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Abstract
This report contains the results of a Channel Migration Zone (CMZ) mapping effort fdallatnRiver
from the Highway 191 bridge at the mouth of Gallatin Cang@nonfluencewith the Missouri River at
Missouri River Headwaters State Parkimee Forks, Montanalhe Gallatin River is a coarse grained,
dynamic river system that shows aatichannel migration and avulsion processes. Maximum migration
distances since 1965 exceed 600 feet in some areas, with average migration distances for that time
frame typically exceeding 200 feet. As a result,-1€ér erosion hazard area buffer widtfenge from
80 feet just below the mouth of Gallatin Canyon where the channel is geologically confined to about 500
feet from Norris Roado Headwaters State ParkThe river tends to support multiple channels that are
also dynamic, with new channels forrgiand older channels becoming frequently abandoned. Those
changes were measured as a total of 63 avulsion events between 1965 and 2015. The doumsihs
within the woody riparian corridor, through ditches, and in grassy floodplain areas. The nemetha
range in lengtifrom hundreds of feet to over a mile longnd once they form they commonly rapidly
enlarge and migrate laterallyUpstream of the-80 bridge, mildong avulsions have relocated the river
over a thousand feet laterallycross its Bodplain.

The 100year flood mapping for the Gallatin River shows a complex network of channel threads that are
prone to flooding during a major flood event. The CMZ mapping presented here indicates that lateral
channel migration is also a demonstraliieeat to capital investment antiuman safety on the river,

and that rapid changes in erosion rate and location should be expected virtually anywhere on the river,
especially during floodsAlthough the Gallatin River experienced major geomorphic changegithe

floods of 1974 and 1997, these floods have been estimatexbproximately25-year events, indicating

that the river should be expected fersistently occupy a wide, multhanneled stream corridor that is
capable of rapid shoiterm change.
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Glossary and Abbreviations
Alluvial ¢ Relating taunconsolidated sediments and other materials that have been transported,
deposited, reworked, or modified by flowing water.

Avulsion¢ The rapid abandonment of a river channel and formation of a new chanellsions

typically occur when floodwaters floacross a floodplain surface at a steeper grade than the main
channel, carving a new channel along that steeper, higher energy path. As such, avulsions typically
occur during floods. Meander cutoffs are one form of avulsion, as are longer channeliceiedhtat

may be miles long.

Bankfull Discharge The discharge corresponding to the stage at which flow is contained within the
limits of the river channel, and does not spill out onto the floodpld@ankfull discharge is typically
between the 1.5and2-year flood event, and in the Northern Rockies it tends to occur during spring
runoff.

CDc Conservation District.

Channel Migrationg The process of a river or stream moving laterally (side to sic®ssts floodplain.
Channel migration is a naturalerine process that is critical for floodplain turnover and regeneration of
riparian vegetation on newly created bar deposits such as point bars. Migration rates can vary greatly
though time and between different river systems; rates are driven by facdach as flows, bank

materials, geology, riparian vegetation density, and channel slope.

Channel Migration Zon¢CMZ)¢ A delineated river corridor that is anticipated to accommodate natural

channel migration rates over a given period of time. The Gdi£ally accommodates both channel

YAINI GA2Y YR FNBFA LINRYS (2 | Qdzf aA2y @ ¢ KS N & dz
corridor that would be active over some time frame, which is commonly 100 years.

DNRQ; Department of Natural Resmces and Conservation.

Erosion Buffer The distance beyond an active streambank where a river is likely to erode based on
historic rates of movement.

Erosion Hazard Are@EHA] Area of the CMZ generated by applying the erosion buffer width to the
active channel bankline.

Flood frequency The statistical probability that a flood of a certain magnitude for a given river will
occur inany given year. A 1% flood frequerwent has a 1% chance of happening in any given year,
and is commonly referred to as the 1§6ar flood

Floodplain An area of lowying ground adjacent to a river, formed mainly of river sediments and
subject to flooding.

Fluvial¢ Streamrelated processs, from the Latin word fluvius = river.
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Geomorphology-¢ KS &G dzRé 2F fFyRT2N¥a 2y (GKS 9 NI KQ& & dzNF
f I yYRT2NYA® GCfdz@AlE DS2Y2NLK2f238é¢ NBFSNE Y2NB &
surface.

GIS¢ Geographic Information SystemA system of hardware and software used for storage, retrieval,
mapping, and analysis of geographic data.

Historic Migration Zone (HMZ) The historic channel footprint that forms the core of the Channel
Migration Zone (CM). The HMZ is defined by mapped historic channel locations, typically using historic
air photos and maps.

z ~

Hydrology¢c¢ KS &G dzReé 2F LINPLISNIASAZ Y20SYSyidx RA&UGNAO dzi
surface.

Hydraulics¢ The study of the physical amadechanical properties of flowing liquids (primarily water).
This includes elements such as the depth, velocity, and erosive power of moving water.

Large Woody Debris (LWQ)Large pieces of wood that fall into streams, typically trees that are
underminedon banks. LWD can influence the flow patterns and the shape of stream channels, and is an
important component of fish habitat.

Management Corrido Amappedstream corridor that integrates CMZ mapping and land use into a
practical corridor for river margementand outreach

Meander- One of a series of regular freely developing sinuous curves, bends, loops, turns, or windings
in the course of a stream.

Morphology - Of or pertaining to shape

NAIP¢ National Agriculture Imagery Program A United States &partment of Agriculture program
that acquires aerial imagery during the agricultural growing seasons in the continental U.S.

Planform- The configuration of a river chaal system as viewed from above, such as on a map.
RDGR Reclamation and Developme@rants Program, DNRC.

Restricted Migration Area (RMA) Those areas of the CMZ that are isolated from active river migration
due to bank armor or other infrastructure.

Return Intervat The likely time interval between floods of a given magnitudikeis can be misleading,
however, as the flood with a 18¢ear return interval simply has a 1% chance of occurring in any given
year.

Ripariang Of, relating to or situated on the banks of a river. Riparian zones are the interface between
land and a riveor stream. The word is derived from Latin ripa, meaning river bank. Plant habitats and
communities along stream banks are called riparian vegetation, and these vegetation strips are
important ecological zones due to their habitat biodiversity and erflte on aquatic systems.
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Riprapc¢ A type of bank armor made up of rocks placed on a streambank to stop bank erosion. Riprap
may be composed of quarried rock, river cobble, or manmade rubble such as concrete slabs.

Sinuosity- Thelength of a channel relate to its valley lengthSinuosity is calculated as thatio of

channel length to valley length; for examplesteaight channel has a sinuosity of 1, whereas a highly
tortuous channel may have a sinuosity of over 2.0. Sinuosity can change througistiiaers migrate
laterally and occasionally avulse into new channels. Stream channelization results in a rapid reduction in
sinuosity.

Stream competency The ability of a stream to mobilize its sediment loalich is proportional to flow
velocity.

Terrace¢ On river systems, terraces form elongated surfaces that flank the sides of floodplains. They
represent historic floodplain surfaces that have become perched due to stream downcutting. River
terraces ardypically elevatedabove the 100year floodstage which distinguishes them from active
floodplain areas.

Wetland ¢ Land areas that are either seasonally or permanently saturated with water, which gives them
characteristics of a distinct ecosystem.
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1 Introduction

The Gallatin River Channel Migration Zone ZEMapping project developed approximately 42 miles of CMZ
mapping for the Gallatin River from the Highway 191 Bridge, downstream to its confluence with the Jefferson
and Madison Rivers in Three Forks. It is part of a larger effort to map approximaletyilé4 of river in the

Upper Missouri River headwaters. Other rivers in the study include the Beaverhead, Jefferson, Madison, and
East Gallatin Rivers, revising the 2005 Big Hole River mapping (Wisdom to Twin Bridges), as well as updating
mapping in theRuby River Valley to include Clear Creek. The main stem of the Ruby River from Ruby Reservoir
to Twin Bridges was mapped in 2010 and the Big Hole River in 2005. In total, approximately 493 miles of river in
the Missouri River headwaters will have CMZ piag. Other rivers in Montana that have CMZ significant areas

of mapping include the Yellowstone River, sections of the Flathead, Clark Fork, and Bitterroot Rivers, Deep Creek
(Broadwater County), and Prickly Pear and Tenmile Creeks (Lewis and Clay.Count

The work is being funded through a 2013 Montana Department of Natural Resources and Conservation (DNRC)
Reclamation and Development Grants Prog{&DGP) titledpper Missouri HeadwateRiver/Flood Hazard

Map Development The project is administedeby the Ruby Valley Conservation District, but includes input and
review from stakeholders associated with each of the mapped rivers.

1.1 The Project Team

This project work was performdaly Karin Boyd of Applied Geomorphologgyd Tony Thatcher of DTM

Consultng, with support from Chris Boyer of Kestrel Aerial Services (Kestrel). Over the past decade, we have
been collaborating to develop CMZ maps for numerous rivers in Montarmaipvide rational and scientifically
sound tools fo river management. It is mgoal to facilitate the understanding of rivers regarding the risks they
pose to infrastructure, so that those risks can be managed and hopefdliged. Furthermore, we believe the
mapping supports the premise thatanaging rivers as dynamic, deformaklystemsontributes to ecological

and geomorphicesilience while supporting sustainable, ceffective development

1.2 What is Channel Migration Zone Mapping?

The goal of Channel Migration Zone (CMZ) mapping is to provide-aftedive and scientificalpased tool to

assist land managers, property owners, and other stakeholders in making sound land use decisions along river
corridors. Typically, projects mstructed in stream environments such as bank stabilization, homes and
outbuildings, access roads, pivots, and diversion structures are built without a full consideration of site

conditions related to river process and associated risk. As a result, fsrofgomonly require unanticipated

and costly maintenance or modification to accommodate river dynamics. CMZ mapping is therefore intended to
identify those areas of risk, to reduce the risk of project failure while minimizing the impacts of development on
natural river process and associated ecological function. The mapping is also intended to provide an educational
tool to show historic stream channel locations and rates of movement in any given area.

CMZ mapping is based on the understanding thatrsia@e dynamic and move laterally across their floodplains
through time. As such, over a given timeframe, rivers occupy a corridor area whose width is dependent on rates
of channel shift. The processes associated with channel movement include latemaéthragration and more

rapid channel avulsior{gurel).
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Avulsion
Bendway Cutoff
between 1976 - 2001 —> 1976

Figurel. Typical patterns of channel migration and avulsion evaluated in GldZelopment.

The fundamental approach to CMZ mapping is to identify the corridor area that a stream channel or series of
stream channels can be expected to occupy ovgivan timeframeg typically 100years. This is defined by first
mapping historic chamel locations to define thélistoric Migration Zone, diMZ Figurel). Using those

mapped banklines, migration distances are measured between suites of air phdiias, allows the calculation

of migration rate (feet per year) at any sitdverageannualmigration rates are calculated on a reach scale and
extended to the life of the CMZ, which in this case is 100 years. Thigaf®hean migration distance defines
the Erosion Buffer, which is added to the modern bankline to define the Erosion Hazar@AEtHA

Channel migration rates are affected by local geomorphic conditions such as geology, channel type, stream size,
flow patterns, slope, bank materials, atahd use. For examplenainconfinedmeandering channel with high
sediment loads would have higher migration rates than a geologically confined channel flowing through a
bedrock canyon.To address this natural variability, the study area has been setgih@mto a series of reaches

that are geomorphically similar and can be characterized by average migration rates. Reach breaks can be
defined by changes in flow or sediment loads at tributary confluences, changes in geologic confinement, or
changes in seam pattern. Reacheme typically on the order of fiveo 10-mileslong. Within any given reach,

dozens to hundreds of migration measurements may be collected.

Avulsionprone areas are mapped where there is evidence of geomorphic conditions thatremeable to new
channel formation on the floodplain. This would include meander cores prone to chigéir€l), historic side
channels that may reactivate, and asewhere the modern channel is perched above its floodplain.

The following map units collectively define a Channel Migration Zone (Rapp and Abbe, 2003):

W Historic Migration Zone (HMZ)the area of historic channel occupation, usually defined by the
available photographic record.

W Erosion Hazard Area (ERA)e area outside the HMZ susceptible to channel occupation due to
channel migration.

W Avulsion Hazard Zone (AHZ)oodplain areas geomorphically susceptible to abrupt channel
relocation.

W Restriced Migration Area (RMA)areas of CMZ isolated from the current river channel by

constructed bank and floodplain protection featureBhe RMA has been referred to in other studies
as the DMADisconnected Migration Area.
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The individual map units compirg) the CMZ are as follows:
CMZ = HMZ + EHA + AHZ

¢tKS wWSAGUNROGSR aAdaNIGA2Yy ! NBF owa! o Aa O02YY2yfté NBY
FO0OO0S&aaArofSé¢ o0& GKS NRARGSNI owl LILI FYR ! 606SZ ricted due to Ly
human activities provide insight as to the extent of encroachment into the CMZ, and highlight potential

restoration sites. These areas may also actively erode in the event of common project failure such as bank armor
flanking. For this reasp the areas of the natural CMZ that have become isolated are contained within the
2OSNIftf /a¥% 02dzy RIFNE FYR KAIKEAIKGSR a aNBadNROGSR

Each map unit listed above is individually identified on the maps to show thefbasisluding any given area in
the CMZ footprint Figure2).

Bank =

1. . SR XK KD <

Stabilization 5 o000 . CMZ Boundary
XL 55
ol ool

Channel

\ Year
A . >1950
1976
2015

Stabilizati
CMZ Boundary abiiization EHA

Figure2. Channel Migration Zone mapping units.

1.3 CMZ Mapping on th&allatinRiver

The Channel Migration Zone (CMZ) developed3altatinRiverextends45.5river milesfrom the mouth of
Gallatin Canyon south of Gallatin Gatevtayts confluence with the Missouri River at Threeksp MT,The
Gallatin River, MadisoRiver, andldferson Rivergoin at Three Forks to form the Btouri River.

Although the basic concefor Channel Migration Zone mapping efforgslargely the samt#hroughout the

country, different approaches to defining CMZ boundarges used depending on specifieeds and situations
These differences in assessment techniques can be driven by the channel type, different project scales, the type
and quality of supporting information, the intended use of the mapping, etc. For this,shedZMZs defined

as a composite area made up of the existing channel, the collective footprint of mapped historic channel
locations shown in th&965 1979, 2013, and 2015 imagery (Historic Migration Zone, or HMZ), and an Erosion
Hazard AredEHA), thats basedn reachscale average migration rateéreas beyond the Erosion Buffer that
pose risks of channel avulsion are identified as Avulsion Hazard Areas of #isldpproach generally falls into
the minimum standards of practice for Reach Scale, Moderakéigh Level of Effort mapping studies as defined
by the Washington Department of Ecologyww.ecy.wa.goy. This approach does not, however include a
geotechnical setback on hillslopes; these areas would require a si@rspecificanalysis than that presented
here.
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1.4 Uncertainty

The adoption of a 10@ear period to define the migration corridor on a dynamic stream channel requires the
acceptance of a certain amount of uncertainty regarding those discrete corridordamigs. FEMA (1999) noted
the following with respect to predicting channel migration:

Xdzy OSNIFAyde A& INBIFIGSNI F2NJt2y3 GAYS FNIYSao
which uncertainty is much reduced may be useless for floodplain managbetwuse of the
minimal erosion expected to occur.

Fromthe mouth of Gallatin Canyon to Headwaters State Park, the Galla@ngRows historic patterns of
lateral migration and avulsion, locally within a very broad floodplain surface that has denserketf historic
channels. With potential contributing factors, such as woody debris jamming, sediment slugs, tectonic
deformation,landslidespr ice jams, dramatic change could potentially occur virtually anywimettee stream
corridoror adjacent floalplain As the goal of this mapping effort is to highlight those areas most prone to
either migration or avulsion based on specific criteria, there is clearly the potential for changes in the river
corridor that do not meet those criteria and thus are qpoedicted as high risk.

''yOSNIiFAydGe faz2 adSya FNRBY (KS 3Sy SaAstpredidtediutiRer 3 Y
migration is based on an assessment of historic channel behaviodrivers of channel migration over the past
50years are assumed to be relatively consistewer the next century. Konditionschange significantly,
uncertainty regarding the proposed boundaries will increase. These conditions include system hydrology,
sediment delivery rateglimate,valley mophology,riparian vegetation densities and extents, and channel
stability. Bank armor and floodplain modifications, such as bridges, dikes, levsesid and gravel mining

could also affect map boundaries.

1.5 Relative Levels of Risk

The natural processes of streambank migration and channel avulsion both create risk to properties within
stream corridors. Although th&ite-specificprobability of any area experiencing either migration or an avulsion
during the next century has not be@uantified, thecharacteristics of each type of channel movemalws
some relative comparison of the type and magnitude of their risk. In general, the Erosion Hazard Area
delineates areas that have a demonstrable risk of channel occupation due toathaigration over the next

100 years. Such bank erosion can occur across a wide range ofdiwhhe rislof erasion into this map unit is
relativelyhigh. In contrast, &ulsiorstend to be a flood-driven process;He Avulsion Hazard Area delineates
areas where conditions may support an avulsion, although the likelihood of such an event is highly variable
between sites andlypically depends on floodsLarge, long duration floods have the potential to dexéensive
awlsions, even after decades of no such evemaring the spring of 2011, for example, thieisselshell River
flood drove 59 avulsionm three weekscarving 9 miles of new channel whdbandoning about 37 miles ofd
river channel(Boyd et al, 2012).
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1.6 OtherRiverHazards
The CMZ maps identify areas where river erosion can be expected to occur over the next century. Itis
important to note that river erosion is only one of a series of hazards associated with river corridors.

1.6.1 Flooding

The CMZ mapdo not delineate areas prone to flooding. The difference between mapped flood boundaries and
CMZ boundaries can be substantial. In cases where the floodplain is broad and low, the CMZ tends to be
narrower than the flood corridor (left schematic &ingure3). In contrast, where erodible terrace units bound

the river corridor, the CMZ is commonly wider than the floodplain, because the terraces may be high enough to
escapeflooding, but notresistant enough to avoidrosion (right schematic olRigure3). This is a common

problem in Montana because of the extent of high glacialaees that are above base flood elevations, but not
erosionresistant.

< EEMA > %
CMZ
>
Qg
BEDROCK BEDROCK

Figure3. Schematic comparisons between CMZ and flood mapping boundaries (Washington Department of Ecology).

Figured shows a property on the Yellowstone River in Park County that was progressively undermined during
the 19961997 floods, prompting the owner to burn it down to prevent any liability associated with the
structure falling into the river. This has been a chronic problem in river management, as landowners assume
that if their home is beyond the mapped floodplain margin, it is removed from all river hazards. After
experiencing massive 2005 flood damages intSa@orge UtahKigure5), several property owners reflected on
this issue (www.Utahfloodrelief.com):

We knew the river was theralVe were 3 feet above the 18@arflood plain and made sure

we were well above the floodaih. It was surveyed and the engineers told us where we had

G2 Ldzi Ad FYyR y23 S R2y Qi KIF@S TFiga®2 R Ay adzNl yOS
reimburse us for anything.

Our property was ndbcated within the 50§/ear flood plain or was it adjacent to it. The
river simply took a new route that went right through our property.

I knew we were in big troubleél'he river was raging and making a sh&gj turn right
behind our home Our propety seemed to take the full force of thieer turning against the
bank. Large chunks of earth were bgiswallowed up into the riveiVe watched 20 feet
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erode in less thatwo hours. We knew if it continued attat pace, we'd lose our hougeur
contractor contacted an excavation company early that morning, but they said these wa
nothing they could do for udVe were also informed that our contractor's insurance was not
covered for floods.

Figured. Yellowstone River homen high glacial terrace that was burned down in 1997 to prevent its undermining by the river.

& e

Utahfloodrelief.com

Figure5. Photos from a 2005 in Saint George Utah, where homes several feet above the mapped floodplain were destroyed by
channel mgration (www.Utahfloodrelief.com).
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An example floodplain map for the Gallatin River at 8@ bridge is shown iRigure6. The floodplain

boundaries depict a complex series of active channels and floodplain areas, and recent proposed revisions
include substantial changes to the older mapped boundary. Thissstiendifficulty in mapping flood

boundaries on a dynamic, complex river such as the Gallatin. The combined risks of flooding and channel
migration on the Gallatin River create a broad swath of hazards along the river, and both should be considered
as theats to human health and safety.

is)fv"%“} Gallatin County Floodplain Viewer

Gallatin County Planning Department

f
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Figure6. Example floodplain mapping fdgallatinRiver at 90 (gis.gallatin.mt.gov).

1.6.2 IceJams

Another serious river hazard, especially in Montana, is ice jamming. Over 1,470 ice jarbsdravecorded in
Montana, which is the most of any of the lower 48 statetsp(//dphhs.mt.gov/). Ice jams are most common in
Montana during~ebruary and Mizh. Dams can cause flooding upstream due to backwatering, an

downstream of the jam ice chunks mobilized by breakups can cause damage. Breakups can occur rapidly, and it
generally takes water that is almost two to three times the thickness of the ice to mobilize the jammedece.

jams can also cause avulsidnsentirely blocking channels and forcing flows onto the floodplain.
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The National Weather Service has identified @allatinRiver as having5 reported ice jamsKigure7), and

these jams appear most common where the river is relatively constricted by bedrock and transportation
infrastructure near Loga(Figure8). In January of 2013, National Weather Service personnel saw the river stage
rapidly rising near Logan, nearing the flood stage of 9 feet. This area has been described as prone to jamming
due to a bridge crossing just downstream of a bend that slowematoncerns regarding ice jamming in this

area includes flooding upstream near Manhattan, am@®ecember 2009, ice jamming sent the river out of its
banks west of Belgrade, flooding pastures and threatening honme2014, the river jammed near Gallati

Gateway causing floodingvvw.nbcmontana.com closing the Axtell Gateway Road.

Streams East of Divide with 10 or More Reported Jams

Number of Jams
0 20 40 60 80 100 120 140 160 180
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Little Bighorn River
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East Poplar River
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Tongue River
Jefferson River

Marias River 26
Gallatin River h 25 ‘
Middle Fork Poplar River 24
Ruby River 22
Beaver Creek 21
Battle Creek 21
Willow Creek 20
West Fork Poplar River 20

Big Muddy Creek
Peoples Creek
Teton River
Madison River
Poplar River
Whitewater Creek
Muddy Creek
North Fork Milk River
Cut Bank Creek
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Beaverhead River
Smith River

Big Dry Creek

Box Elder Creek
Redwater River
Frenchman River
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McEachern Creek
Flatwillow Creek
East Gallatin River
American Fork
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River/Stream

Figure7. Montana rivers east of the continental divide with 10 or more reported ice jams.
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Figure8. Bridge damage caused by 1963 Ice jam on Gallatin River near Logan (bllllngsgazette.com).

1.6.3 Landslides

There are no mapped landslidadjacent to theGallatin Rivein the project area Upstream, however,

landsliding in the Galtin River watershed could impact stream process in the project regdimpounding and

then releasing massive volumes of water and sedimént1997, for example, the Bozeman Daily Chronicle
reported that Dave Lageson, an MSU geology professor, fourel ¢ragks near the summit of Mount Jumbo

near Lava lake. After making some measurements Lageson concluded that a strong earthquake could trigger a
massive landslide that would be about equivalent to the 1959 Quake Lake Slide (bozemandailychronicle.com).

Figure9 shows an example ofrelatively smallandslide that occurred in February 2014 on the south wall of the
Nooksack River Valley near Bellingham, Washington. The landslide originally blocked the channel, and the effect
was seen at a gaging station downstream where river flows rapidly droppeddver 2,000 cubic feet per

second to about 400 cubic feet per second in the early morning hours of Februéfigde10). The river

breached thedndslide and flows returned to normal, howewe river was shifted hundreds of feeProbably

the most recently renown landslide into a river system was the 2014 Oso Slide into the North Fork of the
Stillaguamish River, which dammaeaudd relocatedhe river causing extensive flooding upstreafigurell).
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Figure9. Hillslope failure on Nooksack River near Bellingham Wiagton on February 21, 201¢4K. Boyd)

a USGS

USGS 12210700 NOOKSACK RIVER AT NORTH CEDARVILLE, WA
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» Hedian daily statistic (9 years)} —— Discharge

Figurel0. USGS gage data showing rapid drop in river flow following upstream hillslope failure.
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Figurell Massive mudslide in Oso Washington on March 2014, deflecting the North Fork of the Stilliguamish River (AP Photo/Ted
Warren).

1.7 Potential Applicationsf the CMZ Maps
The CMZ mapping developed for tBallatinRiver is intended to support a myriad of applicatiamsl was not
developed with the explitintent of either providing regulatory boundaries or overriding sfeecific

assessmentsAny use of the maps as a regulatory tool should include a careful review of the mapping criteria to

ensure that the approach used is appropriate for that appiarat
Potential applications for the CMZ maps include the following:

w ldentify specific problem areas where migration rates are notably high and/or infrastructure is
threatened
w Strategically place new infrastructure to avoid costly maintenance or |losspaal;

w Strategically place new infrastructure to minimize impacts on channel process and associated ecological

function;

w Assist in the development of river corridor best management practices;

w Improve $akeholder understanding of the risks and benefit€b&nnel movement;

w ldentify areas where channel migration easememizy be appropriate;

w Facilitate productive discussion between regulatory, planning, and development interests active within
the river corridor;

w Helpcommunities and developers integratiynamicriver corridosinto land use planning; and,

w Assist longerm residents in conveying their experiences of river process and associated risk to
newcomers.

GallatinRiver @annel Migration Mapping Study December 312017
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1.8 Disclaimer and Limitations
The boundaries developed on the Channel Migration Zone mapprgtanded to provide a
basic screening tool to help guide and support management decisions within the mapped stream
corridor and were not developed with the explicit intent of providing regulatory boundaries or
overriding sitespecific assessments. Thiteria for developing the boundaries are based on
reach scale conditions and average historic rates of change. The boundaries can support river
management efforts, but in any application, it is critical that users thoroughly understand the
process of th&€€MZ development and its associated limitations.

Primary limitations of this reaebcale mapping approach include a potential underestimation of
migration rates in discrete areas that are eroding especially rapidly, which could result in
migration beyondhe mapped CMZ boundary. Additionally, sipecific variability in alluvial
deposits may affect rates of channel movement. Mapping errors introduced by the horizontal
accuracy of the imagery, digitizing accuracy, and air photo interpretation maynaieduce

small errors in the migration rate calculations. Future shifts in system hydrology, climate,
sediment transport, riparian corridor health, land use, or channel stability would also affect the
accuracy of results, as these boundaries reflect #i@polation of historic channel behavior

into the future. As such, we recommend that these maps be supplemented-$yesitfic
assessment where nesgrm migration rates and/or site geology create anomalies in the reach
averaging approach, and that thmapping be revisited in the event that controlling influences
change dramatically. A sigpecific assessment would include a thorough analysis of site
geomorphology, including a more detailed assessment of bank material erodibility, both within
the bankand in adjacent floodplain areas, consideration of the site location with respect to
channel planform and hillslope conditions, evaluation of influences such as vegetation and land
use on channel migration, and an analysis of thesiiecific potentialdr channel blockage or
perching that may drive an avulsion.

1.9 Image Licensingnd Use Restrictions

Many of theoblique color photographs taken by plapeesentedin this document and included on the

associated project DVD were taken by Kestrel ASealices (Kestrel) and are subject to use restrictions. Kestrel
grants that these photos can be used follows:

Foruse as river and floodplain documentary imagery in efforts related to this
study by project partners.

For uses outside these stated right®ntact Kestrel Aerial Services, Inc. (406)5346.
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2 Physical Setting
The following section contains a general description of the geographic, hydrologic, and geologic influences on
the GallatinRiver, to characterize the general setting and highlight how that setting may affect river process

2.1 Geography

TheGallatinRiver in southwest Montana is one of three tributary rivéirat form the Missouri River, along with

the Jeffersorand Madison RivergFigurel?). The Gallatin River begias Gallatin Lake in Yellowstone National
Park and flows for about 115 miles to Headwaters State Reak Three Forks, Montanahere itjoins the
Jefferson and Madison Rivers to form the Missouri Riféie watershed is about 1,200 square miles, or 9% of
the Upper Missouri Watershed@he entire drainage area is above 4,000 feetlevation and whereas most of

the land above 5,000 feet is forested terrain, most be®@00 feet is within the Gallatin Valley rich

agricultural area experiencing rapid residential growithecontributing watershedareaabove the project

reachis mostly public landandthe land surrounding the river between the mouth of Gallatin Canyon and Three
Forks is largely private.

Gallatin Canyon and the Gallatin Valley were first explored by Native American hunters and then gold

prospectors and trappers. The Gallatin Rivaswamed by Meriwether Lewis in July 1805 as the Lewis and

Clark Expedition reached what is now Headwaters State Park. It was named for Albert Gallatin, the U.S. Treasury
Secretary from 1801814.

2.2 Geology and Glacial History

The following summary of theeglogical setting of the project reach is intended to provide some context as to
how the physical setting influences river process. Upstream of the project rdapleyGallatin Canyon is

bound by the Madison Range west of the river and the Gallatin Rartpe east. The Madison Range consists
of an actively uplifting basement block that is still covered by folded Paleozoic and Mesozoic sedimentary
formations (Alt and Hyndman, 1986). The Gallatin Range to the east is also actively rising, with greater
exposures of basement rock, much of which has been covered by volcanic rocks erupted from the Absaroka
volcano duriig Eocene time about 50 milliomars ago.In the northern part of Gallatin Canyon, the river flows
along the eastern margin of the SpanistaRs, where Precambrian basement rocks that have been uplifted
about 13,500 feet are exposed.

Glaciation on the high Yellowstone Plateau during the ice ages spilled into the Gallatin River drainage, although
the western edge of the Yellowstone Ice Cap oeched into the upper Gallatin where the river flows through
Yellowstone National Park.

As the Gallatin River emerges from Gallatin Canyon and into the Gallatin Valley, it leaves the confining bedrock
canyon and enters a much more fluvially dynamietsh, with extensive alluvial deposits exposed along stream
corridors and alluvial fans that have developed on tributaries such as South Cottonwood Creek. The valley floor
Aa fFNBSft@ YIFLIWLSR Fa aoNF AR LI I A yoalsd récdaPiemmiis thavatedz] S S
underlain by thousands of feet of relatively young sedimentary units. The Gallatin River follows a thread of
modern river alluvium inset within that older braid plain alluvial deposit. This thread of alluvium widens

markedy where the river encounters alluvial fan deposits of Little Bear and South Cottonwood Crigeke (

13).
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The emergence of the Gallatin River from Gallatin Canyon marks an abrupt change in stream morphology and
associated dynamics. As the canyon is formed in largehermible bedrock, the Gallatin River CMZhrough

the canyon iwerynarrow and in manyplacesdoes not extend beyond the modern streambank. Downstream

in the project reach, however, the combination of a decreasing channel slope, increased lateral sediment inputs
from tributaries, and an erodible channel margin resulaihighly dynamic stream corridor that has experienced
extensive bankline migration and numerous avulsions since 1@68ome locations, low alluvial terraces border

the stream corridor, and these surfaces are commonly developed in areas such as eus.CAithough the

river has eroded into these deposits, measured migration rates are slower than that of modern alluvium of the
main river corridor, and this geologic variability has been taken into account in the CMZ majdpairgogan

the river flowsthrough a short bedrockontrolled segment where a notch has formed, whilyhly deformed

Mesozoic sedimentary rocks exposed on the north side of the river in the Rattlesnake Hills, and younger Tertiary
sediments (Sixmile Creek Formation) to the southe fiver flows through the geologic notch at Logan directly
through the contact zone of these unifSigureld).
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Figurel3. Geologlc mappf upper prOJect reach area (Vuke etal, 2014)
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2.3 Hydrologyand Flow Management
The hydrology of the Gallatin River reflects a typical snowmelt system, with peak flowsgbetween late
May and early July.

2.3.1 Major Diversion Structures

Althoughnumerousdiversiors feed an extensivenetwork of canal®n the GallatinRiver there are no diversion
structures in the study area that span the entire rivéhe Montana Departnent of Natural Resources and
Consenration Water Rights data shoB04 headgate points of diversion listed for ti&allatinRiverwithin the
study area Oblique aerial photograpof selectedmajor diversiors are compiled in Appendix. C

Some diversions imore dynamic sections of river require annual site work such as the construction of in
stream gravel berms to secure water delivery to ditches; other diversions in more geologically controlled
reaches appear to function well with minimal maintenance.

2.3.2 Gallatin River Flood History

Over the past 75 years, the largest flood events on the Gallatin River occurred in 1974 and 1997, and both
events slightly exceeded the 3&ar discharge of 9,080cfBigurel5). The June 30, 2011 flood of 8,410 cfs was

just over a 16year event.Some older datsetsNS O2 NR Y|l 22 NJ Ff 22 R& A yl89dfo& f I G S
described by Morrison Maierle (2014) lagving exceeded a S@ar event(Tablel). In general, however, major
flooding has been notably rare on the Gallatin River at least since the 1930s.
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Annual Peak Discharge
Gallatin River near Gallatin Gateway (06043500)

12,000

100-Yr

10,000 50-Yr
. ° 25-Yr
T °
1] n
£ g0 . 10-Yr
o [ 1] L] .
o °
@ Y [ ] [ ] ®
= [ ]
2 ] . ° [ ] ° L] °
S 6000 L e o ) LA ° Y 3 ‘.
[ ) L] L
& . L ] L Y Ps .. ¢ [ ] . .
g ° ° [}
=1 [ ] ® [ ]
E 4,000 o * e o * * " * o. e o
< ] ® ° [ ] [ ] [ ] L]
e o ° [
b4 °

2,000

1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

10 Yr Event 25Yr Event S50Yr Event  ems=100 Yr Event @® Annual Peak (cfs)

Figurel5. Annual peak flow record, Gallatin River near Gallatin Gateway (USGS 06043500).

Tablel. Five largest peak floods recorded on the Gallatin River (Morrison Maierle, 2014).

g‘;‘:ﬁ*’g’ Gallatin River near Gallatin | 56055500 Gallatin River at Logan, MT
Ranking Date Peak Discharge Date Peak Discharge
(cfs) (cfs)
1 June 20, 1899 10,0001 June 21, 1899 9,840
2 June 2, 1997 9,160 June 8, 1997 9,400
3 June 17, 1974 9,100 June 10, 1970 9,390
4 June 18, 1896 8,700 June 18, 1974 9,170
5 June 30, 2011 8,410 June 28, 1971 8,480

{1) Note: Peak flow from 06044000 Gallatin River near Salesvilie, MT

2.4 Dikes and Levees
Embankments constructed on the floodplain to keep areas dry are called dikes or levees. For the purposes of
this study, levees are defined as embankments that are integrated to form coherent flood control systems. In

contrast, dikes tend to be shorter,ore informal flood protection features that are typically discontinuous.
Within the study area, th&allatin Rivehas no levee system, although we map@ggbroximately 2.3 milesf
discontinuoudikes within theChanneMigration Zone, which reflects alob 2.53% of the total bank length.
Some of the dikes follow the active bankline and others are older and set back from the active cdkridor.
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exampleof dikes on the channel margisshown in(Figurel6). The impact of dikes on the CMZ is described in
more detail in SectioA.5.

Figurel6. A 0.6mile dike on left (west) banlof the GallatinRiverbelow West Dry Creek Roa{Kestrel)

2.5 Bank Armor

Bank armomwasmapped where visible on air photos, Google Earth, or oblique photographs. Since there was no
ground inventory, the mapping probably captures a conservative estimate of the extent of bank armor on
current and historic channelsAdditionally, the bank aror inventory has not assessment of condition or
functionality. Along the length of th&allatinRiver,we mapped7.3miles ofbank armor which covers abou?¥8

of the total bankline. The bank armor consists of rock riprap, barbs, and other revetmenigsswolod

structures, and potentially concrete rubble.

The extent and impact of bank armoring on the CMZ is described in more detail in Se&tion

2.6 Transportationinfrastructure

Mapped transportation infrastructure in th@allatinRiver corridor includes highwaysil lines, and minorads
that parallelor cross the river. Transportation infrastructure running dewvatley typically constricts the river
corridorand channel migration footprint, whereas bridges commonly caus€tiennel Migration Zone (CMZ)
G2 aK2dz2NBflFaaé¢ 0GKNRdIzZAK | LAYOK LRAYyd ONBFIGSR oeé

(et

Roadencroachment into the Gallatin River CMZ is fairly moderate, with the exception of the river segment
between Logan and Three Forks, where the rail line isolates hundreds of acres of historic migration area.
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Seventeerbridges span the entirprimarychanrel or major side channelsithin the project area.The bridges
I NB RAALISNESR |  Thesdbridyésandkhkiassotiatad appoydbeilk constrict the CMZ
and they are commonly armored and/or leveed to manage alignment of the riveugih the structurgFigure

17).
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3 Methods

The development of th&allatinRiver Channel Migration Zo(€MZ)mapping is based on established methods
used by thewashingtonState Department of EcolodiRapp and Abbe, 2003nd closely follows methodologies
used on other rivers in Montana.

3.1 Aerial Photography

CMZ development from historic imagery is dependent on the availability of appropriate imagery that covers the
required time frame (50+ years), the spatial coveragéhat timageryand the quality of the photoslt is

important to use imagery with the best possible quality, scale, extent, and dates so that historic and modern
features can be mapped in sufficient detail.

Several imagery sourcese available for theGdlatin River study area. The most recent sources tisiguaround
1995 with the blacland-white Digital Orthophoto Quad imagery (DOQ) and continuing through the current
NAIP (National Agriculture Imagery Program) imagery, are freely availabledor@8ible format. The quality
of these imagesboth spatially and resolutiomanges from good to excellent and they cover the entire project
area.

Imagery older than 1998 wustbe acquired from various archival services as digital scans, andribsaiced

into a single spatiallyeferenced image for use in the GIS. For this project, the historic imagery scans were
ordered from theUnited States Department of Agriculturd$DAAIr Photo Field Office (APFO) in Salt Lake City,
Utah. Approximately67 individual images were ordered from the APFO to cover two time periods for the
GallatinRiver. The area around Three Forks is shared by botiMhdisonand JeffersorRivers, so there is

some common imagery between the three rivers.

The scans were delivered ghresolution (12.5 micron) TIFF images, each approximately 330 MB in size. They
were then orthorecitified by Aerial Services, Inc. (ASI) in Cedar Falls, lowa, using 2013 NAIP imagery as the
spatial reference, providing identifiable ground control peinfThe resulting mosaics were assessed for spatial
accuracy using National Spatial Data Accuracy standands,eviewed foimage quality. In some areas, the

project team requested adjustments to the spatieferencingto provide a higher degree of ag@acy.

Table2 lists imagery used for this project from the USDA and archives of current GIS dateEsetples of the
imagery used in the analysis are showirigurel8throughFigure21.

Table2. Aerial photography used for th&allatin River Channel Migration mapping study.

Date Source Scale Notes

1965 USDA APFO 1:20,000 High-resolution Scang(black-and-white)

1979/80 USDA APFO 1:40,000 High-resolution Scang(black-and-white)

2013 NAIP NRIS ~1 meter Digital Download, Compressed County Mosaics
resolution  (color)

2015 NAIP NRIS ~1 meter Digital Download, Compressed County Mosaics

resolution  (color)
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1965 Imagery
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Figure19. Example 1979 imagemt Amsterdam RoagdGallatinRiver CMZ dvelopment
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Figure20. Example 2013lAIPimageryat Amsterdam RoadGallatinRiver CMZ development.

2015 Imagery
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I
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Figure21. Example 201BlAIPimageryat Amsterdam RoagdGallatinRiver CMZ development
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3.2 GIS Project Development

lff LINRP2SOG RFEGE 61 & O2YLIAESR dzaAy3a 9{wLQ& ! NDal LJ
coordinate system Montana State Plane NAD83 Feet (HARN). 20@Ruby River CMZ Stu@&GI/DTM,
2010)utilized this coordinate system as it was tieeommended best practice at the tim&o be consistent

with that study, theGallatinmapping utilizes this reference system. The orthorectified air photos provide the
basis for CMZ mappingther existingdatasetsincluded roads, stream courses as aded in the National
Hydrography Dataset, scanned General Land Office Survey Maps obtained from Bureau of Land Management,
and geologic maps produced by the United States Geological Survey.

3.3 Bankline Mapping

Banklines representing bankfullarginswere digtized for each year of imagery at a scale ofd0R, A tablet
computer running ArcGIS and using a pen stylus was used to trace the banklines using stream mode digitizing.
This methodology allowed us to capture a much more detailed bankline than usiogse. Bankfull is defined
as the stage abowrhichflow starts to spread ontthe floodplain. Although that boundary can be identified
using field indicators or modelirrgsults(Riley, 1972)digitizing banklines faEMZ development requirdhe
interpretation of historic imageryTherefore, we typically rely on the extent of the lower limit of perennial,
woody vegetation to define channel banfddount & Louis, 2005)This is based on the generally accepted
concept that bankfull channels are inhosttita to woody vegetatiorestablishment Fortunately, shrubs, trees,
terraces and bedrock generally show distinct signatures on both older kackwvhite as well as newer color
photography. These signatures, coupled with an understandinigarianprocesss allow for consistent
bankline mapping through time and across different types of imagery.

3.4 Migration Rate Measurements

Once the banklines were digitized, they were evaluateterms of discernable channel migration siri@G5.
Where migration waslear, vectors (arrows with orientation and length) were drawn in the GIS to record that
change. At each sitef bankline migration, measurements were collectggproximately every @ feet(Figure

22). A totalof 841 migration vectors were generated for ti@allatinRiverat a scale of 1:2,000These
measurements were then summarized by reach. The results were then used to defirdhacake erosion
buffer width to allow for likely future erosionResults of this analysis are summarized in Sedtidn

Each location of channel migration wassigned a Migration Site ID based on the river mile location of the site.
Each site mafiave anywhere from 1 to2lmigration vectors, depending on the length of the sit total of169
migration sites were identified throughout the study area. An acotimg of the reach and site based statistics
can be found in Appendix A.
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Figure22. Example of migration measurementetween 196 and 2015migration distance in feet).

3.5 Inundation Modeling

Inundation Modelingalso known as Raive Elevation Modeling (REM9 an effective way to visually compare
floodplain elevations to channel elevations, and is useful in identifying floodplain features such as historic
channels that are prone to frequent flooding and/or avulsion.

Inundation modeling is static modelof relative elevationdased uporDigital Elevation ModeDEM) data. The
goal of the modeling is to identify areas that may be prone to flooding as the water surface of the stream is
raised. The general technique wolvesusing cross sections to create a water surface profile down the stream
corridor. This profile is then transformed into a series of ramped planes down the stream corridor that match
the downvalley slope of the water surface. The ground surfatieeis subtracted from this planar water

surface, so that a relative depth can be assigned at emhationdata point. The resulting surface coarsely
represents relative inundation potential based on relative elevation. This can be used to approxaodte fl
prone areas, but it also is a useful tool for identifying low topographic features or channels that may pose an
avulsion risk.

It is important to note that this modeling does not consider flood water routing or backwater effects, but only
elevation. As such, low areas may not be flood prone if the overflow paths are blocked by physical features such
as dikes or road prisms.

The accuracy of an inundation model is directly related to the quality of the elevation #iigl-resolution

LiDARJata provides the best results. LiDAR data was collected for the Gallatin River from the mouth of Gallatin
Canyon, to just below the confluence with the East Gallatin River in 2013. These data were used to generate an
inundation model Figure23). No modeling was performed below the confluence of the East Gallatin River
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Inundation Model
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Figure23. Example Inundation Modeling resulabove Cameron BridgeColors reresent elevations relative to thevater surface
elevation of the main channel. Dark blue areas are equal to or lower than the channel. Yellows and reds are signifiégimtly than
the adjacent main channel.

3.6 Avulsion Hazard Mapping
Avulsion hazards care difficult to identify on broad floodplains, because an avulsion could occur virtually
anywhere on the entire floodplain if the right conditions were to occls.such, aulsion pathwaysvere
identified and mapped usingriteria that identify a relatigly high propensity for such an event. These criteria
usually include the identification of high slope ratios between the floodplain and channel, perched channel
segments, and the presence of relic channels that concentrate flow during flddese feaires were
identified for theGallatinRiver project reach using aerial photos and inundation modeling results.

Features that can help determine avulsion hazard areas include (WSDE, 2010):

Low, frequently flooded floodplain areas with relic channels

Compessedmeanderbends

Main channel aggradation, particularly medial bar formation or growthhe upstream limb of a bend
Lower elevation of relict channel than active channel bed

Present and former distributary channels on alluféals, deltas, and estuaries

Channels that diverge from the mainarimel in a downstream direction

Creeks that run snewhat parallel to main channel

=4 =4 =4 =4 -4 A 4

Where available, th€iDAR data and Giased inundation modeling wergsed to help identify potential

awlsion pathways. These pathways were identified as low continuous swales with connectivity to the river
(Figure24). Additional information used in apping avulsion paths included oblique photos from Kestrel Aerial
Services and air photos.
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Figure24. Exampldloodplain channelindicating an avulsion pathway
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4 Results

The Channel Migration Zone (CMZ) developed foiGHEtin River is defined as a composite area made up of
the existing channel, the historic amael since 1986 (Historic Migration Zone, or HMZ), and an Erosion Hazard

Area (EHA) that encompasses areas prone to channel erosion over the next 100 yearbeyardihe EHA
that pose risks of channel avulsion comprise the Avulsion Hazard Zone (&idffy, those areas where
migration has been restricted are highlighted as Restricted Migration Area (RMA).

4.1 Project Reaches

The approach to CMZ mapping used hareludes a reaciscale evaluation of channel migration rates. For the

45.5miles of project length, the river was broken irgightreachesbased on geomorphic character such as
river pattern, rates of change, geologic contr@rd channel slopérigure27). The reaches range in length

from 5.0to 7.3 miles {Table 3). Figure25shows a continual drop in channel slope between the mouth of

Gallatin Canyon, with a notable reduction between Logan and-&teBridges (Reaches GR02 and GRO03).

Table 3. GallatinRiver reaches.

General Location

Upstream RM  Downstream RM  Length (mi) |

GRO1 Logan to Mouth 5.3 0.0 5.3
GR0O2 East Gallatin To Logan 12.0 5.3 6.7
GRO03 [-90 to East Gallatin River Confluence 19.3 12.0 7.3
GR04 Cameron Bridge tc90 26.5 19.3 7.2
GRO5 Below Four Corners: Norris Road to Cameron Bridge 32.5 26.5 6.0
GRO06 Four Corners: McReynolds Road to Norris Road 37.5 325 5.0
GRO7 Gallatin Gateway: From below W. Williams Road to 42.6 37.5 5.1
McReynolds Rd
GRO08 Mouth of canyon to below W. Williams Rd 455 42.6 2.9
Gallatin River
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Figure25. Average channel slope bgach Gallatin Canyon.
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4.2 The Historic Migration Zone (HMZ)

The Historic Migration Zone (HMZ) is created by combining the bankfull channel polygons into a single HMZ
polygon. The bankfull channels commonly split and rejoin, creating a mosaic of channel courses with
intervening islands, some of which are seasoifdle HMZ footprint includes all channels as well as any area
between split flow channels. By includistands the HMZ captures the entire footprint of the active river
corridorfrom 1965-2015. In some settings where island areas are-sordible, it mg be appropriate to

exclude these features from the CMZ. In the case of3hBatinRiver,however,these areafhave been retained

in the CMZ since they are made upyofing alluvial deposithat are prone to reworking aavulsion and are

thus part ofthe active meander corridor

Any side channels that have not shopgrennialconnectivity to the main channel since@®were not mapped
as active channels and are not included in the HMZ.

For this study, the Historic Migration Zone is comprised of thal tarea occupied bgallatinRiver channel
locations in 185, 1979, 2013 and 2015i¢ure26). The resulting area reflect® years of channel ocpation
for the length of theGallatinRiver.

Historic Migration Zone (HMZ)
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Figure26. The Historic Migration Zone (HMZ) is the combined footprint of all mapped channel banklines.
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Figure27. Gallatin River Channel Migration Zonesaches
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