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Executive Summary

1 Historically, much of theiverine cold water fish habitat in the Northeast has been
lost due to anthropogenic stressors, particularly habitat destruction and reduced
access to spawning areas by the installation of dams. This has been most marked
i n the sout her nangeiathe norihdastarnrstaiedhese bossesat 6 s r
may be as high as 50%.

1 Climate change confronts this habitat with a new and important stressor. As air
temperatures continue to warm, waterways may also warm beyond the
physiological tolerances of cold watést such as brook trout, brown trout, and
other salmonidsAlso, the projected increased frequency and severity of extreme
events (floods and droughts, for example) may pose significant risks to this
habitat type.

1 A number of scientific studies over tlast two decades have confirmed that
riverine cold water fish habitat in the Northeast (the 13 states from Maine in the
north to Virginia and West Virginia in the south) is vulnerable to increasing
temperatures.

1 Earlier scientific studies concluded thiagthabitat was likely to be largely
extirpated in the Northeast under even relatively modest warming scenarios.
These studies arrived at this conclusieaking assumptions thataynow, with
the collection of empirical field datbeless well supporte®pecifically, the
relationshipbetween air temperature and water temperature in waterbodies was
initially assumed to approximate unity. However, empirical measurements have
demonstrated that this varies widely amang withinstreamsand may be lower
thanthe previously assumed value

1 Streams and rivers differ in their air water temperature ratios due to a number of
factors the most important of which are the presence or absence of shading
riparian vegetation and the amount of discharge to the wateramycool
subterranean aquifers.

1 The earlier studies may also have underestimated the abilities of some cold water
fish species to adapt to changing stream conditions, either through evolutionary
change or behavior modification.

I The main conclusion of thireview is thativerinecold water fish habitat in the
Northeasis indeed vulnerable to climate change, but may not be as vulnerable as
earlier studies may have suggested.

1 Most habitat loss due to warming in the Northeast may occur in the southern part
of the habitatdés range (for example, Virg
elevations (for example, coastal plain cold water streams from Massachusetts



north into Maine)Further north and at higher elevationserine cold water fish
habitat is likey to persisfor substantially longer than earlier studies had
suggested

This review confirms that significanincertaintiestill affectour ability to project

the impacts of climate change on cold water fish habitat and populations.
Foremost among theareuncertainties in assumptions about the relationships
between changing air and water temperatures; the existence or lack of adaptive
capacities in exposed fish; relationships between climate change and other non
climate stressors, such as dissas®&l parasites, which could affect fish
populationsand the impacts of an increased frequency and severity of extreme
climatic eventsAnother potentially important uncertainty may arise from
situations where the water temperature increases are not suftficreach the

upper physiological limit for the fish, but which still may elicit chronic affects on
growth and reproduction. How would such changes affect stream carrying
capacitiesFinally, increasing water temperatures may, in addition to having
directimpacts on fish, fragment their habitats at a watershed scale and jeopardize
connectivity. Our understanding of this potential impact is still relatively poor.

This reviewincludesmitigation measurethatcan be taken to reduce the impacts
of warming oncold water fish habitat. These actions include the preservation and
restoration of riparian shading vegetation along vulnerable streams and the
prevention or removal of impervious surfaces adjacent to streams. Removal of
dams to increase access to uplapdwning areas could also be effective.



Introduction

There is gowing evidence that climate changealready harmin§ish andwildlife and
otherecologicalresourcesn the northeastern United StateShese observed changes
have occurred under a nmeannual temperature increase of only aboufHA i6a

relatively modest degree of change. In contrast, the situation confronting us over the rest
of this century is not one of subtle climatic shiftee degree of change that will occur is
likely to be seere. In the Northeagthe Northeastern Climate Impacts Assessment
(2006 warns us to expect a mean annual temperature increase of tp by the end of
the century if greenhouse gas levels in the atmosphere double (a relatively optimistic
scenario gien current emissions rates), or by up tdRA. a tripling occurs. With such
drastic changeshe climate in the Northeast will resemble those that are now
characteristic of North or South Carolina, respectiyBlgCIA, 2006. These changes

will be acconpanied by a greater frequency, duration and intensity of severe droughts
and flooding, reductions in snowpack, increased invasions and impacts by pest and
invasive species, and a global sea level rise of betweenddéssand 1.5 meters,
inundating many ortheastern coastal areas.

It is likely that many of the habitats and species that occur in the Northiéase highly
sensitive to the projected changes in climate. Indeed, we are already seeing ecological
effects that may be triggered by the changilmate, including changes in the timing of
ecological events and distribution shifts in organisms. Vulnerability assessments in the
Northeast and elsewhef@lick et al, 2011)indicate that many important habitats will be
threatened by climate changegdanay be lost entirely or greatly reduced in their extent

or quality. We have reasonable grounds for expecting that cold water fish habitat may be
one of the more susceptible fish and wildlife habitats in the Northeast to climate change.

If we are to antipateand mitigateahe potential impacts of climate change on organisms
and their habitats it is vital that we understand their relative vulnerabi(ties.the last

3i 4 years a formal organizational framework has been developed for evaluating the
vulnerabilities of species and ecological systems to climate change é6atk2011).

This framework assumes that the vulnerabilities of species or systems are a function of
three main componenttheir exposure snsitivity, and adaptive capacity (Figute

Exposurd an estimate of how much change in climate (or other stressors) a species or
system may be exposed to.

Sensitivityi the extent to which a species or system is likely to be responsive to or
affected by changes in exposure.

! Changes to the flowering seasons of plants and migration seasons of fish, andiftmigebitas are all
known to be already occurring in the Northeast. These are early harbingers of the much more severe effects
that will occur in natural systems in the future



Adaptive capeity i the ability of a species or system to adapt to and accommodate
changes in exposure to stressors.

Exposure Sensitivity

I , |
!

Potential Adaph:ve
Impact Capacity

| - |
!

Vulnerability

Figure 1. Vulnerability assessment organizational frameworkftom Glick et al,
2011).

When attempting to assetbe vulnerabilitieSof any species drabitat to the changing

climate it is important to consideguantify (o the extat possiblg, and integrateall

three components. The mastedof the formal models that have been recently developed

for estimating vulnerabiliy Nat ur e Servebés Climate Change Vul
(which focuses on species) and the Northeastern fdgocof Fish and Wildlife

Agencies (NEAFWA) habitat vulnerability modelreboth constructedround these

components.

In practice, there is another component that should either be addressed separately or that
should permeate adkages ohttempts to ealuate vulnerabilitie$ the analysis of

uncertainties. All attempts to project the vulnerabilities of ecological resources to current
and future climate change are, necessarily, beset with a number of uncertainties. These
arise from uncertainties inhettan the modeling of future climatéparticularly in

projections of changes in precipitation and extreme evanisgrtainties about future

2Vulnerability in this context refers to the likelihood that a species demsyss likely to be affected by the
changing climate. It is important to note that depending on the species or system being affected such effects
can be either adverse or beneficial.



greenhouse gas emissions rates, uncertainties concerning the adaptive capdcities
sensitivitiesof organisms osystems, andncertainties aboutow societies might

respond to the changing climate to its impactsSome form of uncertainty analysis
should be included in all vulnerability assessment models {has sasén the

NatureServe and NEAFWA molddadentfied above).ldeally, the best approach is to
provide within the vulnerability assessment model a systematic approach to evaluating
the impacts of uncertainties theinputs andutpus of the modedi the vulnerability
assumptions anstatements. Thushe modeling process could be modifiedthg user

by entering differing uncertainty assumptions. This is possible with single species
vulnerability models (and it is already part of the NatureServe process) but is much more
problematic with multispeciesor habitat models.

In this analysis, we attempt éstimatethe likely vulnerabiliy to climate changef

riverine habitat for cold water fish the NEAFWA RegioR This is also the approximate
area that is the focus of the North Atlantic Landscape €wason Coperative

(NALCC), and the Eastern Brook Trout Joint Venture (EBTJR)verinecold water fish
communitesin this area comprise a number of species, primarily salmanasding

brook, brown, and rainbow trout, all of which are restricteddters that are consistently
cold (<20 24 °C) and weHoxygenatedOur time scale for this assessment is the

remainder of this century. Within that period, the timing of adverse effects will depend on
how quickly or slowly we emit greenhouse gad¥s. hae chosen to focus dhe

riverine habitat of thecold water fish communitipecause:

1. Manylaboratory and fielgtudies have added to our knowledge about the
relationships betweerold water fish speciésurvival, productivity, etc., and
climatc factors

2. Our understanding of the physiology, ecology, and geographical distribution of
thesespecies indicagthatthey ardikely to be sensitive to the changing climate;

3. The community cabe viewed as a suitable indicator tbe entireriverine cold
waterecosystermin a changing climate;

4. These fish are iconic and appreciated by the general public as being representative
of fAihealthyodo anleam ecosystems;

5. They arerecreationallyeconomically and culturallymportant species.

In the remainder of this pert we evaluate the potential vulneralyilitf this important
fish habitatin the Northeastio future climate change using the framework outlined above,

% Comprising the 13 states of Maine, New Hampshire, Vermont, New Yorssad¢ausetts, Connecticut,

Rhode Island, Pennsylvania, New Jersey, Delaware, Maryland, Virginia and West Virginia, and the District
of Colombia.

* While lentic cold water fish habitats also exist in the NEAFWA region, their ecologies are very different
from the riverine habitats, and for the sake of clarity we have chosen to focus on the latter. A vulnerability
assessment of climate change and lentic habitats is, however, needed.



with its components of sensitivity, adaptive capacity, exposure, and uncertainty analysis.
To the extat possible, walsoattempt to draw conclusions about vulnerabilities at the
subregional scale (e.g., individual stateslasters of statgs

We begin with a description of the distribution of tiabitatin the Northeast Region and
its generabhnd tlermalecology and historic anthropogenic impact§e then review
previous attempts to model the vulnerabilityttuk habitat and its fisim the Northeast to
climate changd-ollowing that we describdiow current exposures to climate variables
are likely to change in the future, the extent to whiocé habitat and its fisitmay be
sensitive oresilient to and able to adapt to these climatic changes, and the resulting
vulnerabilities of thidabitatto climate changelhroughout theeanalyses we identify
and discuss the major uncertainties that affect vulnerability projecidagtive

capacity, for examplé=inally, we discuss how these uncertainties affect vulnerability
assessmenand suggest further work that could reduce these uncertainties atrav
better, more dependable, estimate of the true vulneyabilthis habitat typéo the
changing climateand how it might be conserved and managedtie Northeast.

1C



Distribution, Ecology, and Impacts on Cold Water Fish
Habitat in the Northeast Region

In the Northeast Region native brook trout and introduced brown and rainbow trout are
distributed along the entire length of the Appalachian Mountains (Figure 2) in cold and
well-oxygenated streams (Gilbert and Williams, 2002). In the southermmdsvarmer

part of this range they are typically at higher elevations in the cooler headwater reaches,
but in the north they extend down to lower elevations. Since the European colonization,
cold water habitat suitable for these species has been fraghaenteliminated.

Forexample, brook trout habitat has been lost from approximat&B520 of the

watersheds in which they once existeldidy et al., 2005; Figure 3). These losses have

been greatest in the central and southern Appalachians, particulasgtern New York,
Maryland, Pennsylvania, Virginia, North and South Carolina, Tennessee, and Georgia
(Figure 3). Losses have been due largely to anthropogenic habitat destruction and
conversion: streams have been dammed, eliminating access to headpatarsig

areas; riparian vegetation that once shaded and cooled streams has been destroyed to
make way for agricultural, residential or commercial development; impermeable surfaces
(acting as heating areas for rainfall before it enters streams) havbuiketose to

streams; and competition from introduced species has intensified étlatly2005).

Even in those southern watersheds that still supporsastaining brook trout
populations, Hudgt al. (2005) found that almost half had lost over 5@Pbhabitat and a
further 15% of watersheds had lost betwee¥ 8dd 25% of habitat. The least impacted
of the northeastern states are in New England (Maine, New Hampshire, Vermont,
Massachusetts and Connecticut), and eastern New York.

11



Figure 2. Historic range of brook trout in the eastern U.S. From Hudyet al
(2005) This approximates the distribution of suitable habitat for cold water fish
species.
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Brook trout distribution by subwatershed

Never occurred
:  Unknown: no data or Absent: unknown history = 19%
I cxtirpated = 21%
- Present = 60%

62.5 125

Figure 3. Distribution of subwatersheds in the eastern United States where brool
trout are present (60%), extirpated (21%) or of unknown status (19%).

Subwa er sheds <cl assified as finever o0¢cCGg
calculations.
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Exposure Analysis

Appendix A to this report presents detailed information from the scientific literature on
how the climate of the Northeast Region is likely to change over the remainder of the
century. In summarythe most recent ammbmprehensive dowscaled projections of
future climate change indicate that a number of factors that are highly relevant to cold
water fish are likely to change greadflgnd that at least some of these changes will vary
with latitude within the Northea&kegion:

1 Mean annual air temperatures are projected to increase by the end of the century
by between 5F and 8°F, depending on future emissions assumptions. The degree
of warming will be greatest during the winter months and in the more northern
states. The implications of this increase for water temperatures in cold water fish
streams could be that more habitat will be lost as conditions suitable for a cold
water fish community are converted to wanwaters.

1 Mean annual gecipitation is also projeetl to increase by the end of the century
by about 79% or 8 14%, depending on the emissions assumptions. The greatest
changes are likely to occur during the winter months, with much smaller changes
projected for the summer. As a consequence of the inogeasibient
temperatures, much less precipitation during thé$pling months will fall as
snow, and more as rain. This is likely to shift stream hydrographs as they become
less dominated by early spring roff. Also, since the summer precipitation istno
projected to increase greatly and the evapotranspiration rate due to increased air
temperatures will increase there is likely to be less water flowing through existing
cold water streams than at present, compounding the effects of seasonal drought
(see lelow).

1 Extreme eventslods and smmer droughisare projected to increase in their
frequency, severity and duration, especially in the more northern states of the
region.

1 The outcomes of all of the above changes on the hydrologies of streams and river
are projected to be that the peak spring flows will be earlier (due to smaller
snowpack and more consistent precipitation falling as rain during the winter
months) by about 104 days depending on the emissions assumptions. Also,
summer low flow conditins will be more severe and last longer than they
presently do.

® It should be recognized that modeling letlegm climatic change is beset wamumber of major
uncertainties. This is especially the case in modeling future precipitation and extreme event patterns. Our
current climate models produce our best posgbtanatesnot facts.
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Sensitivity Analysis

In riverine habitats,amonidsare largely limited tanpolluted,cold, andwell-
oxygenatedtreams (andomelakes) Theycomprisea guild of species with similar
physbplogical and ecological requirement$eir spawning success, rearing, productivity,
growth, and adult survival are highest in streams where water temperatures do not exceed
about 20°C (MacCrimmon and Campbell, 196Raleigh, 1982 Above this threshold,

mortality amongadults, eggs and fipcreasesEven within theithermal rangerecent

research has shown tlggbwth and survival decrease with increasing summer
temperaturesletcher, 2013)Thesetemperature requiremexiimit the distribution of

thisguild in the eastern United Statésr exampleMacCrimmon and Campbgl1969)
postulated that the southern limitlhoook troutdistribution is determined by the mean

July air temperatures not exceeding’2] and Meisner (1990) maintained that the
soutternportionsof the specigsange in the Appalachians is dependenaoanol
groundwatecontributionto theflow of higher elevation streamalso, while we may be

able to model the direct impacts of increasing temperatures on fish and their habitats,
warming may also fragment habitats at a watershed scale and reduce connectivity. We are
as yet less able to project such effects.

Given ther limiting thermalhabitatrequirements, it ifeasiblethatcold water fishmight

be among the mie sensitive of fsh species in the U.S. to climate chaimgpacts on their
thermal habitatsThe earliest and greatest impagcight beexpected at the southern

edges of their rangand at lower elevationghere streams that are currently maintained
below the critical 20C thresholdreview in EPA, 1995)eitherby lower air temperatures
and/or groundwater inflowsnay be least buffered againgarming.Severalulnerability
modeling studies have focused on this putative relationship between current and future
climate chage water temperatureandcold water fisithermal habitat andopulations.
They are reviewed below.

15



Potential Impacts - Previous Vulnerability Analyses

Between the mid990s and the present théxae beenseveralulnerability analysesf
cold waer fishin the Northeast RegioiVhile these studies may not address all of the
vulnerability assessment componetiéscribedn Figure 1, they do provide important
information from which we can deduce vulnerabilityaddition,there arecompleted
andongoing studies that provide data crucial to the elucidation of componehthdht
vulnerability (e.g., exposure, adaptive capacity). All such studieeseviewed below and
their assumptions and conclusions discussed.

(1) Meisner, J.D. 1990. Effect olimatic warming on the southern margin of the native
range of brook trout, Salvelinus fontinalSan. J. Fish. Aqua, Sci. 47:10687Q In

this, the earliest study of brook trout vulnerability to climate change in the Northeast,
Meisner (1990) proposedatthesouthernmost limit obrook troutdistributionis related

to the 15°C groundwater isotherm. Meisner (199@sedhis on a modeled relationship
between minimum elevations at which brook trout occur in this part of the native range
and elevation, ltude, and groundwater temperature. He estimated minimum elevations
for brook trout under the warming scenario of the Goddard Institute for Space Studies
climate mode(GISS), projecting a 3.8 increase in mean annual temperature. He
presented a map tie areas remaining available to brook trout as "potential habitat"
under the GISS scenario, but was unable to provide details. He sé¢fectedest site in
each drainagthat had brook troutom state inventoriegnd consequently did not have
theeni e i nventory data set available for the
the distribution of brook trout in North Carolina and Virginia under the GISS scenario
would becomencreasingly fragmentednd trout would disappear entirely from South
Carmwlina and Georgighe southernmost outposts of their distribution

(2) EPA, 1995Ecological Impacts from Climate Change: an Economic Analysis of
Freshwater Recreational Fishing. U.S. Environmental Protection Agency, Office of
Policy, Planning and Evahtion, Climate Change Division. EPA 28395-004 April,

1995 As part ofthis national study of the economic impacts of climate change on
recreational fishing, thmvestigatorsnodelednortheastericold water fisrexposure to
climate change, their sensities to changed temperatures, and theinerabilitiesbased

on three emissions scenarios and four General Circulation Models (GCMs): the GFDL,
OSU, UKMO, and GISS modélsTheendpoint of the studyas change ithe

distribution and extent of suitalbtleermal habitat. They assumttht

1. Theatmospheric concentrations @0, would doublgthe emissions scenario
analysiswas to estimateshenthat doubling would be arrived at)

® GFDL: Geophysical Fluid Dynamics Laboratory; GISS: Garddnstitute for Space Studies; OSU:
Oregon State University; UKMO: United Kingdom British Meteorological Office.
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2. A doubling of CQ would result in averagmaximum weekly air temperatures
increasng by 1.8/ 3.5°C.

3. The FishTemperature Data Matching System (FTDMSY @&rcentile value of
70°F (21°C) was a appropriat@stimate of the upper boundsfitablethermal
habitat forbrook trout(which were used as an indicator for the entirel ezhter
guild).

4. Threeemissions scenarios (1IS92a, 1S92c, and IS9R®se are similar to the
SRES scenarios that later replaced them in that I88@mximateshe B1
scenario, 1S92e the Al scenario, and 1S92a a median scenario.

5. Average weekly maximuwatertemperatures welidentical toaverage weekly
maximumair temperature§.e.,an air:water temperature coefficient of 1.0)

6. The ability ofcold water fisito adapt to these changes would be minimal.

Depending on the GCM usedjdistudyprojecedlargescale reductions in the extent of
cold water fisithermal habitat in the Northeastspecially for the more southern states
where reductions of 5@9% were projecte(lable 1).Such reductions would
effectively greatly reduce or eliminate the hat#eaailable for the species.

Table 1. Results of EPA (1995) Vulnerability Analysis

GCM RESULTS (% reduction in trout thermal habitat)
osu 1i 49% for NY, VT 501 99% for ME, NH, MA, CT, RI,
PA, VA, WV

GFDL 1V 49% reduction for VT| 50i 99% reduction for MENH, NY,
MA, CT, RI, PA, VA, WV

GISS 11 49% reduction for VT| 50i 99% reduction for ME, NH, NY,
MA, CT, RI, PA, VA, WV

OKMO 17 49% reduction for 501 99% reduction for MA, CT, R,
NH, VT NY, PA, VA, WV

The thermal habitat for brown trout was projected ttobefrom 100% of the areas
where it currently occurs, and rainbow trout habitat would suffer betwéérab0 100%
habitat loss.

(3) Ries, R.D. and S.A. Perry, 1995. Potential effects of global climate warming on brook
trout growth and prey consumptiom central Appalachian streams, USA. Clim. Res. 5:
197 206. This study examined the hypothesis that brook trout might benefit from
warming in the early part of the year by having faster growth,ranesthe implications

of this potential result on food rejements. The authors found that up to an assurthed 2

C annual mean temperature increabe, growth rates of brook trout in West Virginia
streams might indeed increase, potentially offsetting adverse impacts in the hotter
months, but that this would regeian increase in the food consumption rate e20%.
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Above a 2 C increase much greater increases in food consumption would be required
(>30%) and that this might be problematic for the fish.

(4) Flebbe, P.A., L.D. Roghair, and J.L. Bruggink. 2006. @@patodeling to project

Southern Appalachian trout distribution in a warmer climate. Trans. Am. Fish Soc. 135:
13711382 In this study, the authors modeled the current distribution of trout habitat
(combining brook trout, rainbow trout and brown trodt io  a
southern Appalachians (VA and WV south to GAhey therused this distribution to
estimate the current elevatitatitude range boundary as a function of ambient
temperatureandthen applied the Hadley and Canadian Climate €&Beneral
Circulation Models to project range changes over the remainder of the present century up
to a maximum temperature increase of ®5Additional modeling attributes were that

the authors used land cover data to eliminatesuitable trout habdtt (ditches, pipelines,
canals, etc.) from the current range map, and they assumed an air temperature/water
temperature coefficient of 1.0. The study did not incorporate future flow changes into the

modeling process as the GCM outputs were considerechtaotain in this regard.

fitrout

guil do)

The main results of the study were that the extent of trout habitat (stream length and

habitat areagre projected tdecrease with increasing temperature, that this relationship
will be nonlinear, and that habitat lossayvary between about 22% and 97% depending
on the assumed temperature increase (Table 2).

Table 2. Habitat loss estimated by Flebbe et al. (2006).

GCM +T °C % Loss in % Loss in area
stream-miles of | of trout habitat
habitat

Hadley +1.5°C 29 21.6

Hadley +2.5°C 65 52.9

Canadian Climate Center| +4.5°C 96 92

Canadian Climate Center| +5.5°C 99 97.3

Habitat fragmentation also was projected under the warming scenarios, with the larger
habitat patches becoming broken up and eventually disappearing first efdlynthe
intermediate and smaller patches.

(5) Trumbo, B.A. 2010. Sensitivity and Exposure of Brook T&alv€linus fontinalis
Habitat to Climate Change. A thesis submitted to the Graduate Faculty of
James Madison University. In Partial Fulfillmenttbe Requirements for the Degree of
Master of Science, Department of Biolofgythis important study, the author addressed
uncertainties about the relationshietween air temperatures and water temperatures in
Virginia streamsn 2009 and 2010sing paied measurements. He also elucidated the
effects of other environmental variables in determining water temperature, and, lastly,
classified Virginia brook trout watersheds in terms of their sensitivities between air and
water temperatures, their exposuwericreased temperatures and their likely

18



vul nerabilities to futur esizefltstarhd toe amlpa mpe.h He

the sensitivities of water temperatures was misleading and that individual habitat patches
showed widely different relatiohgs, casting someoubton vulnerability analyses that
generalize across wide areas and different watersheds.

Using thermographs installed at 77 different watersiedsi\bo (2010Yyecorded air and
water temperatures every 30 minutes during the cribgaflow period (July

September). He then extracted from the resulting data Dakimum Water andiir
Temperatures. Using these data, he then established sensitivity metrics for each site
where sensitivity is the measured increase in water temperatwado measured

increase in air temperatuaadfound that the median sensitivity score was C38nuch
lower than has been previously assumed, and that it varied between sites (rarige: 0.06
0.81). He also found that for any one site the sensitivityictalso vary with temperature
range (i.e., it was not a linear relationship), and between years.

The Trumbo (2010analysis of other environmental factors contributing to stream
temperatures identified elevation, groundwater flow, and forest cover iighadi being
important contributors to lower temperatures and these variables explained much of the
variation in sensitivity measurements.

When he classified his sample sites and watersheds in terms of their likely vulnerabilities
to future climate chargg(using his empirical data), Trumbo (2010) was able to establish
that approximately 52% of habitat patclhe¥/irginia were likely to be most vulnerable

(High Sensitivity and High Exposure), about 30% were likely to be resistant to the effects
of climatechange, and about 18% had intermediate risk. The more vulnerable sites were
generally at lower elevations, witiigher ambient air temperaturésss shadingand

lower groundwater flow.

Trumbo (2010) concluded from his data that accurately estimiigngulnerabilities of

brook trout had to be carried out on a-itesite basis, that the relationships between air

and water temperatures had to be known for the site, and that information on groundwater
flow, elevationandshading also had to be avaie.

(6) JonesR,, Travers C., Rodgers, C., Lazar, B., English, E., Lipton, J., Vogel, J.,
Strzepek, K., Martinich, J. 2@81Climate change impacts of freshwater recreational

fishing in the United States. Mitig. Adapt. Strateg. Glob. Chat®&31-758 This
nationalstudywas undertaken partly to revisit th895EPA analysis using more
sophisticated methodologies and more recent sets of assumptions. For example, instead
of assuminga hypotheticakir-water temperature coefficient 0f8 or1.0, actual

empirical data were gathered from weather stations and river gauges and used to project
water temperatures from air temperatures. Alswv data were used in conjunction with
modeled temperature data to project change in fish habitat extent and aistribut

" These comparisons should be treated with some caution, however, since Trumbo was quantifying the
relationships between maximum water amd@mnperatures on a given day, while other studies looked at
longer term equilibrium relationships. Nevertheless, the Trumbo (2010) study does show that the air and
water temperature coefficient is not likely to be as high as previously assumed.
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Using three emissions scenarios (B1, ALFI, and Adig) the mean projections of 10
GCMs, future air temperatures were projected for watersheds across the United States.
Three pojections were carried out f@030, 2050 and 210@nd the results conaped.

For the cold watefish guild, temperature thresholds were developed using Maximum
Weekly Average Temperature (MWAT) datigrived from a database of observations of
fish speciepresenceogether with maximum weekly average stream temperature.
Maximum thermal thresholds were based on the temperature tolerance of the most
tolerant species in the guild. For the cold waigitd this was brown trout with a

maximum temperature tolerance of 29C1 This is higher than theustomarily used

brook trout toleance level of 26C.

National maps showing the results of conversion of colder water habitats into warmer
habitats are displayed in this paper and it is possible to use these to focus in on projected
changes in the 13 northeastern states. One such m&d 0@ under the three emissions
scenariogis reproduced here as FiguteFor the cold water guild these maps show cold
water habitat that is projected to remain cold watethat will convert to warm water
habitat.

B1 Climate Scenario
"Cold”

A1B Climate Scenao
"Moderate”

Projected Distribution of Fisheries
by Climate Scenario in 2100

| Current Cold, Projected Cold
- Current Cold, Projected Warm
- Current Cold, Projected Rough
[ Current Warm, Projected Warm

A1FI Climate Scenario
I current Warm, Projected Rough

"Hot"

Figure 4. Projections of change in the distributions of thermal habitats for fish
water temperature guilds by 2100 under three greenhouse gas emissions
scenarios from Joneset al. 2013).
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Although the actual statiss on which these maps are based ar@radidedin the

paper,t is possible to approximate by sight the change in cold water habitat extent under
the three scenario and timeline assumptions. When this is done the following results are
obtained:

1 2030:the onlynortheastercold water habitatconverted to warmer watarein
low-lying areas okastern MA, and in CT, RI, and NJ. This conversion
approximates less than 5% of the total cold water area. The pattern of change is
similar for all three emissits scenarios.

1 2050:all three emissions scenarios are similar in that the projections are for
approximately 25% of the current cold water habitat to be converted to warmer
water habitat. This occurs across most of MA, CT and Ripnthern ME, much
of western NYand NW PA, and in southern WV.

1 2100: Between 60 and 90% of cold water habitat is converted under the three
emissions scenari@figure 4) for the B1 scenario it is 60%, for A1B it is about
70%, and for A1FI it is 90%.

Thus, the losses abld water habitabecome greater the further into the future the
projections are made and at the higher emissions sce(atlasugh differences in the
results for these scenarios only become apparent in the latter half of the céminey)
worstcase by 2100 virtuallythe entirehabitat in the Northeast is lost. The most
optimistic case (B1) is for more than half of the habitat to be lost.

These projections are based on change in water temperaturé ordkes little

difference vihen flow projections & added to the anais. Overall, the flow in the
Northeast Region is projected to increase Ly2006 by 2100. The only occasion that
this makes a differende habitat extenis for a small area of western ME where, under
the AL1FI scenario, the increasiulw protects an area of cold water habitat that is being
threatened by temperature increase.

(7) U.S. Forest Service, Southern Research Station, Virgmgoing In this
continuingstudy, the researchers (led by Andrew Dolloff of the U.S. Foresicgghave
been examining the relationships among air and water temperatures in seven southeastern
states, including/laryland,Virginia, and West Virginia. Beginning in 2009, and using
thermographs installed at 50 sites in Virginia, the researchers hantfaat the

air/water temperatureoefficientof 0.8 that is often assumed is not borne out by the
empirical measurements.varied between 0.3 and 0.5 aimdsome streams where there
was significant inflow from cool groundwatéhere was no relationghat all (a
coefficientof 0). This study has not yet been completed but the results thus far shed an
interesting light on the potential problewisevaluating riskposed by a changing

climate to cold water fish.

(8) Application of the NatureServe ClimaChange Vulnerability Index Model (CCVI)
Threenortheastern stat€g/est Virginia, New York, and Marylandiave used the CCVI
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model to evaluate the vulnerahis of cold water fish species, primarily brook trout, to
the changing climate.fle CCVI modeltilizes expert elicitation in a formal process to
arrive at its vulnerability results and has now been used and &stedimber of

different areas across the UTSvo of theseanalysegWest Virginia and New York)
scored brook tr adtheasbldeiong ofi Hil g hmMayt eV change.
is likely that the abundance or range of the species in the three states will decrease
significantly by 2050 (Schlesinget al, 2011; Byers and Norris, 201 Naryland scored

t he br ook tealowtV wlsmdivhmdithatas extremely likely that the
abundance or range of the species in the state will be substantially reduced or will be
eradicated (Dana Limpe)D Department of Natural Resourcegrs comn).

In Maine a somewhat similapproach to evaluating brook trout vulnerability to climate
change was developed. The state vulnerability assessment created three vulnerability
categories:

1 1i Low Vulnerability. little negative impag¢t<33% loss or a positive impact on
t hi s s pge areaarsl/or popalation size in Magwer next0 to 100 years

1 2i Medium Vulnerability intermediate impacB83166% lossét hi s speci esod r
and/or population size in Mairmver nexts0 to 100 yeals

1 3iHigh Vulnerability. large negative impact66% bssdt hi s speci esd r an
area and/or population size in Maioreer the next 50 to 100 yearscluding
potential statdevel extirpation.

Expert opinion was then elicited to determine the vulnerabilities of species. For the brook
trout the outcome wahat the species scored 2.5, indicating that significant impacts on
population distribution and status were expected but that eradicatidasshisely. Thus

the Maine results were similar to those obtained in West Virginia and New York, but not
as draic as those from Maryland.

All of these studies agreed that the most important factors leading to the relatively high
vulnerability scores were a combination of t
limitations, land use trends leading to losswitable thermal habitat, and ongoing

fragmentation and loss of populations.
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Potential Impacts - Interactions of Climate and Non-
Climate Stressors

Climate change is the latest in a long history of anthropogenic stressors that have affected
the cold wagr fish habitat in the Northeast. Damming, preventing access to spawning
areasdestroyingiparian vegetation, introduajyexotic species, and construgfin

impervious surfaces adjacent to streams (which had the effect of warming runoff into the
streams) Ave all exacted a tollnathis habitat typeAlso, parasites and disease have
affectedand are affecting fish communitieBhese stressors have not been replaced by
climate changethis new stressor will impact this sensitive habitat in conjunction with th
already existing stressors. The potential for negative interaction is high as warming
waters act in concert with hindered access, lack of shadiisgases, parasitetc. to
exacerbate and magnify the overall impacts on the habitat. Paradoxicadélyjstence of

this mix of stressors offers some opportunities for mitigating the effects of warming. We
may not be able to prevent further warming, and our record in this endeavor is woefully
poor, but ly removing some of these other stressors we may ke@béduce the overall
future impacts.

Adaptive Capacities of Cold Water Fish

The adaptive capacity of an organism, population, or community is its abifitjagat to

a stressor (e.g., climate changeyitu, therebymitigating its harmful effectsAdaptation

can be evolutionarys the organism evolves adaptive traits such as changes in
morphology and/or physiologyhis could mean that populations with higher levels of
genetic diversity may be more able to adaetcheret al, 2007), epigeneticas the
environment within which the organisms lives modifies gene expressitimy can be
phenotypic and includacclimation, and/obehaviorakchanggDawsonet al, 2011) At

least some species are known to hetlvewnsuch adaptive plasticity duringgvious

climate change even{(Bawsonet al, 2011) and toleratethe changng conditions.Many
previous approaches to evaluating a specieso
however, more or less disregarded this capacity to adapt and change. Thisnhas be
particularly so in the use of climate envelope models which estimate the climatic
envelope or habitat of an organism based on its current and presumed past distribution
then combine this with GCM climate change projectionshiracterize vulnerabilitgr
mapfuture geographical shifts in species/community distributibnaddition, it is

feasible that if fish populations are being reduced by a stressor, such as climate change,
the population may have thability to compensate through density dependecrteased
reproductive rates or survivaWithout including considerations about adaptive capacity
modelingexercisesand other vulnerability studiean the risk of overestimating

vulnerability and future distributional change.

The extent to which coldiater fish species in the Northeast will be able to aitlesitu
to climate change is largely unknowh.is known that somealmonidshave behavioral
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traits that can buffer them from the effects of warming temperatures. For example, in
more marginal Haitats they may seek out and inhabit colder water thermal refugia during
warmea months(High et al, 2006) They may also adjust thegiming of migration to

avoid periods of warmer water (Gonieaal, 2006).It has also been hypothesized (Reis
and Petry, 1995) thabrook troutmay be able to compensate for some degree of warming
by increasing their food consumption ratasd energy budgetdh contrast, it is also

|l i kely that the | atitudinal andaintheevati onal
southermppalachiansbrook trout, for examplereset by ambient temperatures,
indicating thathe adaptive capacities sfich organisms afaite (Burrowset al, 2011)
However, apart from these observations, the adaptive capacities of cold sratertfie
Northeastre only poorly understoo®ne important but unknown factor is the rate at
which water temperature and flow changes may occur in the future. If the projected
changes occur over a time scale of many decades the fish may be beteadbla t
(genotypically, phenotypically and/or behaviorally) than if they are more sudden. While
we can project the types of changes that are occurring and are likely to continue,
estimating their rates is much more problematic.

These unknowns about adeet capacityneed to be better understood if we are to
strengthen our vulnerability estimates. However, given the rate of climatic change, we
cannot afford to conclude that we should not act until we have a perfect understanding of
adaptive capacity. If eare to preserve the habitats that are left we must take action

now, despite some uncertainties
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Summary of Likely Vulnerability of Cold Water Fish
Habitat in the Northeast

The studies reviewed above agree in that cold water fish habitat in theasbiith

vulnerable to climate change. They also largely agree that the risks posed to this habitat

type are due to its current rate of loss to anthropogenic development, habitat destruction

and fragmentatiofleading to loss of connectivityand the coldvat er f i sh speci es
intrinsic physiological limitations to cold water habitat. Many of them (Meisner, 1990;

EPA, 1995; Reis and Perry, 1995; Flelgbal, 2006; Trumbo, 2010; Jonesal, 2013

CCVI studies performed in West Virginia, Maryland, New Yarld Maine)pecifically

identify climate change as a source of current and future potential risk to cold water fish
populations. Howevemore recent work suggests evolution in our thinking about the

magnitudeof the risk posed by climate change.

Earlier and larger scale sties (Meisner, 1990; EPA, 199p)ojeckdlarge habitat

reductionggenerally greater than 50%, and up to 1pa¥pending on the emissions

scenario, the time scale, and the GCMs used. Howtaeresults of some recestudies

tha have focused closely on individual watersheds andratbrsheds, antthathave

collected empirical data that examines the relationship between air and water

temperaturegnay lead to less drastic conclusi@imut the fate of thermal habitat for

cold wéder fish in the northeas©(6 Dr i sc ol | a pnTdaumbBboe20@iDKelleeer 2 0 0 6

et al, 2012; Kanncet al, 2013;U.S. Forest Servic®ngoing. These studies are finding

that changes in future water temperatures under climate change are likely to be more

compex than is suggested using #iewater temperature ratios that were previously

assumedlt seems that many streamay bebetter buffered against air temperature

increases than previously appreciatetd that this is due wite-specificnon-climatic

factors such as groundwater inflorate adjacent landise,and stream shaditfg These

factors may help slow the rate of increase in groundwater temperature once it becomes

exposed to surface temperaturBise good news to be derived from this ig ittlanate

change may not have sudtasticeffects as were previously imagined on cold water fish

populations in the Northeasthe bad news may be that climate chaniglehave an

adverse effect, particularly on lower elevation and southern streachtr at fAt radi t i on
stressor® whi ch have already r e swillcdnthue toiexert si gni f i
theireffectsThe cumul ati ve I mpacts of <c¢climate chang
might result inratesof habitat loss for fish populatisthat are greater than previously

experiencedAll of our projections about vulnerabilities need to be considered, however,

against the backdrop of major uncertainties about adaptive capacipréseris

sectior).

8 Boganetal. (2003) found that the water inflows of almost 10% of streams were dominated by cold water
inputs from groundwater aquifers. This result probably underestimates the proportions of streams where
such inflow is an important (though not dominating) maidifyinfluence.

° Other studies may not be so clear cut about the relationship, or lack thereof, between air and water
temperatures. For example Mohseni and Stefan (2003) found a roughly linear relationship with a regression
coefficient of approximatel up to 26C, decreasing to a slope of D15thereafter.
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It is when we go beyond the generaestion ofwhetherthe northeastern cold water fish
communityis vulnerabldgo climate changand ask where theastvulneralie areasre,

where the greatest habitat losses may occur, and how we might conserve the community
that weencountesignificant clallengesThe extent ohabitat loss and its locations are
difficult to project because, as the recent research has inditatadnerability is likely

to vary on much smaller geographical ss#tean previously appreciatearge scale
studied(e.g.EPA, 1995) do not tell us much about the vulnerabilities at the watershed
andreach scaleThis is because the vulnerabilities tbamsare a function of

environmental and land use characterigtieg can vary over relatively small

geographical scalebow effectively shaded a stream or stream reach is; the presence or
absence of impermeable surfaces in the watershed; and the magnitude of the contribution
of groundwater discharge to flow all may exert local modifying effects on water
temperatureAlso, asdiscussed above, we are relatively ignorant about the abilities of

cold water fish to adapt to and tolerate the chatiggsre expected to occur.

Based on existing studies and date, farthest we can pusiur current knowledge about

risk and vulneratity is thatwe canbeconfident thathe habitat is vulnerable throughout

the Northeast. This may be transthieto largescale habitat losparticularly in southern
areasand at low elevationghere the cold water fish community may already be at the
thermal limits of its range and the habitats that currently exist are highly fragmented. In
the more northern stateshere the community is more widespread and less fragmented

in its distribution (Northern New England and New Yofidbitat loss may be lgs
severethoughlikely to occur at lower elevationer where upland streams have had their
shading cover or adjacent land use modified, or where the contribution of groundwater to
the flow is limited.

Our existing information and data do not allow usigwer questions about thgecific
vulnerabilities ofeverywatershear streamin the Northeast Region. Nevertheless, our
ability to conserve and manage cold water fish populations under climate change is
contingenon being able to dexactlythis.
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Uncertainties and Future Research Needs

Based on what we have learned from experimental alabisiudiesthe northeastern cold
water fish community is temperatusensitive. Also, based on what wen reasonably
assumeabout the magnitude of curreantd future climate change, there can be little
doubt that this community is at risk through direct physiological impacts and habitat
change. Indeed, it is possible that this may be one of theatosk habitats and
communitiedn theNortheast However beyond these generalizations, thereeagat

major areas of uncertainty. These uncertainties complicate our ability to translate our
general knowledge about community vulnerability into conservaiidicy andaction.

First, we need to be more realish mapping potential habitat vulnerability across the
region. As already discussed, identifying the future vulnerabilities of cold water fish
habitats in the northeast will be complex. It is not just a function of mapping projected
increasing air tempatures, but must also include the environmental factors that mitigate
or exacerbate the stream warming process. To begin to achieve first weedan

accurate map of the current regional relationships among air and water tempétatures.
With enoughsite t hi s woul d enabl e us t,0anditkemel op
developan overlay of the mitigating environmental factors identified above: shading,
aspect, altitude, impermeable surfaces, etc. By combining these two results and by
making reasonabpldefensible assumptions about future temperature change, we would
then be more able to develop an accusptdial modebf habitat resilience and a

predictive model of how climate change could imgeadtitatpersistence at individual

and unstudied strean

Given the community mapping work that has been undertaken recently in the ngrtheast
we may beelativelyclose to being able to develop such an analysis and map. Land use,
riparian shading, and impermeable surfaces should be relatively easy fmmatey
groundwater discharge may, however, be more problematic. We need to explore the
possibility of using empirical flow informatidhand geological information to model
groundwater input to watersheds and streams.

Secondwhile we have detailed knoedige about the physiological sensitivities of cold
water fish species in the Northeast to temperature, and we know the thresholds at which
adverse effects may be expected to occur in the life histories of these fish, we are less
well informed about the capacitesto adapt to changing water temperatures over decadal
time scales.This complicates our understandingadfich watersheds or streams or
populations are likely to be m®or lessrulnerable to the changing climateis unlikely

9To achieve all of this we would need to develop a temperature monitoring program similar to the USGS
flow gauge system.

M The Boston office of The Nature Conservancy Council (TNC) has recentljogededetailed maps of

the distributions of terrestrial and aquatic habitats in the Northeast Region. One such map details the
distribution of waterways and has already been used to map cold water streams across the region. This
could provide a basis foufure vulnerability/resilience mapping (similar to the resilience mapping that is
already being conducted for terrestrial habitats by TNC).

121t is now possible to continuously monitor stream temperatures along lengthy transects using fiber optic
cables.
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that we will be &le to reduce our uncertainty about the adaptive capacities of cold water
fish species without conductirgxtensive andhtensive, longterm fieldstudiesand

laboratory experimentS§pecifically we need to understand better howititansic

adaptive cagcities of fish change across the landscape, andS¥edding light on this
might require large scale spatial studies of the relationships among genetic diversity,
population resilience, and air/water temperature relationships (is adaptive capacity
affected by genetic diversity and, in turn, blyangingselectivepressuresinder differing
temperature regimes3s well adaboratory studies and experimentwithe

relationships among temperature and epigenetic factors.

Third, while future extreme eventsuch as floods and droughtsay have major impast

on populations and habitats, our ability to quantify these in vulnerability assessment is
constrainedy thelimitationsof climate modelsn projecting future conditions. While it

is conceivable thaht performance of climate models in addressing extreme events will
be improved in the future, trying to impose patsen what are stochastic events will
likely remain problematic.

Fourth, we know that climate change will probably interact with existiregsors, but

the degree to which this might happen is not certain for some, particularly diseases and
parasites. We need a better data set and understanding of how increasing water
temperatures might affect these factors, and potential changes inrghiegceapacities

of riverine habitats for cold water fish speciég also know little about the potential
adaptation by fish to these stressors under climate change. We also know relatively little
about how colder water fish may fare when faced with asirgy competitive

interactions with warmer water species.

Fifth, while, with sitespecific data, we may be able to model the likely impact of
warming on the carrying capacities of streamsitu, we may be less able to project
effects further downstrear@old water sections of streams may not only provide suitable
habitat for fish, they may also moderate temperature changes further down§itgam
understanding of how climate change might affect this ecological service is poor.

Sixth, warming tempetares may affect fish directly, but it also may fragment their
habitats at a watershed or regional scale, thereby reducing the connectivity that may be
essential for recolonization and the survival of populations. This aspect of the potential
impacts of tie changing climate is little understood and needs attention.

Seventh, while weontinue to gain understandinfistream wateair temperature
relationships, we are far from having a predictive modetiflem The coefficient seems

to vary widely and magven vary depending on the current stream temperature (Mohseni
and Stefan, 2003pome studies from outside of the Northeast suggest that the coefficient
may be closer to unity than some other studies suggest (e.g., &aar2004;

Bartholow, 2005)If we are to be able to model the likely impacts of climate change on
particular streams we need a better understanding obtahgnd geographic variability

in this relationship.
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Last, current research is showing that we do not need to exceed the oggeratare

limits for cold water fish to cause chang8mallerincreases that remain below the upper

limit may still affect growth and reproduction. Thus, chronic exposures to somewhat

elevated water temperatures might affect the ability of a stream sist@mtinue

supporting cold water fish. So, if we are concerned about maintaining fish populations,
what are our thermal targets and how do we
ensuring that the upper temperature limits are not exceeded.

In geneal, McCullough et al. (2009) pointed out that if we are to better understand the
potential impacts of climate change on fish and their habitats we need to integrate studies
at five different levels: molecular; organisms, population/species/; community and
ecosystems; and policy issues. At least three of these (organism, populations/species, and
community/ecosystems) should be the focus of future research in the Northeast.
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Appendix A1 Results Of Downscaled Analyses Of
Future Northeastern Climate

Downscaled climate projections for the Northeast Region have shown that there is likely
to be a degree of intraregional variation in how the climate may change owearthisy

(e.g., Hayhoet al 2006). Exposures of systems and species will, therefore, also vary
geographically. If the vulnerabilities of ecological resources are to be understood, these
variations in exposure must be taken into account. This sectisarpsanformation from

the literature describing how the exposures of brook trout may change and vary
geographically over this century. This is not intended to be an exhaustive analysis of
future climate change. Rather, it uses existing data to providenallility assessment

with background information describing likely climate futures.

The data have been gathered from two sourt¢be Northeast Climate Impacts
Assessment (NECIA), and the wbhsed tool, ClimateWizard. NECIR{06 was a

major effort b describe plausible climate futures in the Northeast by statistically
downscaling 3 Global Circulation Models (GCMs) to adégreescale. The results were
presented in a project report (NECIA, 2006), several scientific papers (e.g., Haygtoe
2006 ad 20@), and in an interactive websitet{p://www.northeastclimatedata.oyg/
ClimateWizard is a webased interactive toohttp://www.climatewizard.org/

developed by The Nature Conservancy and the Universities of Washington and Southern
Mississippi.lt uses various combinations of the output of 16 GCMs to statistically
downscale information to a X2n grid scale. Both sources provide the most recent and
thorough downscaled analyses of how the climate may change in the Northeast Region
over the remaingt of this century.

The southern boundary of the NECIA study area included the southern states of the
NEAFWA area. However, for some variables (temperature, precipitation,
evapotranspiration, soil moisture, snow cover days, drought, runoff, and stoggnt fl
excluded the southern portions of Virginia and West Virginia. ClimateWizard was used
to fill this gap in coverage for the first two variables.

The temperature and precipitation metrics that can be addressed using ClimateWizard do
not exactly matclthose that can be derived from the NECIA dataset (for example, the
NECIA upper emissions estimatégakienoviet al 2000)are based on the A1Fi

emissions scenario, while ClimateWizard generally uses the A2 scenario). However, they
are close enough for atceptable match for the purposes of vulnerability assessment.
Furthermore, the NECIA analyses cover a wider range of variables (temperature,
precipitation, growing seasons, stream flow, snow cover, etc.) than are available in
ClimateWizard, which is restted to temperature and precipitation. We used both
analytical tools to develop a comprehensive appraisal of how relevant northeastern
climatic and climateelated parameters will likely change over this century.

We have focused on those climatic valés that are most likely to affect the distribution

and viability of brook trout populations: temperature change and precipitation change.
These are the climatic factors that are most likely to affect flow and stream temperature
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and, therefore, habitat isability for brook trout. We discuss both the degrees of change,
geographical variation in projected change, changes in seasonality, and the chronology of
these changes over the remainder of this century.

The results of both downscaling analyses fomibetheastern region are shown in Table 1

and in Figures214. Table 1 presents the key, biologically relevant findings of the

NECIA study for the region. Figures 2 through 4 describe how temperature and

precipitation regimes are expected to alter ovent decades assuming lowedium

high, and high emissions scenarios. Figure 5 projects future drought frequencies. Figures

6/ 10 project future changes in stream flow, runoff and low and high flow periods over

the remainder of the century. Figures 14 wse ClimateWizard analyses to project

temperature and precipitation changes for the states of Virginia and West Vitigase (

states wer@ot covered in the NECIA analyses). In these data sets we have assumed two
contrasting future emissions scenariosESR2000): the B1 scenario is one in which

human societies begin to reduce their rates of greenhouse gas (GHG) emissions in the

first part of the 21 Century, leading to an approximate doubling of atmospheric

concentrations by the end of the century;Ah2 s cenari o approxi mates
usual 0 scenario in which societies continue
rates, leading to an approximate tripling of GHGs by the end of the céhtury

3 Doubling and tripling refer to projected levels of GHGs above thénghestrial atmospheric
concentration of approximately 275 ppm. That concentration has now increased to almost 400ppm, an
increase of about 45%. We are well on schedule for at lefmilding of GHG concentrations by the end

of the century.
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Table 1. Projected changes in climatic factors for the Northeast Re
for the periods 2032064 and 2072099 (from NECIA, 2006).

1961-1990 2035-2064 2070-2099

UNITS IDCIN El Al AlFT El Al AlFT
Temperature
Annual i 7.8 +1.1 +1.5 +19 +19 +5 +53
Winter (DIF) i -43 +1.1 +1.7 +1.7 +37 +5.4
Summer (JTA) i 20.0 +1.6 +1.1 +3.1 +2.4 +43 +50
Precipitation
Annual cm (%) 1028 +5% +i% +804 +7% +00q +1404
Winter (DIF) cm (%) 20.85 +i%a +§% +16%4 +12% +14% =300
Summer (JTA) cm (%) 28.03 -1% 1% +3% -1% -2% 0%
Sea Suorface 'Iemp-eratn:res"
Gulf of Maine ' 11.6' +13' - +18  +33t -
Gulf Stream ' 3.4 e - +13 a3 -
Terrestrial Hydrology
Evaparation mm/day 1.80 +0.10 - +0.16 +0_16 - +0.20
Funoff mm/day 14 +0.12 - +0.08 +0.11 - +0.18
50l Modsture %5 zat 55.0 0.4 - +0.02 +1.0 - 0.07
Streamflow
Timing of spring peak days 845 -5 - -& -11 - -13
flow centroid
Low flow days days 655 -14 - -15 26 - +27
(Q=10.0367 m3/s/km2)
T-Day low flow amount L 100% -4 - - -4 - -11
Drought Frequency
Shiart no. of drowghts per 30 years 12.61 +5.12 — +7.19 +3.06 - +09
Mfed no. of drowghts per 30 years 0.57 +.03 - +0.51 +} 30 - +2.21
Long no. of drowghts per 30 years 003 +.03 - +0.11 +.04 - +0.3%
Snow
Total SWE mm 1.0 -44 - -55 5.9 - 23
MNumber of snow days days/mnth 52 -1.7 - -11 2 4 - -3.8
Growing Season”
First frost {auwiumn) day 295 +1 +1d - +i +M -
Last frost {spring) day 111 -3 -14 - -16 =13 -
Length of growing season days 184 +12 +27 - +19 +43 -
Spring Indices”
First leaf day 038 -3.0 52 -3e -6.7 -15 -15
First bloom day 1288 -7 6.0 -5.6 -6.3 -15 -16

" Bazed on 55T output (tes ) Fom HadCW3, MIROC, CGCM CC5M, and PCM only
* Time periods restricted by ourpas availabdlicy to 2047-20465 and 2082-2009,
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Figure 2. Projected mean annual temperature and precipitation change across entire Northeast Re
under two emissions scenarios and in three time periods. From NECIA, 2006.
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Figure 4. Projected mean precipitation % change relative to-2000 by 2080
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Figure 5. Frequencies of shgnnedium, and longterm droughts during 1961990
and projected for the 30 year period 2Z0®9. Values are the average of the
HadCM3 and PCM models. From NECIA, 2006.
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Figure 8. Increase in duration of summer low flow periods. From NECIA, 2006.
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Figure 9 Projected change in the proliékp of low (10%) flows from the historic (1961990) to the future (2072099)
periods for winter (DJF) for selected basins. Indicates a decreased probability of low flow events across much of th
northern part of the NE under the A1FI scenario as cozdpaith B1. From NECIA, 2006.
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