Fork Cranberry River, WV Gauley 8 X 21.20 14.75 X X
Laurel Fork, WV Elk 8 18.99 | 2256 | 15.36 -3.57 3.63

TABLE 9. Average projected stream temperaturesHeny/ears 2006 and 2012 using both the
air-stream temperature conversion equations, StefdrPreud’homme’s (1993) equation (Pro.
SP) and et al. (2013) equation (Pro. KEA), compavithl gage measured stream temperatures
for both years (Actual). The month (Month) projectand actual gage temperatures are provided
for is also included. “X” represents no data.

Actual Vs. Projected Stream Temperatures (°C) 2012

Watershed SP KEA Actual-SP | Actual-KEA

Stream Name Name Month Actual | Model | Model Model Model
Good Hill Brook, CT Housatonic 7 X 22.28 | 15.23 X X
Humaston Brook, CT Housatonic 7 X 22.28 15.23 X X
Jericho Brook, CT Housatonic 7 X 22.28 | 15.23 X X
Mallory Brook, CT Housatonic 7 X 22.28 15.23 X X
Riggs Street Brook, CT Housatonic 7 X 22.28 | 15.23 X X
Sutliffe Brook, CT Housatonic 7 X 22.28 15.23 X X
W. Brook, CT Housatonic 7 X 22.28 | 15.23 X X

Lower
Broad Swamp Brook, CT Connecticut 7 26.77 23.5( 15.7)7 3.28 11.00
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Table 9 (cont’d).
Lower
W. Swamp Brook, CT Connecticut 7 X 23.50 | 15.77 X X
Brooksvale Stream, CT Quinnipiac 7 X 23.73 15.88 X X
Bunker Hill Brook, CT Quinnipiac 7 X 23.73 | 15.88 X X
Gulf Brook, CT Quinnipiac 7 X 23.73 15.88 X X
N. B. Hamlin Brook, CT Quinnipiac 7 X 23.73 | 15.88 X X
Watermans Brook, CT Quinnipiac 7 X 23.73 15.88 X X
Bryant Brook, CT Saugatuck 7 X 23.77 | 15.90 X X
Cemetery Brook, CT Saugatuck 7 X 23.77 15.9 X X
Gilbert Bennett Brook, CT Saugatuck 7 X 23.77 | 15.90 X X
Morehouse Brook, CT Saugatuck 7 X 23.77 15.9 X X
N. B. W. B. Saugatuck River, CT | Saugatuck 7 X 23.77 | 15.90 X X
Woods Pond Brook, CT Saugatuck 7 X 23.77 15.9 X X
Ames Brook, CT Shetucket 7 X 2250 | 15.33 X X
Ballymahack Brook, CT Shetucket 7 X 22.50 15.33 X X
Lake Pond Brook, CT Thames 7 26.77 23.00 | 15.56 3.77 11.22
Salmon Brook, ME Aroostook 7 X 20.07 14.25 X X
Meduxnekeag River, ME Meduxnekeag 7 21.78 | 20.52 | 14.45 1.26 7.33
Lower
Sandy River, ME Kennebec 7 X 21.02 X X X
Mopang Stream, ME Maine Costal 7 X 20.72 | 14.54 X X
Old Stream, ME Maine Costal 8 18.96 19.5 14.00 -0.55 4.95
Pleasant River, ME Maine Costal 7 22.81 20.72 | 14.54 2.08 8.26
Silver River, MI Dead-Kelsey 7 21.96| 2025 14.3 1.72 7.63
Salmon Trout River, M Dead-Kelsey | 7 15.90 | 20.25 | 14.33 -4.35 1.57
Escanaba River, Ml Escanaba 7 2439 2018 147 4.26 10.11
. Black
EIRERIRAVED, L Watershed 7 1530 | 21.06 | 1469 | -576 0.61
Comstock Creek, Ml Thunder Bay 7 25.15| 21.06 14.69 4.09 10.46
Au Sable River, M Au Sable 8 17.58 | 19.39 | 13.95 -1.81 3.63
Buffalo-
Snake Creek, MN Whitewater 6 17.15 19.46 13.98 -2.31 3.17
Lower Little
Deep Creek, NC Tennessee 7 24.15 | 22.73 | 1543 1.42 8.72
E. B. Ausable River, NY Ausable 7 X 19.96 14.20 X X
Great Chazy-
True Brook, NY Saranac 7 18.11 20.62 | 14.50 -2.51 3.62
Southern
Carmans River, NY Long Island 7 16.77 24.28 16.1p -7.51 0.65
Otselic River, NY Chenango 7 20.96 | 21.53 | 14.90 -0.58 6.05
Upper
Bush Brook, NY Genesee 7 19.46 20.8b 14.6 -1.38 4.87
Embarrass River, WI Wolf X 22.47 | 15.32 X X
Red River, WI Wolf 7 23.86 22.47 15.32 1.39 8.54
La Crosse-
Silver Creek, WI Pine 7 20.18 23.73 | 15.88 -3.55 4.30
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Table 9 (cont’d).
Lower
Cady Creek, WI Chippewa 7 X 23.21 15.64 X X
Connors Creek, WI Red Cedar 7 X 22.86 | 15.49 X X
Lower
Black Earth Creek, WI Wisconsin 7 20.26 23.47 15.76 -3.20 4.50
North Branch
Johnnycake Run, WV Potomac 7 19.41 | 21.92 | 15.07 -2.51 4.34
N. Fork Cranberry River, WV Gauley 7 17.91 21.06 14.37 -3.15 3.54
Laurel Fork, WV Elk 7 X 2256 | 14.37 X X

were and to determine whether or not using geneapiblied models is an effective way to
predict stream temperatures. The slope valuesi&l-models ranged from 0.47 to 1.10 and y-

intercept values ranged from 0.84-11.61 (TableFi@ures 21-28).

TABLE 10. Individualized linear regression models éight streams created using August
monthly air temperature averages collected from M@ANational Climatic Data Center
(http://www.ncdc.goy and August monthly stream temperature averages fhe USGS'’s
National Water Information Systerht{p://waterdata.usgs.gov/nWill available air and
stream temperature data from the year 2000 to 8@k4used. Rvalues for each individualized
linear regression model are also included in théeta

Individualized Linear Regression Models

Stream Name Linear Regression Models| R”
Broad Swamp Brook, CT 1.10x+0.84 0.87
Meduxnekeag River, ME 0.87x+4.04 0.8(
Silver River, Ml 0.94x+1.60 0.89
Escanaba River, Ml 0.47x+11.61 0.40
Au Sable River, Ml 0.63x+6.08 0.74
Deep Creek, NC 0.88x+2.85 0.68
Embarrass River, WI 0.53x+10.65 0.50
Red River, WI 0.92x+2.58 0.96

| compared the outputs of these I-models to fe&hsured stream temperatures in 2006
and 2012, using air temperatures projected by DEI€as the input values. Of the five streams
with field measured stream temperature data in 2f@@6 were over predicted and one was

under predicted by the models. Field measured teatyres for the over predicted streams were
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FIGURE 21. Individualized aistream temperature (°C) linear regression moddBfoad
Swamp Creek, Connecticut (C

Stream Temperature (°C)

N
©

y = 1.0958x + 0.83¢
Broad Swamp Brook, CT R? = 0. 867"

N
~

N
(6]

Al

N
w

N
(=Y

JEny
©

JE
~

[
a1

15

17 19 21 23 25 27 29
Air Temperature (°C)

FIGURE 22. Individualized aistream temperature (°dinear regression model fi
Meduxnekeag River, Maine (Ml
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FIGURE 23.Individualized ai-stream temperature (°C) linear regression modebiloer
River, Michigan (Ml).

Silver River, Ml y = 0.9425x + 1.597
R2 = 0.885!
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FIGURE 24.Individualized ai-stream temperature (°C) linear regressiadel for
Escanaba River, Michigan (M

. = 0.4685x + 11.6(
Escanaba River, Ml Y R2 = 0.401.
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FIGURE 25. Individualized aistream temperature (°C) linear regression modeAioSable
River, Michigan (MI).

Au Sable River, Mi y = 0.6256x + 6.07
Rz2=0.73
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FIGURE 26. Individualized aistream temperature (°C) linear regression moddDémpCreek,
North Carolina (NC).
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FIGURE 27. Individualized aistream temperature (°C) linear regression modetfobarras:
River, Wisconsin (WI).

Embarrass River, WI y = 0.5304x + 10.6E
R? = 0.502:
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Figure 28. Individualized alstream temperatui(°C) linear regression model for Red Riv
Wisconsin (WI).

Red River, WI y = 0.9192x + 2.58
R2 = 0.9631
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between 0.25°C and 0.87°C cooler than predicted.oMer projected stream was warmer than
predicted by 2.04°C. Overall, on average 2006 streamperature predictions were
0.01°C cooler than predicted by the individualireddels.

Of the six streams with available stream tempeeadiata in 2012, the temperatures of
two streams were over predicted and the tempesatir®ur streams were under predicted. The
two that were cooler than predicted were over gtediby 0.10°C and 0.49°C. Stream
temperatures of the four under predicted streamgechfrom 0.99°C to 2.73°C warmer than
predicted. The average difference between fieldsonea and individualized projections in 2012
was 0.97°C.

In 2006 stream temperature status was consistetiiriee out of five streams between
the status predicted by the individualized model te status corresponding with the field
measured stream temperature. One of the remaitre@nss was projected to be a status 3 stream
(no growth), while the status corresponding with fictual stream temperature was a 4
(extirpation). It is important to note, howeverathhe predicted stream temperature was 2.04°C
cooler than the field measured stream temperangd 24°C below the threshold of status 4.
The other remaining stream was predicted to batasB (no growth) by the individualized
model, but the status corresponding to the fieldsuead stream temperature was a status 2
(reduced growth). The predicted temperature wasg’C.8varmer than field measured stream
temperature and 0.06°C above the threshold founs@t

In 2012, stream temperature was consistent foetbue of six streams. Temperature for
the remaining three streams were under predictdddynodel, meaning the field measured
stream temperatures were warmer than those prddgtéthe individualized models. Two

streams predicted to be status 2 (reduced growtg status 3 (no growth) according to field
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recorded temperatures. The first of these two stsaaas 0.99°C warmer than predicted, and the
prediction was 0.22°C below the threshold for &8uThe second stream was 2.73°C warmer
than predicted, and the prediction was 0.82°C belmathreshold for status 3. The third stream
with a disparity between the predicted and fieldasuged status was predicted to be a status 3
(no growth) stream, but field measured temperattgggited in a status designation of 4, with an
actual stream temperature 1.53°C warmer than geetli¢he prediction was 0.59°C below the
threshold for status 4. The stream temperaturgegirby the I-model projected and SP model
are compared with field measured stream tempeatar€006 and 2012 in Table 11.

| also compared the stream temperature values peadoy the individualized air-stream
temperature linear regression models and the SefdriPreud’homme (1993) linear regression
model for beginning and end years of the study0i@62and 2056 to determine how accurately
the SP model predicted stream temperatures compatbd I-models. In 2006, the range of
stream temperature difference (I-model output n&féel output) was between -1.37°C and
3.12°C, with an average difference of 0.90°C. IB&Ghe range of stream temperature
difference between the two models ranged from “Z3&d 4.01°C, with an average difference
of 0.54°C.

Importantly, only two streams in 2006 and two &tns in 2056 had discrepancies
between the status designations resulting fronnitheidualized model and the SP model. In all
four cases, the individualized models predictethadr status designation than the SP model
did. In 2006, two streams designated as statusiBdwidualized models were designated as
status 2 by the SP model. The individualized mopgedslicted the streams to be 1.13°C and
0.87°C warmer than the SP model did. In both cdsSP model produced stream temperatures

1.31°C below the status 3 threshold. In 2056, tikeasns designated as status 4 (extirpation) by
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their individualized models were designated asustat(no growth) by the SP model. The
individualized models predicted the streams to .b&C and 1.21°C warmer than the SP model
did. The SP model produced stream temperatureS@.2%d 0.17°C below the status 4
threshold. The stream temperatures projected 106 20d 2056 using the I-models and SP

model are listed in Table 12.

Discussion

Changing Stream Temperatures and Brook Trout Thieahitat

Based on the results of this study, | predict @ngase in stream temperature for all 30
studied subbasins (HUCS8s) containing high qualitok trout streams between the years 2006
and 2056. While the magnitude of this change differtween the results produced by the SP
model and the KEA model, both predict a generalase in stream water temperatures. The
change in temperature between these years ramgad2fi 1°C to 4.16°C, with an average
change of 3.08°C according to the results of then®Bel (Table 6; Figure 10) and ranged from
0.94°C to 1.85°C, with and average change of 1.3€rding to the results of the KEA model
(Table 7; Figure 10). While none of the changestieam temperature were outside of the
equation’s standard deviation when using the KEAlehathey were outside of this range for 29
of the 30 subbasins when using the SP model. Thesséts indicate that rising air temperatures
due to climate change will result in warmer streaater temperatures across the brook trout’s
native U.S. range over the course of the next ¢etiury.

Consequently, increasing stream temperatures bigetitne period are projected to result
in thermal habitat conditions that will be less doaive to brook trout growth and survival than
they are currently for 20 of the 30 study subbaattording to the SP model and for 15 of 30

subbasins according to the KEA model. The SP mpglicts thermal habitat quality for eight
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Table 11. Comparison between stream temperaturethandal habitat ratings projected by the indivitieal models (I-models), the
Stephan and Preud’homme (1993) model (SP model)fi@d measured (Actual) temperature for 2006 202.

Individualized Model vs. Stefan and Preud'’homme (193) vs. Field Measured Stream Temperature (°C) Preictions
2006 2012

Stream Name | Model | Status| SP Model | Status | Actual | Status | | Model | Status| SP Model | Status | Actual | Status
Broad Swamp Brook, CT X X X X X X 24.71 3 21.64 3 26.24 4
Meduxnekeag River, ME 19.82 2 18.43 2 19.57 2 19.68 2 18.30 2 22.41 3
Silver River, Ml 19.19 2 18.96 2 18.74 2 19.11 2 18.88 2 19.01 2
Escanaba River, Ml X X X X X X 20.28 2 18.81 2 21.271 3
Au Sable River, Ml 18.21 2 19.58 2 17.72 2 18.07 2 19.39 2 17.58 2
Deep Creek, NC 24.06 3 23.60 3 26.10 4 23.01 3 22.57 3 24.15 3

Embarrass River, WI X X X X X X X X X X X X

Red River, WI 20.56 3 20.19 2 19.69 2 X X X X X X

Table 12. Comparison between stream temperautrethamanal habitat ratings projected by the indigiized models (I-models)
and the Stephan and Preud’homme (1993) model (SRlirfor the years 2006 and 2056.

Individualized Model vs. Stefan and Preud'homme (193) Stream Temperature (°C) Projections

2006 2056

Stream Name | Model | Status| SP Model | Status | | model-SP Model | | model | Status| SP Model | Status| | model-SP Model |
Broad Swamp Brook, CT 24.93 3 21.81 3 3.12 29.06 4 25.05 3 4.01
Meduxnekeag River, ME | 19.82 2 18.43 2 1.39 22.80 3 21.37 3 1.44
Silver River, Ml 19.19 2 18.96 2 0.24 23.34 3 22.74 3 0.60
Escanaba River, Ml 20.39 2 19.01 2 1.37 22.42 3 22.75 3 -0.33
Au Sable River, Ml 18.21 2 19.58 2 -1.37 20.90 3 23.28 3 -2.38
Deep Creek, NC 24.06 3 23.60 3 0.46 27.74 4 27.20 4 0.55
Embarrass River, WI 21.32 3 20.19 2 1.13 24.36 3 25.13 3 -0.77
Red River, WI 21.06 3 20.19 2 0.87 26.34 4 25.13 3 1.21
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subbasins will degrade from supporting brook tigratvth (status 2) in 2006 to conditions too
warm for fish growth (status 3) by 2056. The 12 aening streams predicted to experience
changes in water temperature beyond the equatterslard deviation between 2006 and 2056,
will degrade from allowing brook trout survival Wwdut growth (status 3) to temperatures
beyond the species’ upper thermal limits (status 4)

In light of these results, | conclude that climeatenge will have a considerable impact
on the quantity and distribution of thermal hab#eailable for brook trout in the United States.
Other studies related to climate change and coklwishes in the U.S. support this conclusion.
For example, Steen et al. (2010) produced two nsadgbredict the future thermal habitat
available to coldwater fishes in the midwestermestd Michigan. Both models included air
temperature as a driver of stream temperatureassgmed a 3°C increase in air temperature by
2100 and the other assumed land cover change 31 iacrease in air temperature over the
same time period. Both models predict substarg@dlictions in the presence of coldwater fish
species within Michigan’s Muskegon River watersbgdhe end of the 2icentury and a 90%
decrease in the probability of brook trout occuceeim one of the tributary streams studied
(Steen et al., 2010). Additionally, Flebbe et(2006) predicted a 53% loss of brook trout
habitat area along the southern end of the Appeadiiountains by 2100 using data from
climate projections by the more conservative Hadlentre global circulation model and a 97%
loss when assuming the projections of the morersg@anadian Centre global circulation
model.

The results from this study also suggest poteahdts in brook trout distribution and
productivity, with fewer areas in the U.S. proviglifor their thermal habitat requirements by

mid-century. Brook trout distribution is likely tiontract in areas where summer stream
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temperatures already result in poor or marginalthtfor this species. Near the southern limit of
the brook trout’s native range, for example, cur@rerage summer air temperatures already
result in water temperatures near the species’ruppemal limit (Flebbe et al., 2006, Meisner,
1990a). Field recorded stream temperature for ¥epk (NC), the southernmost stream in this
study, provides an example of marginal summer bhghithich is likely to warm past the brook
trout’s thermal tolerance in the near future. DE€epek was consistently the warmest stream
both in terms of field measured stream temperatiale=n in 2006 and 2012 and in terms of
stream temperature predictions across all studssyea

These potential distributional shifts will be dnivby the lethal and sub-lethal effects of
the increased metabolic costs associated withasekstream temperatures (Flebbe et al.,
2006), including limited growth (Baldwin, 1957). &aldition to the impact on growth and
survival, | expect the brook trout’s reproductiveligy will also be compromised at high
temperatures because summer water temperaturesdaxgd 9°C for extended periods have
been reported to hinder gametogenesis (Hokansaln é073). According to the results of the
SP model, average monthly stream temperature xgkbed 19°C in all 30 subbasins during the
warmest summer month by 2056.

While the study suggests thermal habitat quality aécline in many portions of brook
trout’s native range, conversely, thermal habitatld improve for brook trout populations in
areas where their growth and reproduction are ntiyreonstrained by low temperatures
(Meisner, 1990a, Meisner et al., 1988). Stream wagrnm these cooler regions of North
America will increase the potential for brook traatexpand their range and increase

productivity.

Stream Temperature Model Validation
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The results of the stream temperature model vi#didgortion of this study suggest that
the methodology used in this study is a reasonableto predict current and future stream
temperatures. The SP model produced results thataveaverage 0.60°C warmer than field
measured temperatures in 2006 and 0.72°C warmeffitdd measured temperatures in 2012.
The KEA model on the other hand, tended to prestrelam temperatures to be cooler than field
measured temperatures. Stream temperature pretigtiée KEA model in 2006 were on
average 5.88°C cooler than field measured stremmpéeature and were 5.87°C cooler than field
measured temperature on average in 2012. The deakperatures predicted by the KEA model
are not surprising considering that it was develojoe streams receiving high levels of
groundwater inputs (Krider et al., 2013). High lisvef groundwater input tend to maintain
streams at more constant temperatures througheyetr (Allan, 1995), making them less
responsive to changes in air temperature, as nobdevhen comparing the results of the KEA
model to the results of the SP model, which predistream temperatures that were much closer
to air temperatures.

While the SP model did over predict stream tentpeea for some streams and under
predict temperatures for others (Figures 11-14) KBEA model under predicted stream
temperatures for all study streams in both 2006281® (Figures 15-18). This result, in
conjunction with the SP model’s lower average @ipancy between field measured and
predicted stream temperatures in both 2006 and,20d2ates that the temperatures of my
study streams were influenced more strongly byesperatures than by groundwater inputs.
The compelling exceptions to this conclusion w&asmans River (NY) and Black River (Ml),
the two £' order streams with baseflow consisting-80% groundwater input (Figure 13, 14,

17, and 18). Stream temperatures for both sites well predicted by the KEA model. The
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stream temperature predicted for Carmans Rive®ir? 2vas under predicted by 0.65°C by the
KEA model and over predicted by 7.51°C by the SRI@hdSimilarly, in 2012 the KEA model
under predicted the temperature of Black River IB10C and the SP model over predicted its
temperature by 5.76°C. Perhaps these two streamespsedicted more accurately by the KEA
model because they more closely resemble the stremmd in the karst topography of
southeastern Minnesota that the model was origini@Veloped for. In any case, the SP model
predicted stream temperatures better than the KBdehfor the majority of my study sites. As
such, | would encourage management agencies tesehogredict current and future stream
temperatures using an air-water temperature lireggession model developed for surface water
dominated streams. Since air temperature appeaesttte dominant driver of stream
temperature, | also suggest that management agegorangitize strategies to mitigate and reduce
air temperature directly above coldwater streams.

Individualized Air-Water Temperature Linear Regression Models

Stream temperature data is often difficult to ohtaince stream gages are often
sporadically placed and may not collect data retutver time. Additionally, maintaining
stream gages is costly and lack of funding hastécked to reduced access to current gage
recorded data (USGS, 2014). Air temperature aetdhe other hand, are readily available and
collected by a variety of institutions (weathettistas, airports, etc.). The ease of access to air
temperature data across the nation makes predgitiegm temperatures from air temperatures
using linear regression models attractive whenastineam temperature data are scarce.
Additionally, the availability of future air tempeure projections, like those produced by the
three CCMs used in this study, makes the capazipyadict stream temperatures from air

temperatures important.
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A linear regression model developed by fittingemtt line to a plot of local historical air
temperatures and concurrent stream temperaturevoatd likely provide the most accurate
means of predicting stream temperatures from aip&atures for a specific stream. The lack of
available historical stream temperature data cdmbgng in this regard, however, making it
difficult to develop linear regression models fack stream of interest in large-scale
management or research efforts. Even if the apjaiepdata were available, compiling air and
stream temperature data, creating individualizeedr regression models, and then customized
future stream temperature predictions on a stregsifeam basis could be very time
consuming. Therefore, a linear regression modedlgapof predicting future temperatures for a
wide range of streams would be a valuable tootlemeloping future brook trout management
plans.

Since | previously concluded the SP model to beenagcurate in predicting
temperatures for the streams included in this studyose to compare the outputs of this model
to those produced by the individualized linear esgron models. The purpose of this effort was
to test the efficacy of the SP model for predictstiggam temperatures compared to
individualized linear regression models developmdeich stream. | compared the values
predicted by both models types for monthly averaggust stream temperatures during the
years 2006 and 2056. In 2006 the range of temperdifierence between the predictions from
the two models was between -1.37°C and 3.12°C, avitaverage difference of 0.90°C. In 2056,
the range of stream temperature difference betweetwo models ranged from -2.38°C and
4.01°C, with an average difference of 0.54°C.

More biologically significant for brook trout thahe differences in predicted stream

temperatures between the two model types, areelifées in stream temperature statuses
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predicted by the models. In both 2006 and 2056,dfstbe eight streams had discrepancies in
habitat status predictions between the two modielsll four cases the individualized models
predicted a poorer habitat status designation ttheu$P model did, making the SP model
generally more conservative than the individualizeztiels. In 2006, two streams designated as
status 3 by individualized models were designatestatus 2 by the SP model. The
individualized models predicted the streams to.A8°C and 0.87°C warmer than the SP model
did. In both cases the SP model produced streampeietures 1.31°C below the status 3
threshold, a value less than the standard devig2id%°C) associated with the SP model. In
2056, two streams designated as status 4 (exorpaty their individualized models were
designated as status 3 (no growth) by the SP mobelindividualized models predicted the
streams to be 4.01°C and 1.21°C warmer than the@&fel did. The SP model produced stream
temperatures 0.25°C and 0.17°C below the statbsedhold, again values again less than the
standard deviation of the SP model.

Since the SP model did predict the same habdtists as the individualized models for
six out of eight streams in both 2006 and 2056snck in those cases when the two models did
not predict the same status, the difference betwe=SP predicted value and the threshold of
the status predicted by the individualized moded Veas than the standard deviation associated
with the SP model. As such, the SP model appedrs ain acceptable method of stream

temperature prediction for those streams assessed.

Factors influencing stream temperature
While the SP and individualized models provide uktfols to estimate the potential
effects of increasing air temperature on brooktttbarmal habitat, air temperature is only one of

a suite of potential factors influencing streamevaémperatures. The variability between field
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measured and SP model predicted stream tempera&iu2686 and 2012 supports this assertion.
Field measured stream temperatures differed fra&# predicted values by more than 2.16°C
(the equation’s standard deviation) for 32% ofastne in 2006 and for 55% of streams in 2012,
indicating the presence of additional factors ieflaing stream temperature. ThevRlues of the
individualized air-stream temperature linear regi@s equations also suggest that additional
factors influence stream temperature. If streanptratures were entirely determined by air
temperature, then the’Ralues of the equations would be equal to 1.

Other key factors likely influencing stream temgeres include riparian zone shading and
the magnitude of groundwater input. Vegetation fatiog overhead riparian zone shading, for
example, can aid in cooling stream water by infatiog ultraviolet rays that would otherwise
warm the stream surface on contact (Blann et @022 Groundwater, which often provides
streams with a relatively consistent source of waith temperatures generally within 1°C of
the average annual air temperature throughoutdbeprovides a thermal buffer, keeping
streams warmer during the relatively cold air terapees of the winter months and cooler

during the relatively hot air temperatures of taemmer months (Allan, 1995).

Baseflow and Stream Order

Since the SP model predicted temperature for #jenity of streams more accurately
than the KEA model, we can conclude that while gowater likely plays a role in determining
stream temperature, for the selected study streaanesmperature exerted a greater influence on
stream temperature than groundwater. Neverthdlessole of groundwater in determining
stream temperature is important and since for rnigjof streams, field measured stream

temperatures were cooler than predicted by théaéysP model in both 2006 and 2012, |
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hypothesized that the magnitude of groundwatertia the study streams influenced their
temperatures.

Percent groundwater contribution to baseflow ranfgem 30.27% (Laurel Fork, WV) to
85.02% (Carmans River, NY). | divided the studgains into three categories, low
(30.2%<48.52%), medium (48.52<€66.77), and high baseflow (66.77<85.02%) relative
to the baseflow percentages of the study streahen,Tield measured and predicted stream
temperature from both the KEA and SP models wetegogized according to baseflow
percentage (Figures 11, 13, 15, and 17). If groateminput were to exert a strong influence on
stream temperature, then surface water dominateanss, those with low groundwater inputs,
should be better predicted by SP than those streatim$iigh groundwater inputs. Conversely
streams with high groundwater inputs should predidtetter by the KEA model than the low
baseflow streams.

| was unable to discern any clear pattern relagmogindwater input percentage with the
accuracy of stream temperature predictions frohreeitnodel. Streams from all three baseflow
input categories, low, medium, and high basefloweweder predicted and over predicted by
the SP model, showing no clear indication thato@eent groundwater input played any role in
the efficiency of the model’'s predictive capacityeither 2006 or 2012 for study streams. The
KEA model under predicted temperatures for all gtstleams in both 2006 and 2012. As such,
it was not clear whether groundwater dominatedastse(high groundwater input %) were
predicted better by this model than surface wabenidated streams (low groundwater input %).

| also categorized the field measured a predistehm temperatures by Strahler stream
order (orders 1 through 6) because water temperé&tads toward equilibrium with ambient air

temperature as the stream departs from its sobkrgarés 12, 14, 16, and 18) (Hynes, 1970,
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Ducharne, 2008). Therefore, higher order largeashs are typically warmer than smaller lower
order streams. As with baseflow, | did not find ahgar indication that the stream order played a
role in predicting stream temperatures accurateiygieither the SP or KEA models.

Therefore, | conclude, that for the streams inetlioh this study, neither percent
groundwater input nor stream order substantiaflp@mced the predictive capacity of either the
SP or KEA model. The one compelling exception &sthfindings, mentioned previously, was
that the two streams in the high baseflow cate(@8y77<%85.02%) and lowest stream order
category (stream order 1), were predicted wellheyKEA model, indicating that when percent
baseflow contribution is very high and stream oldefery low, the combination of these two
factors in combination are more influential thantemperature in determining stream

temperature.

Considerations for the future

Air Temperature to Stream Temperature Conversion

Alternative models for relating air temperaturevater temperature should be considered
for future studies, as linear regression modelat@always the most accurate in capturing this
relationship. For example, Morrill et al. (2005ufa that the stream temperatures of 83% of the
geographically diverse study sites assessed didispfay a 1:1 relationship with air
temperatures. Instead, they determined a nonfli®eshaped function to be a better descriptor
of the air-stream temperature relationship (Mogtilal., 2005, Erickson and Stefan, 2000). This
seems reasonable, given the fact that for somamssethe relationship between air and stream
temperature becomes non-linear after air tempexdtas reached 25°C, a temperature regularly

exceeded during the summer months in the statesie&d in my study; the reason for non-

69



linearity is likely related to evaporative coolingthe stream (Morrill et al., 2005, Erickson and
Stefan, 2000). However, Morrill et al. (2005) diote that some streams exhibit a strong linear
relationship between air and water temperaturetlaaidn these cases, using a non-linear model
to estimate this relationship may offer little ar improvement (Morrill et al., 2005).
Additionally, many other studies have observedssh®with nearly 1:1 relationships between
water and air temperature for weekly and monthha aaaking linear regression models an
effective way to predict stream temperatures frantemperatures for some streams. For
example, Pilgrim et al. (1998) found a near 1:atiehship between air and stream temperature
for 39 Minnesota streams and as did the paper whtobduces the linear model used in this
study, Stefan and Preud’homme (1993) also founebalylinear relationship in 11 Mississippi
basin streams.

Given that the relationship between air and wagemterature seems to be dependent
upon the characteristics of the specific streamsamtbunding conditions, the most effective
way to predict stream temperatures from air tentpsgavould be to investigate the linearity of
the relationship between the two variables for esidam and develop a custom linear or non-
linear model based on the results.

While this study is based on the premise thateanperature is one of the
strongest predictors of stream temperature, theeledion found between low order streams with
high levels of groundwater input and the generalr@rediction of stream temperature by the SP
model, suggests that other factors, like groundwafrit, also play an important role in
influencing stream temperature. In addition tat@mperature and groundwater inputs, other

drivers of stream temperature include such thisgsescent riparian zone shading, runoff, ice
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cover, and the presences of dams. Ideally, thédiéi@al drivers of stream temperature would

be incorporated into a model to most accurateldiptestream temperature.

Climate Models

As mentioned earlier in the methods section of thesis, the emissions scenario used to
project future air temperatures for this study, SRELB, assumes a moderate increase in
atmospheri€0; concentration (700 ppm by 21000Meehl et al., 2007). It is possible that £O
emissions will follow a different emissions pathwhlge the A2 pathway, which assumes £O
concentrations of 820ppm by 2100 (Meehl et al.,7208s a result of continued heavy reliance
on fossil fuels to meet energy demands; or the &hvpay, which assumes substantial reductions
in emissions, predicting CGQOconcentrations of 550ppm by 2100. If g&nissions continue
along the lower emissions pathway (B1), then stresanperatures could be lower than predicted
by this study, resulting in more favorable thermmabitat conditions for brook trout in the future.
Conversely, if emissions proceed along the high@s&ons pathway (A2), then stream
temperatures could become warmer more quickly phadicted in this study, thus reducing
thermal habitat for brook trout more rapidly thamieipated. Additionally, as the scientific
community’s understanding of climate science gratws,latest GCMs and emissions scenarios,
and downscaling methods should be used in furtineies of the impact of climate change on

brook trout habitat.

Additional Effects of Climate Change on Thermal itttfor Brook Trout

In addition to direct effect that changes in amperature have on stream temperature,
climate change is likely to influence stream terapgne indirectly as well. For example, climate
change may influence groundwater and riparian ataeling, which are also drivers of stream

temperature.
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Since groundwater temperatures are ultimately driweair temperatures, staying within
1°C of annual average air temperature (Allan, 1988ng air temperatures should result in
rising groundwater temperatures as well. The impé&ctimate change on groundwater
temperature has not yet been studied in great depttever, posing a challenge in projecting
future water temperature for groundwater dominategams (Kurylyk et al., 2013, Mayer,
2012). A study of the effects of air temperaturd aoncurrent ground surface temperature on a
small watershed catchment in east-central New Bvigks Canada, did show that the
temperature of shallow groundwater is responsivaetsonal changes in air temperature and the
temperature of deeper groundwater is sensitivedd¢cdimate change (Kurylyk et al., 2013). As
such, the influence of changing groundwater tempegan stream temperature should be
considered when modeling future stream temperaiodethe buffering effect of groundwater
inputs on stream temperature should not be ovarattd (Kurylyk et al., 2013).

The riparian vegetation mitigating rising air temggeares by providing shading may also
change as incidence of wildfires, droughts, insaati pathogen outbreaks increase in response
to climate change (Melillo et al., 2014), resultingncreasing stream temperatures and further
reductions in thermal habitat status for brook tréustudy of the effect of changing vegetation
regimes due to climate change on stream temperattine southeastern United States,
concluded that altered stream shading could r@suicreases in stream temperature of up to
7°C (Cooter and Cooter, 1990). Reductions in rgpakiegetation could also lead to increases in
the amount of surface runoff entering streams &rrtdontributing to stream warming (Hynes,
1970).

In addition to the direct effects that rising streemperatures are likely to have on brook

trout, the effect that elevated stream temperatwikésave on other members of the ecological
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community will influence brook trout indirectly agll. One such concern is changing
phenology as a result of climate change (Walthat.eR002), which may lead to asynchrony
between the lifecycle events of brook trout anceo8pecies in the aquatic environment.
Changes in water temperature may lead to prembtiohing of the eggs of fall spawning fish,
like brook trout, leading to a mismatch betweenghise of prey species production and the
onset of larval fish feeding (Shuter et al., 20I2)anges in the emergence of prey species may
also prove problematic for brook trout. For examghe high altitude stream mayflgaetis
bicaudatusa prey species for trout, emerges as an addctirearlier as stream temperatures
warm (Harper and Peckarsky, 2006), which couldlt@sa mismatch between the availability
of mayflies as a prey resource and a critical gefow energy consumption for brook trout.
Harper and Peckarsky (2006) also note that theasiddecundity of mayflies emerging under
increased water temperature conditions may be sgtjwchich likely means reduced quality of

this food resource for trout even in the absengehohological asynchrony.

Management Implications

In the face of increasing air temperatures duddbaj climate change, fisheries
managers must identify the processes controllireast temperature and prioritize efforts to
mitigate the effects of rising air temperaturesi@intain brook trout fisheries within their native
range. | suggest that promoting high levels ddinign zone shading, reducing runoff, and
protecting the sources of groundwater inputs inesé coldwater systems would provide the
most effective ways to maintain stream temperatcoes enough for brook trout to persist in
United States.

Riparian zone shading should be protected fronovairand enhanced in areas where it

has been lost to shield streams from direct exgosuultraviolet radiation. This strategy to
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reduce stream temperature will be of particularartgmce for streams receiving little or no
groundwater input. Blann et al. (2002) found thatable thermal habitat for brook trout could
be expanded by introducing sufficient shading evpusly unshaded stream reaches and
indicated that wooded buffer zones produce the stuaste, followed by successional vegetation
buffers. Loss of riparian shading can also redheevblume of cold water plumes in areas of
high groundwater input, thus reducing important swertime thermal refugia for brook trout
(Ebersole et al., 2003).

In addition to reducing stream temperature by gliog shading, streamside vegetation
also reduces direct water runoff into streams (l8ya870). Reducing runoff is critical for
maintaining cool stream temperatures particularlgatchments with high levels of urbanization,
because impervious surfaces, like pavement, ineneamff volume and warms water as it
washes over these surfaces (Nelson and Palmer).208l8on and Palmer (2007), concluded
that while spikes in stream temperature dissipatedrelatively short amount of time (3 hours),
localized rainstorms could causes surges in teryeraveraging 3.5°C.

For streams receiving substantial inputs from gdwater aquifers, like those in this
study receiving groundwater contributions to basefbf >80%, protecting baseflow is critical.
An important approach to maintaining baseflow levabh enough to mitigate increasing air
temperatures is to carefully evaluate the effettga@undwater withdrawals for human use and
consumption on stream temperature as the demarkigaresource continues to increase over
time because even slight reductions in baseflowresult in stream temperature increases
(Waco and Taylor, 2010).

In addition to directly safeguarding stream baseflmanagers must also be cognizant of

the various landscape features promoting groundwetharge, as these features ultimately
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determine the amount and rate of groundwater impatstreams. For example, streams located
in areas with highly permeable, coarse soil typeslaw gradient topography (Winter, 1999,
Stanford and Ward, 1993, Cey et al., 1998, Sigtaadl., 2011), are likely to receive higher levels
of groundwater input than streams in areas wit@psterrain and more impermeable geology. As
such, in low lying areas with highly permeable sasluch as those representative of large
portions of the brook trout’s range in the Midwest®.S., groundwater is an important factor
influencing stream temperature (Siitari et al., P01

The amount and rate of groundwater entering @mesiystems has also been linked to
land cover in addition to geologic structure. Ndyaldiffering land cover types allow for
distinctive rates of water percolation into sodsulting in differing aquifer recharge rates.
Grasslands, for example, allow for the highestsrafeaquifer recharge followed in descending
order by forested lands, croplands, and areas adedrby impervious surfaces, such as concrete
(Waco and Taylor, 2010). Therefore, encouraging lewver types that promote higher rates of
groundwater recharge and restricting the amouated within a watershed dominated by
impervious surfaces will be important in protectgrgundwater quantity and stream baseflow in
the future.

Given the increasing temperatures predicted tatré&®m global climate change, it is
essential to protect and improve natural streanfirigaechanisms to help sustain brook trout
thermal habitat and ultimately brook trout popuas across their native U.S. range.
Additionally, fisheries regulations must also chamgresponse to rising air temperatures to
protect brook trout populations from high anglinggsure during thermally stressful events and
by protecting the coldwater refugia these fish negoersist under adverse thermal regimes.

Lastly, in areas where brook trout thermal habidaid thus populations are likely to be lost, we
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must prepare to introduce stakeholders to new tgpéshing opportunities, and ready ourselves
and the public for new warmer water species assayablas water temperatures become less
conducive to stenothermic coldwater species (Lyetcdl., 2010).

As the brook trout’s range and productivity arepauted by rising air temperatures
resulting from climate change, fisheries managarstmrepare to address the concerns
associated with the changing availability of tlesreationally and economically valuable
species. The role of coldwater fisheries managetisd future will become increasingly
complicated, as the human population increased,dawer changes, competition for ground and
surface water accelerates, and the challengei@&asing air temperatures threaten the brook
trout’s existence across their native range. Ireotd cope with the complex issue of shifting
brook trout range and productivity, resource maregeust: identify and prioritize the protection
of areas likely to maintain high quality brook ttdwabitat as air temperatures increase; safeguard
and enhance the drivers of stream cooling; andogpiately adjust regulations in accordance

with changes in brook trout productivity.
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