ZUSGS

science for a changing world

Prepared in cooperation with the
Glen Canyon Dam Adaptive
Management Program

Glen Canyon Dam
Adaptive Management
Program Triennial
Budget

and Work Plan—
Fiscal Years 2015-2017

Prepared by
Bureau of Reclamation
Upper Colorado Regional Office

and

U.S. Geological Survey
Grand Canyon Monitoring and
Research Center

Planning Document
Approved by the Secretary
of the Interior

September, 30 2014

U.S. Department of the Interior
U.S. Geological Survey




Cover: View of Colorado River from Nankoweap Trail in Marble Canyon, Grand Canyon National Park,
Scott VanderKooi, U.S. Geolgoical Survery.



RECLAMATION 2~ USGS

Managing Water in the West science for a changing world

Prepared in cooperation with the Glen Canyon Dam Adaptive Management
Program

Glen Canyon Dam Adaptive Management
Program Biennial Budget and Work Plan—
Fiscal Years 2015-2017

Prepared by

Bureau of Reclamation
Upper Colorado Regional Office
Salt Lake City, Utah

and

U.S. Geological Survey

Southwest Biological Science Center

Grand Canyon Monitoring and Research Center
Flagstaff, Arizona

Final—Approved by the Secretary of the Interior
September 30, 2014

U.S. Department of the Interior
U.S. Geological Survey



Table of Contents

INETOUUCTION ..ottt nranass 9
A.1. Adaptive Management WOork Group COSES ... 11
A.2. AMWG Member Travel REIMDUISEMENT . ............c.vivieeiceece e 12
A.3. AMWG ReCIamation TrAVEL .............c.viiieeeeeeeeee e 13
A4 AMWG FaCilitation CONTIACT .........o.ovieeeceeeceeeee e 14
AD. PUBIIC QULTBACK ... 15
AB. AMWG OTNET ..ot 16
BT TWG COSES ...ttt ettt 17
B.2. TWG Member Travel REIMBUISEBMENT ... 18
B.3. TWG RECIaMation TrAVE ..........oeivieiceeee e 19
B.4. TWG Chair Reimbursement/FaCilitation............cco.ovevieiieeceeeeee e 20
BL5. TWG ONET ... 21
C.1. Administrative Support for NPS PEIMITEING ..o 22
C.2. Contract AdMINISTTATION ..ot 23
C.3. SCIENCE AQVISOT CONTIACT ... 24
C.A EXPeriMental FUN ..o 25
C.5. Installation of Acoustic Flow Meters in Glen Canyon Dam Bypass TUDES............covovoeoeeoeoeeeeeeeeeeeeeeee. 26
C.6. Native Fish Conservation Contingency FUNG .............oomiioeeeeeeeeeeeee e 28
D.2. Cultural ReSOUICES WOIK PIAN ..o 31
Summary budget table for cultural resources WOrk Plan. ...........ccccooeviiioieiieieece e 34
D.3. Integrated Tribal ReSoUrces MONITOMING .......c..ouoiiiiiiieiceiee e 35
D.4. Tribal Participation in the GCDAMP ............oo e 36
Chapter 2. U.S. Geological Survey, Southwest Biological Science Center, Grand Canyon Monitoring and
Research Center Triennial Budget and Work Plan—rFiscal Years 2015—2017...........coooevoeoeeeeeeeeeeeeeeeeeeeeeeee. 40
INEFOTUCTION ...ttt 40
PUIPOSE .t 4
Administrative Guidance that Informs the FY15—17 Triennial Work Plan .............cooooooooeeeeeeeeeeeeee. 4
Overview of the FY 15—=17 Triennial WOrk PIan ..o 50
Allocation 0of the FYT5=17 BUAGET ..o, 65
RETEIBICES ...ttt 66
Project 2. Stream Flow, Water Quality, and Sediment Transport in the Colorado River Ecosystem ............cccccocoooveee..... 68
AL INVESTIGATOTS ...ttt 68
B. PrOJECT SUMMATY ... 68
. BACKGIOUND ... 68
C.1. SCIeNtific BACKGIOUNG ... 68
C.2. Management BaCKGrOUNG .............oo oo, 72
C.3. Monitoring and Research Questions Posed by Stakeholders that Are Addressed in This Project..................... 73
C.4. Scientific Questions that have Emerged from Past Work and That Are Addressed in This Project .................. 74
D. PropOSEBA WOTK ...ttt 74
D1 PrOJECT EIBMEBNTS ..ottt 74
D.2 Personnel and Collaborations ..o 76
D3 DEIVEIADIES ...ttt 76



E. Productivity from Past Work (during FY 13—"14) .. ..., 76

E . Data PrOGUCTS ... 76
E.2. Completed PUBICATIONS .........oeoeeeeeeeeeee e 77
E.3. PUDIICATIONS IN PIOGIESS. ... 78
E.4. Presentations at GCDAMP MEETINGS .........ouveeeeeeeeeeeeeeeee e 78
E.5. Presentations at professional MEBETINGS........c.c.ovvie oo, 78
L REIBIBNCES ...ttt 79
G BUAGET ettt 83

Project 3. Sandbars and Sediment Storage Dynamics: Long-term Monitoring and Research at the Site, Reach,

ANA ECOSYSTBIM SCAIES ... 84
AL INVESTIGATOTS ...ttt ettt 84
B. PrOJECT SUMMATY ..o 85
. BACKGIOUNG ...ttt 86

C.1. SCIENTITIC BACKGIOUNG ..o, 88
C.2. Management BaCKGrOUNG .............oo oo, 97
C.3. Key Monitoring and Research Questions Addressed in this ProjeCt..........ccoevvvroceieiieieeeceeee e 99
D PrOPOSEA WOTK ... 99
D.1 Outling of MONITONNG STTATEOY «.....cveeeeeceeeeeeeeeeee e, 100
D.2. ProJECT EIBMEBNTS ...ttt 103
D.3 Personnel and Collaborations .............covcuviioiceceeeeeeee e 150
DA DEIIVETADIES ...t 150
E. Productivity from Past Work (during FY 13=T14) ..., 151
BT DA PrOAUCTS ...ttt 151
E.2. Completed PUBICATIONS ..., 151
E.3. PUBIICATIONS 1N PIOGIESS. ... 152
E.4. Presentations at GCDAMP MEETINGS ........ooeeeeeeeeeeeeeeeee e, 153
E.5. Presentations at professional MEBETINGS..........c.vviivieceeee e, 153
FLREIBIBNCES ...t 154
G BUAGET et 162

Project 4. Connectivity along the fluvial-aeolian-hillslope continuum: quantifying the relative importance of

river-related factors that influence upland geomorphology and archaeological site stability..........c.cccooooiiiiiennnn. 165
AL INVESTIGATOTS ...ttt 165
B. PIOJECT SUMMAIY ..ot 165
O 5= Tot (o] £0 1V OO OOOROO R RT 166

C.1. SCIENTITIC BACKGIOUNG ... 166
C.2. Management BaCKgrOUNG ............c.oooiiiicice e 173
C.3. Key Monitoring and Research Questions Addressed in this ProjeCt..........c.coovvveeveirioeicceeieeeeecece e 177
D. PrOPOSEA WOTK ...ttt 179
D1 PrOJECT EIBMEBNTS ...ttt 179
D.2. Personnel and CollabOrations ..............cc.cuovuiieiceiceeeeeeeee e 189
D.3. DEHVEIADIES ... 189
E. Productivity from Past Work (during FYT3=T4) ..o, 190
BT, DA PrOGUCTS ... 190
E.2. COMPIEtEd PUDIICATIONS ........voe s 190



E.3. PUDIICATIONS 1N PrOGESS... ..., 190

E.4. Presentations at GCDAMP MEBETINGS ........ooeeeeeeeeeeeeee e, 190
E.5. Presentations at professional MEETINGS........c.c.vciieveeceeeeeeeeeeee e, 191
FLRBIBIEICES ..ottt 191
G BUAGET . 197
Project 5. Foodbase Monitoring @and RESEAICH ............c.vieeeeeeeeeeeeeeeeeeee e, 199
AL INVESTIGATOTS ...ttt 199
B. PIOJECT SUMMAIY ..ottt 199
O 5= Tot (o] £0 1V OSSOSO 200
C.1. SCIeNtific BACKGIOUNG ..o 200
C.2. Management BaCkgrOUNG ............c.oooviiiiciceeec s 206
C.3. Key Monitoring and Research Questions AdAreSSEA ............cooovevriciieeieieeecee e 208
C.4. Hypotheses Explaining Aquatic Invertebrate Productivity and DIVErSity ..........c.cooovovivoieeeeeeeeeceeeen 208
D. PropOSEBA WOTK ...ttt 214
D1 PrOJECT EIBMEBNTS ..o, 214
D.2. Personnel and CollabOrations ............c.c.cuiiuoeceeeee e, 223
D3, DEIIVEIADIES ...ttt 224

E. Productivity from Past Work (during FY 13—T4) ..o, 225
BT DA PrOAUCTS ...ttt 225
E.2. Completed PUBIICATIONS ..., 225
E.3. PUDIICATIONS 1N PrOGTESS.... ...ttt 226
E.4. Presentations at GCDAMP MEETINGS ........ooueeeeeeeeeeeeee e, 226
E.5. Presentations at professional MEETINGS........c.c.vcivevoececeeeeeeeeeee e, 226
FLRBIBIEICES ..ottt 227
G BUAGET . 232
Project 6. Mainstem Colorado River Humpback Chub Aggregations and Fish Community Dynamics.............cc........... 238
AL INVESTIGATOTS ...ttt 238
B. PIOJECT SUMMAIY ...ttt 238
O 5= Tot (o] £0 1V OO OORRT 241
C.1 SCIentific BACKGIOUNG ... 241
C.2. Key Monitoring and Research Questions Addressed in this ProjeCt..........c.ccoovvvueieieioeiccieieieeeecece e 247
C.3. Key management goals and objectives addressed in this project............ccoovevoeevoceeecoeeceeeceeeeeeeeeeen 249
D. PropOSEBA WOTK ...ttt 249
D1 PrOJECT EIBMEBNTS ..o, 249
D.2 Personnel and Collaborations .............covcuiiioiceceeeeeeee e 256
D3 DIIVEIADIES ... 256

E. Productivity from Past Work (during FY 13—T14) ..., 256
B DatA PrOGUCTS ...t 256
E.2. PUDIICATIONS 1N PrOGTESS... oottt 257
E.3. Presentations at GCDAMP MEETINGS ........o.oueeeeeeeeeeeeeee e, 257
E.4. Presentations at professional MEBETINGS..........c.vcioveceeee e, 258
FLREIBIBNCES ...t 258
G BUAGET . 263
Project 7. Population Ecology of Humpback Chub in and around the Little Colorado River............cccoocevovevocevecee. 266



AL INVESTIGATOTS ...ttt 266

B. PrOJECT SUMMAIY ...ttt 266
. BACKGIOUND ... 270
C.1. SCIENtIfic BACKGIOUN ..o 270
C.2. Management BaCKGrOUNG ...............o e 272
C.3. Key Monitoring and Research Questions Addressed in this project............ccoovvoveeeecoceeeeeeeeeeeeeeeeen 272
D. PropOSEBA WOTK ...ttt 274
D1 PrOJECT EIBMEBNTS ..., 274
D.2 Personnel and Collaborations .............coveuveiioiceceeeeeee e 281
D3 DEIVEIADIES ...ttt 281
E. Productivity from Past Work (during FY 13—T4) ..o, 281
BT DA PrOAUCTS ...ttt 281
E.2. Completed PUBIICATIONS ..., 282
E.3. PUDIICATIONS 1N PrOGTESS.... ..., 282
E.4. Presentations at GCDAMP MEETINGS ........o.oueeeeeeeeeeeeeee e, 282
E.5. Presentations at professional MEETINGS........o.iovieiieiee e 283
FUREBIBIBNCES ...t 283
G BUAGET .o 286
Project 8. Experimental Actions to Increase Abundance and Distribution of Native Fishes in Grand Canyon............... 289
AL INVESTIGATOTS ...ttt 289
B. PIOJECT SUMMAIY ..ottt 289
O 5= Tot (o] £0 1V OO 290
C.1. Management BackgrOoUNG ...........co.oooiiiiiiiceee e 290
C.2 Key Monitoring and Research Questions Addressed in this Project...........cocoovvvvoieveiocicccceeecece e 291
D. PrOPOSEA WOTK ...ttt 292
D1 PrOJECT EIBMEBNTS ..., 292
D.2 Personnel and Collaborations .............coveuiiioiceiceeeeeeeee e 296
D3 DEIIVETADIES ...t 296
E. Productivity from Past Work (during FY 13=T4) ..o, 297
BT DA PrOAUCTS ...ttt 297
E.2. PUDIICATIONS 1N PrOGTESS.....oveeeeceeeeeecee ettt 297
E.3. Presentations at GCDAMP MEELINGS ...........oveeeeoeceeeeeeeeeeeeeeeeeeee e, 297
E.4. Presentations at professional MEBETINGS..........c.vciov oo, 297
FLREIBIBNCES ...t 298
G BUAGET ettt 300
Project 9. Understanding the Factors Determining Recruitment, Population Size, Growth, and Movement of
Rainbow Trout in Glen and Marble CanYONS ...........c.oviviiiiciceeeee e 302
AL INVESTIGATOTS ...ttt ettt 302
B. PrOJECT SUMMAIY ... 302
(O 5= Tot (o] (0 1V OO 305
C.1. SCIENtIfIC BACKGIOUNG ... 309
C. 2. Key Monitoring and Research Questions Addressed in this Project...........cccoovovoveevococeeeeeeeeeeeeeeen 312
D. Proposed Work- Monitoring and RESEArch ProJECTS ..o 313
D.1. Project Elements- RESBAICH ..o, 313



D.2 Personnel @nd CollaDOIaTIONS ... ..o oottt ettt e, 326

D3 DEIVETADIES ...t 326
E. Productivity from Past Work (during FY 13—T4) ..o, 327
E.1. Completed PUBICATIONS ..., 327
E.2. PUDIICATIONS 1N PrOGTESS. .. oottt 327
E.3. Presentations at GCDAMP MEETINGS ........c.oeeeeceeeeeeeeee e, 327
E.4. Presentations at professional MEBETINGS..........c.ovciwieceee e, 327
FLREIBIBNCES ...ttt 328
G BUAGET et 335
Project 10. Where does the Glen Canyon Dam rainbow trout tailwater fishery end? - Integrating Fish and
Channel Mapping Data below Glen Canyon Dam ...........cc.co.ocioioieeceeeeeeee s 341
AL INVESTIGATOTS ...ttt ettt 341
B. PIOJECT SUMMAIY ...ttt 341
O 5= Tot (o] £0 1V OO 346
C.1. SCIENTIfIC BACKGIOUNG ... 347
C.2. Management BaCKgrOUNG ............c.oooviiiiciceeec s 359
C.3. Key Monitoring and Research Questions Addressed in this ProjeCt..........c.coovvveeieieieeiccieieeeeecece e 360
D PrOPOSEA WOTK ...t 362
D1 PrOJECT EIBMEBNTS ...ttt 362
D.2 Personnel and Collaborations .............covcuieiioiceceeeeeeee e 376
D3 DEIIVETADIES ...ttt 377
E. Productivity from Past Work (during FY 13=T14) ..., 377
BT DA PrOAUCTS ...ttt 377
E.2. Completed PUBICATIONS ..., 377
E.3. PUDIICATIONS 1N PIrOGIESS. ... 377
E.4. Presentations at GCDAMP MEBETINGS ........ooeeeeeeeeeeeeee e, 378
E.5. Presentations at professional MEBETINGS..........c.vciiieceeeee e, 378
FLREIBIBNCES ...t 378
G BUAGET et 384
Project 11. Riparian Vegetation Monitoring and Analysis of Riparian Vegetation, Landform Change and
Aquatic-Terrestrial linkages to Faunal CommMUNITIES ...........covimoeieeeeeeee e, 387
AL INVESTIGATOTS ...ttt 387
B. PIOJECT SUMMAIY ..ot 387
O 5= Tot (o] £0 1V OO 388
C.1. SCIENTITIC BACKGIOUNG ... 392
C.2. Management BaCKgrOUNG ............c.oooiiiicice e 393
C.3. Key Monitoring and Research Questions Addressed in this ProjeCt..........c.coovvveeveirioeicceeieeeeecece e 394
D PrOPOSEA WOTK ...t 395
D1 PrOJECT EIBMEBNTS ...ttt 395
D.2. Personnel and CollabOrations ............c.c.ouoveiuoiieiceeceeeeeeee e 415
D.3. DEHVEIADIES ... 415
E. Productivity from Past Work (during FY 13=T4) ..o, 415
BT DA PrOAUCTS ...ttt 415
E.2. Completed PUBICATIONS ..., 415

Vi



E.3. PUDIICATIONS 1N PrOGESS... ..., 415

E.4. Presentations at GCDAMP MEBETINGS ........ooeeeeeeeeeeeeee e, 415
E.5. Presentations at professional MEETINGS........c.c.vcuiveveeceeeeeeeeee e, 416
FLRBIBIEICES ..ottt 416
G BUAGET ettt 422

Project 12. Changes in the Distribution and Abundance of Culturally-Important Plants in the Colorado River
Ecosystem: A Pilot Study to Explore Relationships between Vegetation Change and Traditional Cultural

VBIUBS ...ttt 425
AL INVEBSTIGATOTS ...ttt 425
B. PrOJBCT SUMMEIY.......ceeeeeeee e 425
. BACKGIOUND ... 426

C.1. SCIENtIfic BACKGIOUN ..o 426
C.2. DFCs and Key Monitoring and Research Questions Addressed by this project............cccooovoveeececiecececn, 430
D. PropOSEBA WOTK ...t 431
D1 PrOJECT EIBMEBNTS ..., 432
D.2 Personnel and CollabOrations ............cc.ovevericiiieieeiee e 435
D.3 LINKAQES 10 Ot PrOJECTS . ..veeivieiei e 435
DA DEIVEIADIES ...ttt 436
B RETEIBNCES ...t 436
1T [0 =) SO an

Project 13. Socioeconomic Monitoring and RESBAICH ..............oieeoeeeeeeeeeeeeeeeeeeeee e, 443
AL INVESTIGATOTS ...ttt 443
B PrOJBCT SUMMEIY.......ceeeeeeee et 443
. BACKGIOUNG ...t 444

C.1. SCIENtIIC BACKGIOUN ... ..o 446
C.2. Key Monitoring and Research Questions Addressed in this project............ccoovovoveeecoeeeeeeeeeeeeeeeeen 448
D. PropOSEBA WOTK ...ttt 449
D1 PrOJECT EIBMEBNTS ..o, 449
D.2 Personnel and Collaborations .............covcuiiieicececeeeee e 454
D3 DEIVEIADIES ... 455
B RETEIBNCES ...t 455
L BUAGBT . 458

Project 14. Geographic Information Systems (GIS) Services and SUPPOIt............c.ooovooooeeeeeeeeeeeeeeeeeeee 460
AL INVESTIGATOTS ...ttt 460
B. PIOJECT SUMMAIY ...ttt 460
. BACKGIOUND ..o 461

C.1. SCIENtIfic BACKGIOUN ..o 461
C.2. Management BaCKgrOUNG ...........co.oooiiiiicice e 463
C.3. Key Monitoring and Research Questions Addressed in this ProjeCt..........c.coovveeveieioeiccieieeeeecee e 463
D. PropOSEBA WOTK ...ttt 464
D1 PrOJECT EIBMEBNTS ..., 464
D.2 Personnel and Collaborations .............covcuiiieieeceeeeeee e 468
D3 DIIVEIADIES ...t 468
E. Productivity from Past Work (during FY 13—T4) ..o, 468

vii



oI D 0 To (U163 £ 468

E.2. Presentations at GCDAMP MEETINGS ........ooeeeeeeeeeeeeeee e, 469

E.5. Presentations at professional MEETINGS........c.c.vcuiveveeceeeeeeeeee e, 470

10 [0 =) AT a7
Table 1. A list of GIS planned support for FY2015—-17 Triennial Work Plan .............cc.coovooovoeeeeeeeeeeeee. 472
ProjeCt 15, AUMINISTIATION ..., 474
BUAGET ..ttt 475
APDENTICES ...ttt 476
APPENIX T PrOJECT 1.t 477
Project 1. Lake Powell and Glen Canyon Dam Release Water-Quality Monitoring ..........ccocoovocevoceeccreceeceecee. 477
AL INVESTIGATOTS ...ttt ettt 477
B PrOJBCT SUMMEIY.......ceeeeeeee et 477
O 5= Tot (o] £0 1V OO 479
C.1. SCIENtIfIC BACKGIOUNG ... 479

C.2. Management BaCKGrOUNT .............oo oo 480

C.3. Key Monitoring and Research Questions Addressed in this ProjeCt..........c.coovvvieieieeiccieieeeeecee e 481

D PrOPOSEA WOTK ... 483
D1 PrOJECT EIBMEBNTS ...ttt 483

D.2 Personnel and CollabOrations .............cociuii e 486

D3 DEIVETADIES ...t 487

E. Productivity from PASt WOTK ..o 487
E . Data PrOGUCTS ...t 487

E.2. Completed PUBICATIONS ..., 487

E.3. PUBIICATIONS IN PIOGIESS. ... 488

E.4. Presentations at professional MEETINGS........c.c.vcivevececeeececeeeeee e, 488
FLREIBIBNCES ... 490
G BUAGET e 492
AAPDENTIX 2. ..ot 493
Appendix 2-A. Fiscal Years 2015—17 Funding RecOmMmMENation..........c..oouivovieceeeeeeeeeeeeeeeeeeeeeee e 494
Appendix 2-B. Actual Fiscal Year 2015 BUAGET .......c..ooiiii e 503
Appendix 2-C. Fiscal Year 2016 BUAGET ..o 513
Appendix 2-D. Fiscal YEar 2017 BUAGET.........o.ovoeeeeeeeeeeeeeeeeeeeee e 523
Appendix 3. Logistics and Schedules of River Trips and Field WOrk .............c.ooooooooceeeeeeeeeeeeeeeeeeeeee 528
Appendix 4. TWG Triennial Budget Input FY 201517 Consensus by full TWG on April 9, 2014 .........cocooovovovee 532

viii



Chapter 1. Bureau of Reclamation, Glen Canyon Dam
Adaptive Management Program, Triennial Budget and Work
Plan—Fiscal Years 201517

Introduction

The Glen Canyon Dam Adaptive Management Program (GCDAMP) is a science-based process
for continually improving management practices related to the operation of Glen Canyon Dam
(GCD) by emphasizing learning through monitoring, research, and experimentation, in fulfillment
of the consultation and research commitments of the Grand Canyon Protection Act (GCPA). The
Bureau of Reclamation’s (BOR) Upper Colorado Region (BRUC) is responsible for administering
funds for the GCDAMP and providing those funds for monitoring, research, and stakeholder
involvement. The majority of program funding is derived from hydropower revenues; however,
supplemental funding is provided by various Department of the Interior (DOI) agencies that receive
appropriations. These agencies include BOR, the U.S. Geological Survey (USGS), the National
Park Service (NPS), the U.S. Fish and Wildlife Service (USFWS), and the Bureau of Indian Affairs
(BIA).

The budget and work plan for fiscal years (FY) 2015-17 was developed on the basis of
previous budgets and work plans, the GCDAMP Biennial Budget and Work Process approved by
the AMWG on May 6, 2010, the Streamlined GCMRC Biennial Work Planning Process, version
April 3, 2011, and the May 7, 2014 memorandum from Assistant Secretary and Secretary’s
Designee Anne Castle on development of a tiennial GCDAMP Budget and Work Plan. Additional
consideration was given to meeting the commitments outlined in the following compliance
documents (1) the 2007 USFWS Biological Opinion for the Proposed Adoption of Colorado River
Interim Guidelines for Lower Basin Shortages and Coordinated Operations for Lake Powell and
Lake Mead (2007 Opinion); (2) the 2011 Reclamation Environmental Assessment (EA) and 2012
Finding of No Significant Impact (FONSI) for Development and Implementation of a Protocol for
High-Flow Experimental Releases from Glen Canyon Dam, Arizona, 2011 through 2020 (HFE
Protocol); (3) the 2011 Reclamation EA and 2012 FONSI for Non-native Fish Control Downstream
from Glen Canyon Dam (NNFC EA and FONSI); and the 2011 USFWS Final Biological Opinion
on the Operation of Glen Canyon Dam including High Flow Experiments and Non-Native Fish
Control (2011 Opinion). Additionally, this budget and work plan was developed in consideration of
the Long-Term Experimental and Management Plan Environmental Impact Statement (LTEMP
EIS).

The process used to arrive at the FY15-17 budget and work plan was adopted by the AMWG in
2004 and revised in 2010 to a 2-year fixed budget process, and subsequently revised to a triennial
budget process by the GCDAMP Secretary’s Designee on May 7, 2014. The Budget Ad Hoc Group
(BAHG) of the Technical Work Group (TWG), with input from the Cultural Resources Ad Hoc
Group (CRAHG), worked with the BRUC and GCMRC to develop a proposal for the TWG. The
TWG then reviews the proposed budget and work plan and develops a recommendation to the
AMWG.

The FY15-17 budget and work plan was also prepared in consideration of the projected
hydrograph for Lake Powell release for water year (WY) 2015, which is based on forecasted
inflows to Lake Powell and GCD releases determined by the 1996 Record of Decision on the
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operation of Glen Canyon Dam and the 2007 Record of Decision on Interim Guidelines for
Coordinated Operation of Lake Mead and Lake Powell. It also observes commitments made in the
2007 and 2011 U.S. Fish and Wildlife biological opinions. The projected hydrograph is based on
best estimates available from BOR’s 24-month study released in May 2014, however, the forecast
is subject to change as further data becomes available.
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A.1. Adaptive Management Work Group Costs

This budget represents BOR staff costs to perform the daily activities required to support the
Adaptive Management Work Group (AMWG), the GCDAMP Federal Advisory Committee Act
(FACA) committee. The work includes completing assignments resulting from AMWG meetings,
consulting with stakeholders on a variety of GCDAMP issues relating to the operation of GCD,
disseminating pertinent information to the AMWG, preparing and tracking budget expenses, and
updating BOR’s Web page. BOR also responds to regular requests from the General Services
Administration (GSA) to complete FACA reports and incorporate meeting and member
information into the FACA database. BOR is now required to complete all stakeholder travel,
activities that range from preparing travel authorizations to completing travel vouchers.

The primary goal is to perform all work associated with the AMWG in a timely and efficient
manner, while using the funds available as prudently as possible. Secondary goals include
increasing each stakeholder’s awareness of significant budget and legislative issues related to the
GCDAMP, improving working relationships with the AMWG members/alternates, finding
constructive ways to resolve differences, and addressing individual concerns in an open and
accepting forum of discussion.

BOR will work to ensure that personnel costs will not exceed what has been proposed in the
budget unless Federal employee salaries are increased above the consumer price index (CPI). BOR
staff will provide budget information to the AMWG on a regular basis. Completed work products
will be of high quality and promptly distributed to AMWG members/alternates and interested
parties. Budget reports will be presented in a format conducive to AMWG needs.

Budget FY15 =$196,530 FY16 =$202,425 FY17 =$208,498

Reclamation Project - Personnel Costs—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation
science/labor

Logistics field support

Project-related
travel/training

Operations/supplies — — — — — — —

Reclamation salaries 134,443 | 136,846 | 141,030 | 141,337 | 145578 | 149,944 | 154,443

Subtotal 134,443 | 136,846 | 141,030 | 141,337 | 145578 | 149,944 | 154,443
DOI Overhead (35%) 44,367 47,923 49,361 49,468 50,952 52,481 54,055
Project total 178,810 | 184,846 | 190,391 | 190,805 | 196,530 | 202,425 | 208,498

Total outsourced (%)
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A.2. AMWG Member Travel Reimbursement

This budget covers the costs to reimburse AMWG members or alternates to attend regularly
scheduled AMWG meetings.

Reimbursing AMWG members or alternates for travel expenses is done to encourage their
attendance at all meetings. Many members live outside of Phoenix, Arizona, where meetings are
often held. As a result, many members must incur travel costs. Having BOR provide
reimbursement to AMWG members or alternates for air travel or mileage for the use of private
vehicles, as well as other related travel costs such as hotel, per diem, and rental car increases
opportunities for members to participate in a variety of AMWG assignments. Because BOR can
purchase airline tickets at the Federal Government rate, there are additional cost savings to the
program.

The GCDAMP benefits from having all AMWG members participating in regularly scheduled
meetings. As a collective body, they address and resolve concerns associated with the operation of
GCD and make recommendations to the Secretary of the Interior for continued science efforts
performed below the GCD.

Budget FY15=$15,689 FY16 =$16,159 FY17 =$16,644

Reclamation Project - AMWG Travel Reimbursement—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation
science/labor

Logistics field support — — — — — — —

Project-related 17,671 | 14,756 | 15,199 | 15232 | 15,689 | 16,159 | 16,644
travel/training

Operations/supplies — — — — — — —

Reclamation salaries — —

Subtotal 17,671 | 14,756 | 15199 | 15232 | 15,689 | 16,159 | 16,644

DOI Overhead (35%) — — — — — — —
Project total 17,671 | 14,756 | 15,199 | 15,232 | 15,689 | 16,159 | 16,644

Total outsourced (%) — — — _ — — —
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A.3. AMWG Reclamation Travel

This budget supports travel expenses BOR staff incur to attend AMWG and ad hoc group
meetings. The primary goal is for BOR staff to be able to travel to meetings and participate in

completing AMWG/TWG assignments. By doing so, the program benefits from greater interaction
between BOR staff and GCDAMP members, and opportunities for BOR staff to obtain the latest

results from monitoring and research being conducted by the GCDAMP.

BOR staff will be involved with AMWG/TWG members in completing work assignments and
resolving issues that affect the GCDAMP. They will develop better working relationships with all

involved and work toward consensus with AMWG members on a variety of issues.

Budget

FY15=$16,097 FY16=%$16,580 FY17=%$17,077

Reclamation Project - Reclamation Travel—Funding History

Activity

2011

2012

2013

2014

Outside Reclamation
science/labor

Logistics field support

Project-related
travel/training

Operations/supplies

Reclamation salaries

Subtotal

DOI Overhead (35%)

Project total

Total outsourced (%)
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A.4. AMWG Facilitation Contract

This budget supports a facilitator who is under contract to BOR to provide facilitations services
for AMWG meetings. This person may also assist AMWG ad hoc groups in completing
assignments.

The facilitator’s primary responsibility is to keep the AMWG meetings organized and help the
members reach consensus on important issues. The facilitator will create an atmosphere in which
the members and other participants at AMWG meetings feel comfortable expressing their
individual viewpoints.

Budget FY15=$79,556 FY16=%$81,943 FY17=$84,401

Reclamation Project - Facilitation Contract—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation
science/labor

Logistics field support — — — — — — —

Project-related travel/training 27,274 | 40,531 | 41,747
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Operations/supplies — — — — — — —

Reclamation salaries — —_ _
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Subtotal 27,274 | 40,531 | 41,747

DOI Overhead (35%)

Project total 27,274 | 40,531 | 41,747
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Total outsourced (%) — — — — — — —
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A.5. Public Qutreach

This budget covers the expenses for BOR staff and the Public Outreach Ad Hoc Group
(POAHG) to develop materials for the GCDAMP public outreach efforts.

BOR public affairs staff and the POAHG will work jointly in developing materials to inform
and educate the public on the goals and administration of the GCDAMP. They will keep other
GCDAMP members advised of progress and expenditures.

Products will include fact sheets, Web site information, tribal outreach materials, video B-roll,
special events, conference participation, and other pertinent means of advising the public and
program members on the achievements of the GCDAMP. The POAHG will maintain accurate
records of payments made against the contracts and will keep BOR staff informed of discrepancies
or concerns.

Since 2010, this line item has accumulated approximately $100,000 in carryover funding as a
result of reduced activity. Part of the proposal for the FY15-17 triennial budget is to use $50,000 of
these funds each in FY15 and FY16 to implement the Glen Canyon Dam Administrative History
Pilot Project. This project would help accomplish the goals of the Public Outreach Ad Hoc Group
by providing a better understanding of the history of the GCDAMP, its work, and participants. The
pilot project will undertake the following:

e Begin developing oral histories and interviews with AMP historical figures
e Create an annotated bibliography for program related literature

e Create a website and library database for information archival and retrieval
e Create a chronological program overview including participants

e Develop a new participant’s handbook for the AMP.

Budget FY15=9$63,054 FY16=%$64,945 FY17=$66,893
Admin. History (carryover)
FY15=$50,000 FY16=$50,000 FY17=%0

Reclamation Project - Public Outreach—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation science/labor — — — — — _ _

Logistics field support

Project-related travel/training 2,000 2,000 2,000 2,000 2,000 2,000 | 2,000

Operations/supplies 2,500 2,500 2,500 2,500 2,500 2,500 | 2,500
Reclamation salaries 38,284 | 40,596 | 41,914 | 43,272 | 43,373 | 44,774 | 46,217
Subtotal 42,784 | 45,096 | 46,414 | 47,772 | 47,873 | 49,274 | 50,771
DOI Overhead (35%) 13,400 | 14,209 | 14,670 | 15,145| 15,181 | 15,671 | 16,176
Project total 56,184 | 59,305 | 61,084 | 62,917 | 63,054 | 64,945 | 66,893

Total outsourced (%) — — — — — — —
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A.6. AMWG Other

This budget represents some of the other “miscellaneous” expenses incurred in operation of the
AMWG, including the following expenses:
e Overnight mailings of AMWG meeting packets
e Copying of reports
e Purchasing meeting materials (cassette tapes, markers, paper, software upgrades for
GCDAMP Web site posting, etc.)
e Purchasing equipment (audio recording/transcribing machines).

In addition to the expenses noted above, training courses are often required for staff to keep
current on environmental issues, FACA changes, computer technology improvements, etc. The
primary goal is to limit spending on “other” items as much as possible. By doing so, more money
can be applied to science and research. Other expenses will be kept to a minimum in an effort to
reduce the administrative portion of the GCDAMP budget.

Budget FY15=$9,047 FY16=$9,318 FY17=$9,598

Reclamation Project - Other—Funding History

Activity 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017

Outside Reclamation
science/labor

Logistics field support — — — — — — —

Project-related travel/training 6,062 | 6,509 | 6,783 | 7,028 | 7,047 | 7,318 | 7,598
Operations/supplies 2,000 | 2,000 | 2,000| 2,000| 2,000| 2,000 2,000
Reclamation salaries — — — — | — — —
Subtotal 8,062 | 8,509 | 8,783 | 9,028 | 9,047 | 9,318 | 9,598
DOI Overhead (35%) — — — —

Project total 8,062 | 8509 | 8,783 | 9,028 | 9,047 | 9,318 | 9,598

Total outsourced (%) — — — — | — — —
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B.1. TWG Costs

This budget represents BOR staff costs to perform the daily activities required to support the
TWG, a subgroup of the AMWG. The work includes completing assignments resulting from TWG
meetings, consulting with stakeholders on a variety of GCDAMP issues relating to the operation of
GCD, disseminating pertinent information to TWG members, preparing and tracking budget
expenses, and updating the Web pages BOR maintains for the program. BOR also completes all
stakeholder travel activities, which range from preparing travel authorizations to completing travel
vouchers.

Personnel costs will not exceed what has been proposed in the budget unless Federal employee
salaries are increased above the CPI. BOR staff will provide budget information to the TWG on a
regular basis. Completed work products will be promptly distributed to TWG members/alternates
and interested parties.

Budget FY15=3$97,863 FY16=$100,799 FY17 =$103,823

Reclamation Project - Personnel Costs—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation science/labor — — —_ — — _ _

Logistics field support — — — — — — —

Project-related travel/training — — — — — — —

Operations/supplies — — — — — — —

Reclamation salaries 64,593 | 68,181 | 70,227 | 70,380 | 72,491 | 74,666 | 76,906
Subtotal 64,593 | 68,181 | 70,227 | 70,380 | 72,491 | 74,666 | 76,906
DOI Overhead (35%) 22,608 | 23,864 | 24579 | 24,633 | 25372 | 26,133 | 26,917
Project total 87,201 | 92,045 | 94,806 | 95,013 | 97,863 | 100,799 | 103,823

Total outsourced (%) — — — | — — — —
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B.2. TWG Member Travel Reimbursement

This budget provides funds to reimburse TWG members or alternates for expenses incurred to
attend regularly scheduled TWG meetings.

Reimbursing TWG members or alternates for travel expenses is done to encourage their
attendance at all meetings. By providing reimbursement to TWG members or alternates for air
travel or mileage for the use of private vehicles, as well as other related travel costs such as hotel,
per diem, and rental car increases opportunities for members to participate in a variety of TWG
assignments. Because BOR can purchase airline tickets at the Federal Government rate, there are
additional cost savings to the program.

The GCDAMP will benefit from having all the TWG members participate in regularly
scheduled meetings. As a collective body, TWG members address and resolve concerns associated
with the operation of GCD and make recommendations to the AMWG for continued research.

Budget FY15=$23,051 FY16=%$23,743 FY17=$24,455

Reclamation Project - TWG Member Travel Reimbursement—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation
science/labor

Logistics field support — — — — — — —

Project-related travel/training 24,232 | 21,861 | 22,331 | 22,380 | 23,051 | 23,743 | 24,455

Operations/supplies — — — — — — —

Reclamation salaries — — — — — _ _

Subtotal 24,232 | 21,861 | 22,331 | 22,380 | 23,051 | 23,743 | 24,455
DOI Overhead (35%) — — — — — — —
Project total 24232 | 21,861 | 22,331 | 22,380 | 23,051 | 23,743 | 24,455

Total outsourced (%) — — — — — — —
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B.3. TWG Reclamation Travel

This budget covers travel expenses that BOR staff will incur to prepare for and attend TWG
meetings and ad hoc group meetings resulting from AMWG/TWG assignments. The primary goal
is for BOR staff to be able to travel to meetings and participate in completing AMWG/TWG
assignments. BOR staff will continue to be involved in meeting with AMWG/TWG members to
complete work assignments and resolve issues that affect the operation of GCD. They will develop
better working relationships with all involved and work toward consensus on a variety of
GCDAMP issues.

Budget FY15=$15903 FY16=9$16,381 FY17=$16,872

Reclamation Project - Reclamation Travel—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation
science/labor

Logistics field support — — — — — — —

Project-related
travel/training

Operations/supplies — — — — — — —

Reclamation salaries — — — — — _ _

Subtotal 17,864 | 14,958 | 15407 | 15440 | 15903 | 16,381 | 16,872
DOI Overhead (35%) — — — — — — —
Project total 17,864 | 14,958 | 15,407 | 15,440 | 15903 | 16,381 | 16,872

Total outsourced (%) — — — — — — —
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B.4. TWG Chair Reimbursement/Facilitation

This budget supports a person who is under contract to BOR to serve as the chairperson for the
TWG. This person may also assist AMWG/TWG ad hoc groups in completing assignments. In the
event that the TWG chair salary is covered through funding outside the GCDAMP, these funds can
be used by BOR for administrative purposes or to cover professional facilitation of TWG issues.

The chairperson’s primary responsibility is to conduct regularly scheduled TWG meetings. The
chairperson also participates in ad hoc group assignments and works closely with BOR and
GCMRC staff in setting meeting agendas. The chairperson follows up on TWG and ad hoc group
assignments and ensures that information is shared with the members and alternates in a timely
manner.

The chairperson creates an atmosphere in which the members and other participants at TWG
meetings feel comfortable expressing their individual viewpoints. The chairperson will bring the
TWG members to consensus on sensitive issues with the ultimate goal of making recommendations
to the AMWG that incorporate the best scientific information available to the GCDAMP. The
chairperson will follow up on action items and make assignments as necessary to accomplish TWG
objectives.

Part or all, of this budget may also be used to support a facilitator who is under contract to BOR
to provide facilitations services for TWG meetings. This person may also assist TWG ad hoc
groups in completing assignments. The facilitator will help keep the TWG meetings organized and
help the members reach consensus on important issues. The facilitator will create an atmosphere in
which the members and other participants at TWG meetings feel comfortable expressing their
individual viewpoints.

In 2013, a solicitor review of the legal authority to expend federal monies to fund the TWG
Chair was initiated. Pending the results of this review this budget item may be modified or
eliminated.

Budget FY15=$32,050 FY16=$33,012 FY17=$34,002

Reclamation Project - TWG Chair Reimbursement—Funding History

Activity 2011 2012 2013 | 2014 2015 2016 | 2017

Outside Reclamation
science/labor

Logistics field support — — — — — — —

Project-related
travel/training

Operations/supplies — — — — — — —

Reclamation salaries — — — — — — _

Subtotal 24913 | 30,145| 31,049 | 31,980 | 32,050 | 33,012 | 34,002
DOI Overhead (35%) — — — — — — —
Project total 24913 | 30,145 | 31,049 | 31,980 | 32,050 | 33,012 | 34,002

Total outsourced (%) — — — — — — —
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B.5. TWG Other

This budget represents some of the other “miscellaneous” expenses incurred in support of the
TWG, including the following expenses:
Overnight mailings of TWG meeting packets

Copying of reports

The primary goal is to limit spending on “other” items as much as possible. By doing so, more
money can be spent on science and research. Other expenses will be kept to a minimum in an effort

to keep within the GCDAMP budget.

Purchasing meeting materials (cassette tapes, markers, paper, etc.)
Purchasing equipment (audio recording/transcribing machines)

Budget FY15=$2585 FY16=%$2,662 FY17=%2,742
Reclamation Project - Other—Funding History

Activity 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017
Outside Reclamation
science/labor B B B B B B B
Logistics field support — — — — — — —
Project-related travel/training 2,303 | 2,431 | 2504 | 2509 | 2585 | 2,662 | 2,742
Operations/supplies — — — — — — —
Reclamation salaries — — — — — — —
Subtotal 2,303 | 2,431 | 2,504 | 2509 | 2585 | 2,662 | 2,742
DOI Overhead (35%) — — — — — — —
Project total 2,303 | 2,431 | 2,504 | 2509 | 2585 | 2,662 | 2,742
Total outsourced (%) — — — — — — —
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C.1. Administrative Support for NPS Permitting

This budget item provides funding to support the Grand Canyon National Park permitting of
research and monitoring projects conducted under the GCDAMP. Grand Canyon National Park
employs a permitting specialist and staff who review all proposals for projects to be completed in
the park. The program provides these funds under the auspices of the GCDAMP to offset the park’s
administrative burden in providing permitting services. The primary goal is to ensure that projects
conducted under the GCDAMP are reviewed and permitted by the NPS. Projects conducted under
the GCDAMP will receive permits from the NPS in a timely manner.

Budget

FY15=$137,319 FY16 =$140,046 FY17 = $144,166

Reclamation Project - Administrative Support for NPS Permitting—Funding History

Activity

2011

2012

2013

2014

2015

Outside Reclamation
science/labor

Logistics field support

Project-related travel/training

Operations/supplies

Reclamation salaries

Subtotal

120,240

121,882

126,242

125,811

129,586

133,743

137,478

DOI Overhead (35%)

Project total

120,240

121,882

126,242

147,318
*

137,319

140,046

144,166

Total outsourced (%)

* 2014 includes $17,297 cost reimbursement from FY12 & 13.
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C.2. Contract Administration

This budget covers the expenses for BOR staff to prepare and monitor contracts associated with
the GCDAMP. Specifically, these contracts are for AMWG facilitation, TWG chairperson
reimbursement, Science Advisors, Tribal participation, Tribal resource monitoring, and
programmatic agreement (PA) work.

BOR contract specialists will accurately apply funds spent on individual contracts to ensure
costs do not exceed contract limits. They will keep other BOR staff informed as to those charges so
accurate reporting can be made to both AMWG and TWG members.

Contract specialists will ensure that individual contractors are fulfilling the requirements of
their contracts. They will maintain accurate records of payments made against the contracts and
will keep BOR staff informed of discrepancies or concerns. Work will be completed on time and
within the limits of the contract.

Budget FY15=$45,362 FY16=2%$46,723 FY17 =$48,124

Reclamation Project - Contract Administration—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation
science/labor

Logistics field support — — — — — — —

Project-related
travel/training

Operations/supplies — — — — — — —

Reclamation salaries 29,491 | 31,604 | 32,552 | 32,623 | 33,601 | 34,610 | 35,647
Subtotal 29,491 | 31,604 | 32,552 | 32,623 | 33,601 | 34,610 | 35,647
DOI Overhead (35%) 10,479 | 11,061 | 11,393 | 11,418 | 11,761 | 12,113 | 12,477
Project total 40,420 | 42,665 | 43,945 | 44,041 | 45,362 | 46,723 | 48,124

Total outsourced (%) — — — — — — —

23



C.3. Science Advisor Contract

This budget provides funding to support Science Advisors for technical reviews and advisory
services to the GCDAMP. The program provides these funds under the auspices of the GCDAMP
to obtain objective independent review of documents and work plans, and provide decision support
to participating agencies and stakeholders.

Budget

FY15 = $75,000

FY16 =$77,250 FY17 =$79,568

Science Advisor Contract Oversight — Funding History

Activity

2011

2012

2013

2014

2015

2016

2017

Outside Reclamation
science/labor

Logistics field support

Project-related
travel/training

Operations/supplies

Reclamation salaries

Subtotal

DOI Overhead (35%)

Project total

Total outsourced (%)
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C.4. Experimental Fund

This budget item reserves funds for conducting experiments under the GCDAMP. The funds
will be available to conduct experiments when conditions are appropriate. If the funds are not
needed in a given year, they will be transferred to the Native Fish Conservation Contingency Fund.

In 2015, $250,000 of the fund would be used to install acoustic flow meters on the jet tubes at
Glen Canyon Dam. The HFE Protocol is a GCDAMP experiment and better instrumentation is
required to adequately monitor HFEs. The project is further defined below in C.5. Installation of

Acoustic Flow Meters in Glen Canyon Dam Bypass Tubes.

Budget

FY15 =$286,815 FY16 = $552,920 FY17 = $569,507

Reclamation Project - Experimental Carryover Funds—Funding History

Activity

2011

2012

2013

2014

2015

2016

2017

Outside Reclamation
science/labor

Logistics field support

Project-related
travel/training

Operations/supplies

Reclamation salaries

Subtotal

505,838

521,013

515,000

521,180

$286,815

552,920

569,507

DOI Overhead (35%)

Project total

505,838

521,013

515,000

521,180

$286,815

552,920

569,507

Total outsourced (%)
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C.5. Installation of Acoustic Flow Meters in Glen Canyon Dam Bypass Tubes

Reclamation needs an accurate measurement of releases through the four bypass tubes at Glen
Canyon Dam. Releases from the bypass tubes are currently estimated from rating curves that relate
the hollow jet valve opening percentages and reservoir water surface elevation to a flow through
each bypass tube. Independent flow measurements of the river and water surface elevation
measurements during recent use of the bypass tubes during the November 2013 High Flow
Experiment (HFE) indicate that these rating curves likely underestimated the total bypass flow by
about 12% (about 2,000 cfs). This resulted in a total bypass release of approximately 17,000 cfs
and an average release rate of approximately 4,250 cfs from each bypass tube.

The error found in the rating curve estimate of the bypass tube release is a safety concern. The
maximum safe release rate from each bypass tube is 3,750 cfs. This limit is based on limiting the
velocity of water in the bypass tubes to prevent possible cavitation and resulting damage to the
tubes. The water velocity when the bypass tubes are operated at the maximum recommended
capacity is approximately 24 feet per second. During the November 2013 HFE, when outlet works
releases were approximately 17,000 cfs, or 4,250 cfs for each bypass tube, the water velocity
through the bypass tubes was approximately 27 feet per second, which potentially could have
created cavitation damage within the bypass tubes, although there is no evidence damage has
occurred from past use of the bypass tubes.

Accurate release measurements are also needed for accounting purposes to measure the total
water released from Glen Canyon Dam. The 2007 Interim Guidelines, which govern the annual
operations of Glen Canyon Dam, outline the required annual release volumes based on reservoir
elevations. For HFE releases to utilize bypass tubes and be accurately accounted for as part of the
required annual volumes, accurate measurements are required. Accurate release measurements are
also needed to monitor the effects of HFEs. The ability to analyze the effects of HFEs to
downstream resources will benefit from more accurate and precise measurements of the HFE
release.

This project would install acoustic flow meters (AFMSs) on each of the four bypass tubes to
allow real time accurate measurement of the flow occurring through each bypass tube. The AFM
instrumentation will also be installed on the outlet works in such a way as to be incorporated into
the SCADA system like the AFMs already installed on each of the power penstocks.

To address safety concerns, during future HFEs, if AFMs have not been installed on the outlet
works, the flow through each bypass tubes will be manually limited to no more than 3,750 cfs
using a correction factor based on the current estimation of the error in the rating curves. The
uncertainty of the error could result in releases from each bypass tube that is from about 0 to 500
cfs less than the safe capacity of 3,750 cfs. This potentially could reduce the peak release during
HFEs by as much as 2,000 cfs from the intended peak.
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Budget FY15 = $250,000 FY16 = $0 FY2017 = $0

Reclamation Project — Native Fish Conservation Contingency Fund—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation — — — — $250,000 | — —
science/labor

Logistics field support — — — — — — —

Project-related travel/training | — — — — — — —

Operations/supplies — — — — — — —

Reclamation salaries —_ — —_ — — — _

Subtotal — — — — $250,000 | — —

DOI Overhead (35%) — — — — — — —

Project total — — — — — — —

Total outsourced (%) — — — — $250,000 | — —
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C.6. Native Fish Conservation Contingency Fund

This budget item establishes a native fish conservation contingency fund. The goal of this
budget item is to ensure that funds are available for nonnative fish control in the event this
conservation action is needed for endangered humpback chub. This is a fund consisting of
GCDAMP carryover funds from prior years and serves to ensure that funds are available for the
control of nonnative fish should the need arise. This fund will implement nonnative fish control
actions as defined in the 2007 and 2011 Opinions, and the NNFC EA and FONSI. Should excess
funds become available beyond those needed for non-native fish control, these funds could be
expended on other research, monitoring, and management actions that help conserve native fish.
This fund will be incrementally increased with future carryover dollars when available.

In FY15 $364,052 will be used to fund several important fisheries research and monitoring
projects that will benefit native fish species. Funding these projects will still allow for sufficient
funds to conduct nonnative fish control should the need arise over the course of the FY15-17
period. These projects are identified and described in the GCMRC FY15-17 Budget and Work
Plan, and include the following:

6.2 Aggregation recruitment $83,750

6.3 Monitoring mainstem aggregations with PIT tag antennas (pilot) $18,444

6.6 Direct mainstem augmentation of humpback chub $9,790

7.3 July Little Colorado River juvenile humpback chub marking to estimate production and
outmigration $112,172

e 7.6 Potential for gravel substrate limitation for humpback chub reproduction in the

LCR $11,600
e 7.7 Evaluate CO2 as a limiting factor early life history stages of humpback chub in the

Little Colorado River $86,420
e 7.9 Development of a non-lethal tool to assess the physiological condition of humpback

chub in the Colorado and Little Colorado Rivers $41,876

Budget FY15=$824,079 FY16=$1,110,894 FY2017 = $1,667,414

Reclamation Project — Native Fish Conservation Contingency Fund—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation — — — _
science/labor

Logistics field support — — — —

Project-related travel/training | — — — —

Operations/supplies — — — —

Reclamation salaries — — — _

Subtotal 49,049 | 50,521 | 782,660 | 667,947 | 824,079 1,110,894 | 1,667,414
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DOI Overhead (35%)

Project total

49,049

50,521

782,660

667,947

824,079

1,110,894

1,667,414

Total outsourced (%)
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D.1. Cultural Resources Program Administrative Costs

This budget funds the salary and travel expenses of BOR staff to administer the National
Historic Preservation Act (NHPA) compliance for the GCDAMP. This includes the 1994 PA for
Glen Canyon Dam Operations, the 2012 Memoranda of Agreement (MOA) documents for Non-
native Fish Control and the HFE Protocol, and general needs of tribal consultation for the
GCDAMP. This also includes BOR staff administration costs associated with maintaining the
grants for tribal participation in the GCDAMP and tribal contracts to implement tribal monitoring
protocols.

Project Goals and Objectives

e Management of five tribal grants from both appropriated funds for participation in the
GCDAMP and power revenues to provide implementation of tribal monitoring protocols.

e Management of the monitoring and data recovery of at-risk historic properties and other
related projects associated with implementation of NHPA compliance agreements for the
operation of Glen Canyon Dam.

e Attending TWG and AMWG meetings, Cultural Ad Hoc Group meetings, and conducting
meetings required by the 1994 PA and 2012 MOA:s.

Compliance with the National Historic Preservation Act, Section 106 is the primary outcome of
this project, which also ensures accountability for the tribal grants and contracts and appropriate
use of both appropriated dollars and power revenues.

Budget FY15=$135,249 FY16 =$139,307 FY17 = $143,486

Reclamation Project - Cultural Resources Program Administrative Costs—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation science/labor — — — — — _ _

Logistics field support — — — — — — —

Project-related travel/training 3,000 3,000 9,000 9,000 9,000 9,000 9,000
Operations/supplies — — — — — — —
Reclamation salaries 42,409 | 45,353 | 88,029 | 90,600 | 93518 | 96,524 | 99,619
Subtotal 45409 | 47,575 | 94,696 | 97,267 | 102,518 | 105,524 | 108,619
DOI Overhead (35%) 14843 | 15,873 | 30,810 | 31,710 | 32,731 | 33,783 | 34,867
Project total 60,252 | 64,226 | 127,839 | 131,310 | 135,249 | 139,307 | 143,486

Total outsourced (%) — — — — — — —
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D.2. Cultural Resources Work Plan

1. Glen Canyon National Recreation Area Monitoring and Mitigation

In FY15, Glen Canyon NRA proposes to conduct data collection and monitoring of cultural
resources at sites potentially affected by operations of the Glen Canyon Dam. Results from these
efforts will inform the timing and scope of remedial action treatments proposed in out years for
sites in Glen Canyon NRA. The FY15 scope of work includes two components: 1) implement the
long-term monitoring program; and 2) conduct consultation with the five tribes to develop a plan of
action to obtain tribal values. By so doing, Glen Canyon NRA gathers the data needed to assess
effects on the sites, landscape and Traditional Cultural Property of Glen Canyon Reach. This work
will help inform and be integrated into the long-term monitoring program proposed under
Component 1 below.

Component 1: Implement the Long-term Monitoring Program for Terrestrial and Submerged Cultural
Resources

Long-term monitoring of cultural resources in the Glen Canyon Reach is required under the
Grand Canyon Protection Act. These activities were formally conducted annually from 1992 to
1998 and again in 2003. Stipulations in the MOA for the Glen Canyon Dam High Flow
Experiment Protocol identify the need for monitoring programs to determine potential adverse
effects to previously unidentified sites and to include assurances that programs efficiently and
effectively gather the data needed to assess effects on locations of cultural and religious importance
to Tribes. Glen Canyon NRA recognizes the limitations of its section 110 activities to fulfill the
BOR’s 106 obligations for the operations of Glen Canyon Dam. We therefore provide the
following proposal for long-term monitoring activities to assist the BOR in meeting their
compliance obligations.

Implementation of the proposed long-term monitoring program will be conducted by NPS
through Glen Canyon NRA and coordinated with other NPS entities, the BOR, Grand Canyon
Monitoring and Research Center (GCMRC), Tribes, and other stakeholders. Additional NPS
entities involved will include Grand Canyon National Park, Submerged Resources Center (SRC),
and Midwest Archeological Center. General monitoring methodologies will include periodic visual
inspection, condition assessment, and evaluation via on-site monitoring and repeat photography.
The format of monitoring data will be finalized following review and coordination with partners
and stakeholders. Sites selected for monitoring will be chosen through a review of existing data on
archeological sites that are potentially affected by Glen Canyon Dam operations and include a
control group of sites for comparison. Timing for monitoring of all resources will coincide with a
schedule appropriate for evaluating the potential effects of dam operations with an emphasis on
effects resulting from the HFE Protocol. Summary reports will be completed and submitted
annually.

In addition to terrestrial monitoring, the NPS SRC will continue monitor the submerged
Spencer Steamboat (AZ: C: 02:011, Feature 12) for baseline data collection in April of 2014.
Monitoring will continue if the report completed by NPS SRC recommends continued monitoring
or mitigation.

In FY16 and FY17, Glen Canyon NRA proposes to continue data collection and monitoring of
cultural resources at sites potentially affected by operations of the Glen Canyon Dam. Results from
these efforts will inform the timing and scope of remedial action treatments proposed in out years
for sites in Glen Canyon NRA.

31



Component 2: Address Tribal Values

Glen Canyon NRA will conduct consultation with the five tribes to determine the protocol by
which tribal values will be gathered and used to inform monitoring and potentially mitigation of
locations of cultural and religious importance. This information should contribute to long-term
monitoring and/or mitigation through potential non-intrusive and/or intrusive excavation.

Budget FY15=$61,000 FY16 =$145,000 FY17 =$104,000

2. Zuni Associative Values

When historic properties are valued for their association with important historical events and
important people, mitigation may be accomplished by documenting those associations. This
project mitigates for losses of these values through the production of a DVD. Zuni religious
leaders will be interviewed and asked to express their views and feelings about the importance of
Grand Canyon, the Colorado River, the Little Colorado River, Ribbon Falls, and Zuni ancestral
archaeological sites in Zuni culture, heritage, and the continuing sense of Zuni community. The
DVD will be recorded on location within the Grand Canyon. Zuni heritage themes discussed in the
DVD will be the emergence, the creation of medicine bundles, the migrations, and the continuing
relational spiritual connection between the Pueblo of Zuni and the Grand Canyon. The final DVD
is intended for use in the Zuni school systems, available for the Zuni general public through the
Zuni libraries, and for use in educating GCDAMP stakeholders about the Zuni relationship to
Grand Canyon.

Budget FY15=$100,000 FY16 =$30,000 FY17=$0

3. Support for GCMRC's Project 4

This project will examine deposition of aeolian sand from HFE-created sand bars on historic
properties within the area of potential effect of future dam operations. The primary objectives of
element 4.2. are to 1) draft and 2) implement a monitoring plan that meets requirements for
monitoring effects of dam operations to cultural resources relative to the National Historic
Preservation Act and Grand Canyon Protection Act. The plan will be designed to identify whether,
and how much, HFE sand is transported by wind to a representative sample of archaeological sites,
and to measure the effect that wind transported sand has on site surface condition and site stability
(i.e., the degree to which this mitigates effects from precipitation induced gully erosion and other
surface impacts). Year 1 of the project will focus on drafting, reviewing, revising, and pursuing
approval for the monitoring plan. Years 2 and 3 of the project will focus on implementing the
monitoring plan. The draft plan will make a recommendation of the sample of archaeological sites
that should be monitored, but stakeholders (presumably including the BOR, NPS, SHPO, ACHP
and tribes) will need to work very closely with GCMRC in year 1 of the project to come to
agreement on the monitoring protocol and set of sites that is ultimately monitored. The monitoring
plan will be designed in the context of the archaeological site classification developed and applied
in 2013 and 2014 which provides useful, site-specific expectations of landscape response to dam
operations and controlled floods. While recent monitoring efforts have focused on the use of lidar
to measure topographic changes, in drafting the monitoring plan, GCMRC will also consider the
use of other monitoring methods and tools. Funding in FY 2015 also includes funding for tribal
consultation and review of the monitoring plan.
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Budget FY15=$180,000 FY16 =$150,000 FY17 =$186,450

4. TEK Ecological Restoration Project

Based on the proposed completion of a Determination of Eligibility for Grand Canyon as a
Hualapai TCP, this project will be a mitigation measure for vegetation that can be contributing
elements to the TCP, such as the Gooddings Willow at Granite Park. The project will comprise
planning (choosing collection areas and restoration sites), especially during the first year, site
preparation (e.g., tamarisk removal if necessary), and some limited planting of certain species in
select locations as pilot plots. Other aspects of the project are envisioned as longer term efforts, in
particular propagating and nurturing Gooddings willow, cottonwood, and possibly other tree
species, as well as research and monitoring for associated changes in ecological conditions.

Budget FY15=%$99,000 FY16=$100,000 FY17 =$100,000

5. Tribal Synthesis

This project will increase the understanding of the Native American perspective within the
GCDAMP by utilizing Traditional Ecological Knowledge (TEK). The project will evaluate the
management of other river systems and the involvement of Native Americans, increase tribal
participation in the GCDAMP planning and management process and integrate tribal perspectives
into the AMP science program.

Budget FY15=$0 FY16 = $50,000 FY17 =$50,000

6. Annual Integrated River Trip: An Exchange of Values and World-Views

The objective of this project is to provide an opportunity for tribal representatives and
GCDAMP stakeholders to articulate their respective concerns and issues in a field situation. Each
river trips will be agenda-driven and may also include restoration projects.

Budget FY15=$30,000 FY16=%$30,000 FY17=$30,000

7. Nonnative Fish Removal Consultation

This project provides funding to support ongoing tribal consultation-related expenses associated
with implementation of the Nonnative Fish Control EA, FONSI, and NHPA MOA. Should
mechanical removal of non-native fish be necessary, this funding would be used to support tribal
consultation and tribal participation in nonnative fish control efforts.

Budget FY15=$10,000 FY16=$10,000 FY17=$10,000

8. Tribal Preparation of Paperwork for DOE of Grand Canyon to National Register

This project provides funding to support and assist tribes to prepare the paperwork to prepare
determinations of eligibility (DOE) of the Grand Canyon and contributing elements to the National
Register of Historic Places as a Traditional Cultural Property. This would be done under criteria a
and b.
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Budget FY15=%20,000 FY16=%$0 FY17=$%0
Summary budget table for cultural resources work plan.
FY | GLCA Zuni GCMRC | Tribal Tribal Tribal NN Tribal Total
Treat/ Assoc. Proj. 4 TEK Veg. | Synth. River Trip | Removal | NRHP
Monitor Values Consult. | Nom.
15 $61,000 $100,000 | $180,000 | $99,000 $0 $30,000 $10,000 | $20,000 | $500,000
16 $145,000 | $30,000 $150,000 | $100,000 | $50,000 | $30,000 $10,000 | $0 $515,000
17 $104,000 | $0 $236,450 | $100,000 | $50,000 | $30,000 $10,000 | $0 $530,450
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D.3. Integrated Tribal Resources Monitoring

This budget item provides funds to identify traditional cultural properties (TCPs) and
implement Native American monitoring protocols that were developed in FY 2007 and
recommended by the TWG as part of efforts to develop a core-monitoring program.

In addition, the five GCDAMP Tribes (Hopi Tribe, Hualapai Tribe, Kaibab-Paiute Tribe,
Pueblo of Zuni, and Navajo Nation) will work with BOR and the NPS to implement monitoring of
historic properties in Glen and Grand Canyons. This will be accomplished by adding an additional
3 days to the annual GCDAMP monitoring trips.

The primary goal of this activity is to evaluate the effects of dam operations and other actions
under the authority of the Secretary of the Interior on resources of value to Native American Tribes.
A secondary goal is to conduct condition monitoring of historic properties to assist BOR in
compliance with Section 106 of the National Historic Preservation Act.

Annual reports will be prepared detailing activities, findings, and monitoring data that result
from implementing core-monitoring protocols for historic properties. Condition monitoring data
will be provided to BOR to assist in prioritization of historic properties for treatment in subsequent
years. In addition, monitoring data will be used to update NPS databases.

Budget FY15=$162,227 FY16 =$167,094 FY17 =$172,107

Reclamation Project - Integrated Tribal Resources Monitoring—Funding History

Activity 2011 2012 2013 2014 2015 2016 2017

Outside Reclamation
science/labor

Logistics field support — — — — — — —

Project-related
travel/training

Operations/supplies — — — — — — —

Reclamation salaries — — — — — — _

Subtotal (power 144,553 | 148889 | 157,160 | 161,875 | 162,227 | 167,094 | 172,107

revenues)

DOI Overhead (35%) — — — — — — _
Appropriated Funds 75,000 — — — — — _
Project total 219,553 | 148,889 | 157,160 | 161,875 | 162,227 | 167,094 | 172,107

Total outsourced (%) — — — — — — —
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D.4. Tribal Participation in the GCDAMP

This budget item provides funding through agency appropriations (not power revenues) for the
participation in GCDAMP meetings, resource monitoring, and government-to-government
consultation of the five GCDAMP Tribes (Hopi Tribe, Hualapai Tribe, Kaibab Paiute Tribe, Pueblo
of Zuni, Navajo Nation) and five DOI agencies (U.S. Geological Survey, National Park Service,
BOR, U.S. Fish and Wildlife Service, and Bureau of Indian Affairs), with BOR serving as lead
agency. The purpose of the funding is to ensure tribal viewpoints are integrated into continuing
GCDAMP dialogs, votes, and in the final recommendations made to the Secretary of the Interior.
The five DOI agencies provide appropriated funding to support this budget item.

Budget FY15 =$475,000 FY16 =$475,000 FY17 =$475,000

Reclamation Project E. Tribal Participation in the GCDAMP: Funding History

Activity

2008

2009

2010

2011

2012

2013

2014

Outside Reclamation
science/labor

Logistics field support

Project-related travel/training

Operations/supplies

Reclamation salaries

Subtotal

475,000

475,000

475,000

475,000

475,000

475,000

475,000

DOI Overhead (35%)

Project total

475,000

475,000

475,000

475,000

475,000

475,000

475,000

Total outsourced (%)

100%

100%

100%

100%

100%

100%

100%
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Glen Canyon Dam Adaptive Management Program

FY 2015-17 Preliminary Draft Budget for the Bureau of Reclamation

FY15 with | FY16 with | FY17 with
Description
3.0% CPI 3.0% CPI 3.0% CPI
A. AMWG
Personnel Costs - Labor & Burden 196,530 202,425 208,498
AMWG Member Travel Reimbursement 15,689 16,159 16,644
AMWG Reclamation Travel Reimbursement 16,097 16,580 17,077
Facilitation Contract 79,556 81,943 84,401
POAHG Expenses - Labor, Burden, & Travel 63,054 64,945 66,893
Other 9,047 9,318 9,598
Subtotal 379,972 391,371 403,112
B. TWG
Personnel Costs - Labor 97,863 100,799 103,823
TWG Member Travel Reimbursement 23,051 23,743 24,455
Reclamation Travel 15,903 16,381 16,872
TWG Chair / Facilitation 32,050 33,012 34,002
Other 2,585 2,662 2,742
Subtotal 171,453 176,596 181,894
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C. OTHER

Admin Support NPS Permitting 137,319 140,046 144,166
Contract Administration - Labor, Burden, Travel 45,362 46,723 48,124
Science Advisor Contract 75,000 77,250 79,568
Experimental Fund 286,815 552,920 569,507
Installation of Acoustic Flow Meters in Glen
Canyon Dam Jet Tubes 250,000 0 0
Native Fish Conservation Contingency Fund 824,079 1,110,894 1,667,414
Subtotal 1,618,575 1,927,833 2,508,779
D. CULTURAL PROGRAM
Reclamation Administration and Travel 135,249 139,307 143,486
Cultural Resources Work Plan 500,000 515,000 530,450
Integrated Tribal Resource Monitoring 162,227 167,094 172,107
Subtotal 797,476 821,401 846,043
Reclamation Power Revenue Costs Total 2,967,477 3,317,201 3,939,828
Reclamation Power Revenue Costs w/o 2.143.398 2.206.307 2272414

Carryover
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Glen Canyon Dam Adaptive Management Program

FY 2015-17 Preliminary Draft Budget for the Bureau of Reclamation

Description FY15 FY16 FY 17

OTHER APPROPRIATED FUNDS

TRIBAL CONTRACTS (Appropriated Funds)

Hopi Tribe 95,000 95,000 95,000 95,000
Hualapai Tribe 95,000 95,000 95,000 95,000
Navajo Nation 95,000 95,000 95,000 95,000
Pueblo of Zuni 95,000 95,000 95,000 95,000
Kaibab Band of Paiute Indians 95,000 95,000 95,000 95,000
DOI Agency Appropriated Funds Total $475,000 | $475,000 | $475,000 $475,000
Total $475,000 | $3,492,477 | 4,092,201 | $4,664,828

Total w/o Carryover $2,618,398 | $2,681,307 | $2,747,414
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Chapter 2. U.S. Geological Survey, Southwest Biological Science Center,
Grand Canyon Monitoring and Research Center Triennial Budget and Work
Plan—Fiscal Years 2015-2017

Introduction

The Glen Canyon Dam Adaptive Management Program (GCDAMP) is an advisory process
wherein protection and management of Colorado River resources downstream from Glen
Canyon Dam are considered in planning dam operations. The Grand Canyon Protection Act of
1992 directs the Secretary of the Interior (the Secretary) to establish and implement long-term
monitoring programs to ensure that Glen Canyon Dam is operated “... in such a manner as to
protect, mitigate adverse impacts to, and improve the values for which Grand Canyon National
Park and Glen Canyon National Recreation Area were established....” The Final Environmental
Impact Statement (EIS) for Operation of Glen Canyon Dam (U.S. Department of the Interior,
1995) recommended creation of a federal advisory committee to advise the Secretary on adaptive
management of operations of the dam. The Record of Decision for the EIS that was signed in
October 1996 created this federal advisory committee, and the charter of the Adaptive
Management Work Group (AMWG) that implements the GCDAMP was signed in January 1997.
Many stakeholders who are members of the AMWG also participate at a technical level in the
Technical Work Group (TWG), and the TWG formulates recommendations about research and
monitoring for consideration by the AMWG.

The USGS Grand Canyon Monitoring and Research Center (GCMRC) provides the primary
science support for the GCDAMP, and this responsibility is described in numerous
administrative documents. The 2002 Strategic Plan for the GCDAMP (Glen Canyon Dam
Adaptive Management Work Group, 2002, p. 5) states that the GCMRC “serves as the science
center for the Glen Canyon Dam Adaptive Management Program.”

The GCDAMP budget is administered by the Bureau of Reclamation (Reclamation). One
part of the GCDAMP budget supports Reclamation’s administrative and staff travel costs,
provides reimbursements to AMWG members and members of other GCDAMP committees and
subcommittees, provides meeting facilitation and public outreach, and supports compliance
activities. Reclamation funding, with equal support from four other agencies of the Department
of the Interior, supports Native American tribal participation in many aspects of the program.
These aspects of the program are described in Chapter 1.

Approximately 80 percent of the GCDAMP annual budget supports the monitoring and
research work of the GCMRC. The GCMRC is formally organized as a research station within
the USGS Southwest Biological Science Center. The GCMRC was originally organized as a
small contracting office, and the majority of scientific work — field data collection and related
analysis — was undertaken by contractors and collaborators, including universities, sister
agencies, and private companies (Roles Ad Hoc Group of the Glen Canyon Dam Adaptive
Management Work Group, 2008, p. 39-41.). With time, the proportion of monitoring and
research work conducted by GCMRC staff has increased, and this trend of increasing science
activity within GCMRC is also reflected in this work plan.
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Purpose

In fiscal years 2015, 2016, and 2017 (FY15-17), the GCMRC and its cooperators will
undertake monitoring and research activities about the status and trends of natural, cultural, and
recreational resources of the Colorado River between Glen Canyon Dam and Lake Mead
reservoir; this segment of the Colorado River is administratively termed the Colorado River
ecosystem (CRe). The CRe is defined as “the Colorado River mainstem corridor and interacting
resources in associated riparian and terrace zones, located primarily from the forebay of Glen
Canyon Dam to the western boundary of Grand Canyon National Park.” GCMRC will also
continue to monitor the water quality of Lake Powell reservoir through a program that has been
in place for approximately two decades. All activities to be conducted in the CRe are described
in this Triennial Work Plan (TWP).

Administrative Guidance that Informs the FY15—17 Triennial Work Plan

Each project described in this TWP is organized around large monitoring and research
themes. The monitoring and research themes identified in the FY15-17 TWP are those common
to:

1. Assistant Secretary Castle’s May 7, 2014, memo establishing the triennial budget process

and clarifying priorities in GCMRC science planning;

2. the January 23, 2012, report of the Desired Future Conditions Ad Hoc Group of the
AMWG that was adopted by AMWG in February 2012, discussed in Assistant Secretary
Castle’s February 29, 2012, memo to the AMWG, and accepted by Secretary Salazar in
his April 30, 2012, memo;

3. the General Science Plan, Appendix B, Environmental Assessment: Development and
Implementation of a Protocol for High-Flow Experimental Releases from Glen Canyon
Dam, Arizona, 2011 through 2020 (Bureau of Reclamation, 2011a) (December 22, 2011);

4. the Research and Monitoring Plan, Appendix B, Environmental Assessment Non-Native
Fish Control Downstream from Glen Canyon Dam (Bureau of Reclamation, 2011b)
(December 22, 2011);

5. Assistant Secretary Castle’s March 31, 2011, memo establishing priorities in GCMRC
science planning;

6. the final draft Core Monitoring Plan (U. S. Geological Survey, 2011);

7. the strategic science plan prepared by GCMRC in March 2007 and amended in April
2009 (U. S. Geological Survey, 2007b);

8. the monitoring and research plan prepared by GCMRC, approved by AMWG in August
2007 and amended and approved in April 2009 (U.S. Geological Survey, 2007a); and,

9. 5 priority questions and the 12 program goals developed by the AMWG in 2004.

The monitoring and research themes described in the various GCDAMP documents and
agreements written during the past decade concern (1) rehabilitation of the pre-dam physical
template, especially regarding fine sediment; (2) maintenance of the food base on which the
native fish community depends; (3) recovery of the endangered humpback chub (Gila cypha)
and maintenance of populations of other native fish; (4) maintenance of the native riparian
vegetation community; and, (5) maintenance of culturally important sites, including those that
are of archaeological and historical significance. The various goals, questions, information
needs, and desired future conditions developed by the various GCDAMP committees also
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recognize the importance of the nonnative rainbow trout (Oncorhynchus mykiss) fish population
in Glen Canyon and the role played by nonnative riparian vegetation in providing habitat for
some desired fauna. In addition to these resource considerations, delivery of water in accordance
with the Law of the River and generation of renewable hydroelectricity are essential to the
economic well-being of the Southwest. Thus, economic analysis of the various recommendations
of the GCDAMP is another critical part of the GCDAMP.

Recent Guidance: Assistant Secretary Castle's May 7, 2014, Memo

The most recent guidance regarding Work Plan development was provided by Assistant
Secretary Castle in May 2014. In that guidance, the Assistant Secretary reiterated guidance that
she had provided in March 2011 that there are three science priorities: “science relevant to
compliance with the Endangered Species Act, particularly relative to native fish and humpback
chub; science informing our compliance with the Grand Canyon Protection Act, especially the
sediment resource; and, science on non-native fish control and the recreational trout fishery ...
the need for this science continues.” Additionally, the Assistant Secretary recognized that other
priority issues included “understanding ... how cultural and archaeological sites are linked to
modern river processes and the role of Traditional Ecological Knowledge (TEK) in contributing
to scientific understanding and river operations.” Thus, the Assistant Secretary stated that, “I
think these four issues (the three described in my 2011 memo and the evolving issue related to
cultural/archaeological resources as linked to modern river processes) are the primary areas
where GCMRC should concentrate its scientific resources.”

The Assistant Secretary did not, however, preclude GCMRC from investigating other
scientific topics in its monitoring and research work. She established, however, that such other
investigations should focus on subjects and resources for which there is “widespread support and
furthers the purposes of the Adaptive Management Program.” The Assistant Secretary also
directed GCMRC to continue “long-term monitoring of core ecosystem components.” All
activities must be conducted “within the relevant budget constraints.”

Recent Guidance: Desired Future Conditions (January 2012 report; Adopted by AMWG February 2012;
Reviewed and Accepted by the Secretary of the Interior April 30, 2012)

The Desired Future Conditions (DFCs) are statements of qualitative goals and objectives for
the CRe and for operations of Glen Canyon Dam. These DFCs were developed by the Desired
Future Conditions Ad Hoc Group (DFCAHG), adopted by the AMWG as a draft in August 2011,
and revised, reconsidered, and adopted by the AMWG in February 2012. The DFCs are partly
derived from 12 goals of the GCDAMP that had been developed in 2003, and the DFCs
represent a clarification and refinement of these previously stated goals. In an August 19, 2011,
memo to the AMWG commenting on the draft, Assistant Secretary Castle stated that, “The
formulation of Desired Future Conditions is possibly the most important task the AMWG has
undertaken in the last ten years,” and the Assistant Secretary’s February 29, 2012, memo to
AMWG was no less enthusiastic. On April 30, 2012, Secretary of the Interior Salazar directed
“the AMWG to utilize these DFCs to inform and guide the AMWG’s future considerations,
including advice and recommendations to me concerning the operations of Glen Canyon Dam
and other related actions.” In her April 26, 2012, memo to the Secretary, Assistant Secretary
Castle described some of these related actions to include “future experimentation, research and
monitoring, and the proactive development of future experimental plans.” In response, GCMRC
used these DFCs in the development of the FY15-17 Work Plan.

42



There are 9 DFCs that describe desired conditions in the CRe (Table 1). These DFCs “aim to
maintain, enhance, and restore native species, natural habitats, and natural ecosystem processes”
(Desired Future Conditions Ad Hoc Group, 2011). These DFCs concern the geophysical setting
of the river, the quality of the Colorado River, the aquatic domain, and the riparian domain. One
of the DFCs calls for re-establishment of “fishes extirpated from Grand Canyon.”

Table 1. Desired Future Conditions for the Colorado River ecosystem

Sediment-Related Resources

High elevation open riparian sediment deposits along the Colorado River in sufficient volume,
area, and distribution so as to provide habitat to sustain native biota and desired ecosystem
processes.

Water Quality

Water quality with regards to dissolved oxygen, nutrient concentrations and cycling, turbidity,
temperature, etc., is sufficient to support natural ecosystem functions, visitor safety, and visitor
experience to the extent feasible and consistent with the life history requirements of focal aquatic
species.

Aquatic Domain

The aquatic food base will sustainably support viable populations of desired species at all trophic
levels.

Assure that an adequate, diverse, productive aquatic foodbase exists for fish and other aquatic
and terrestrial species that depend on those food resources.

Native fish species and their habitats ... sustainably maintained throughout each species’ natural
ranges in the CRe. (note: 6 supplementary criteria are articulated for humpback chub)

A high quality trout fishery in GCNRA ... that does not adversely affect the native aquatic
community in GCNP

Re-establish fishes extirpated from Grand Canyon, where feasible and consistent with recovery
goals for humpback chub and the recovery goals of those extirpated fishes.

Native non-fish aquatic biota and their habitats are sustainably maintained with ecologically
appropriate distributions.

Riparian Domain

Native riparian systems, in various stages of maturity, are diverse, healthy, productive, self-
sustaining, and ecologically appropriate.

Additional information in the form of metrics that might inform the GCDAMP regarding
progress towards achieving these DFCs was also described by the DFCAHG. Four metrics
related to the CRe were proposed: critical habitat, species condition, carrying capacity
thresholds, and populations. The population of key fish species (TWP Projects 6, 7, 9) and
abundance and distribution of invertebrates at different life stages (TWP Project 5) are measured
or estimated in this TWP. New work is proposed to investigate characteristics of the terrestrial
fauna (TWP Project 11.4); on-going work describes characteristics of the riparian vegetation
communities (TWP Project 11).

The FY15-17 TWP is responsive to most, but not all, of these DFCs. No studies are
proposed related to introduction of extirpated species. Guidance to GCMRC from the AMWG,
TWG, and sister agencies has not been sufficiently clear to allow GCMRC to confidently
develop a research program that would inform introductions of extirpated species into the CRe.
There is not yet consensus among stakeholders or agencies as to the species that might be
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reintroduced, the magnitude of the effort that might support introduction, or the spatial scope of
such introduction. Until such time as reintroduction plans are described in administrative
guidance, GCMRC is not in a position to make decisions about budget allocations on this topic.
Another category of DFCs concerns hydropower. The DFCs state that, “Glen Canyon Dam
capacity and energy is maintained and increased, so as to produce the greatest practicable
amount of power and energy ... Ensure continued delivery of ... hydropower to the existing
customers ... [and] Maintain ... operational flexibility.” Other DFCs concern maximizing the
“environmental benefits of hydropower generation” and minimizing *“carbon emissions through
hydropower generation.” Seven metrics were proposed by the DFCAHG that describe aspects of
these DFCs. These DFCs and metrics are not explicitly addressed in this Work Plan. Many of
these metrics are reported by the Western Area Power Administration, and the Long-Term
Experiment and Management Plan (LTEMP) EIS program is calculating several of the metrics in
evaluating the performance of various EIS alternatives.

Two categories of DFCs related to cultural resources were defined by the DFCAHG. As
concerns prehistoric archaeological and historic sites, the DFCAHG report stated that, “To the
extent feasible, maintain significance and integrity [of these sites] through preservation in place.”
The DFCAHG report established that the attributes of Traditional Cultural Properties (TCPs)
should be “maintained such that National Register eligibility is not compromised.” Additionally,
“Culturally appropriate conditions of resources are maintained based on traditional ecological
knowledge.” The role of traditional ecological knowledge was also emphasized in regards to
resources of traditional cultural significance that are not NRHP [i.e., National Register of
Historic Places] eligible — “Maintain culturally appropriate resource conditions based on
traditional ecological knowledge, and integrate this desired condition into monitoring and
management programs.” Field data and metrics regarding cultural resources were proposed, and
these measurements are included as part of TWP Project 4. As regards TCPs, the DFCAHG
stated that, “Because culture defines the roles that resources play in that culture, only members
of that culture can assess the status or health of the resources.” In the course of developing draft
proposals for the work described in this TWP, the GCMRC made several changes to specifically
include workshops and tribal participation, especially for TWP Projects 4 and 12.

Recreation DFCs “describe goals and objectives for human use” of the CRe; these DFCs
were divided into 4 categories: river recreation in Grand Canyon National Park (GCNP), river
recreation in Glen Canyon National Recreation Area (GCNRA), the blue ribbon trout fishery in
GCNRA, and river corridor stewardship. Of note are DFCs specific to GCNP that state that
“maximum opportunity to experience the wilderness character of the canyon [be provided] ...
[the] river corridor landscape .. matches natural conditions as closely as possible, including
extensive beaches and abundant driftwood ... including a biotic community dominated in most
instances by native species ... a dynamic river ecosystem characterized by ecological patterns
and processes within their range of natural variability ... numerous campable sand bars
distributed throughout the canyon.” In the Glen Canyon segment of the CRe, the DFCs call for
“camping beaches suitable for recreational use [and] a setting and ecosystem that is as close to
natural conditions as possible.” The recreation DFCs also call for “a high-quality sustainable
recreational trout fishery” in GCNRA and that Glen Canyon Dam should be operated “to achieve
the greatest benefit to the trout fishery ... without causing excessive detriment to other
resources.”

Thirteen metrics were identified that are useful in measuring the performance of the
GCDAMP as regards desired recreation experiences in the CRe. Some of these metrics are
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measured in TWP Project 13.1, and other metrics are being investigated by the National Park
Service as part of the LTEMP EIS process. However, no studies are proposed in this TWP
concerning: (1) “socio-economic value of ... the Grand Canyon itself, as a whole,” and (2)
“factors that make up the ‘wilderness character’ of the river corridor.” Two metrics identified by
the Ad Hoc Group that concern fish — the effect of trout on the ecosystem and the characteristics
most valued for the trout fishery — are the foci of TWP Projects 9 and 13.1. “Water quality
variables that influence river recreation” are measured in TWP Projects 1 and 2.

It is notable that one of the recreation DFCs states that “Recreational and wilderness
experiences [are] minimally affected by research and management activities.” It is unavoidable
that scientific activities have the potential to affect wilderness experiences, such as when motors
are used during the non-motor boating season in GCNP and where cableways remain in place to
facilitate stream-flow gaging. Recreational experiences are potentially affected by motor use,
especially when research boats travel upstream or at night, or large, semi-permanent camps are
established. All research activities in GCNRA and GCNP occur after review and issuing of
permits by the National Park Service. GCMRC and its cooperators/collaborators work with the
National Park Service to ensure that adverse impacts of its scientific activities are minimized.

In its January 2012 report, the DFCAHG stated that the DFCs “are intended to be ... realistic and
achievable through the operation of Glen Canyon Dam and related activities, subject to the Law
of the River and other laws and authorities and consistent with the Grand Canyon Protection Act.
These DFCs may not be entirely or collectively achievable — there will be tradeoffs and inherent
limitations. This fact does not diminish their value.” Thus, the DFCs played a critical role in
helping GCMRC focus its scientific attention.

In many cases, the DFCs reflect contrasting visions of the CRe. It is not obvious how the
river corridor can “match natural conditions ... including extensive beaches” when more than
95% of the pre-dam fine sediment once supplied to the CRe is now deposited in Lake Powell. In
other cases, DFCs are mutually complementary, such as achieving “river flows that continue to
be within a range that is reasonably safe” by flood control and hydropower production at Glen
Canyon Dam. The challenge of maintaining “a high-quality sustainable recreational trout
fishery” in Glen Canyon “that does not adversely affect the native aquatic community” in Marble
and Grand Canyons remains a fundamental fish management challenge, and fish management
policy is grounded on the substantial monitoring and research program described in TWP
Projects 5, 6, 7, 8, 9, and 10. Schmidt and others (1998) characterized a similar range of goals
that were articulated by stakeholders in the 1990s as the incompatible challenge of maximizing
resources that are relicts of the pre-dam river and those that are artifacts of a dam-regulated river.
The challenge of managing the river corridor for such a wide range of resource values is one
reason for the complexity of the monitoring and research proposed in FY15-17. The scientific
activities that will be undertaken in FY15-17 seek to describe and quantify the complex
interactions among pre-dam relict and post-dam artifact resources that are affected by different
reservoir release regimes; to distinguish between short term fluctuations and long-term trends,
and to identify critical thresholds that may cause essential ecosystem changes to become
progressive, rather than self-regulating. Despite these challenges, the DFCs provide a clear range
of resources that defined the scope of GCMRC’s proposed activities.

Recent Guidance: General Science Plan for Monitoring and Research of a High-Flow Experiment (HFE)
Protocol at Glen Canyon Dam (December 2011)

45



This general science plan describes activities that “will initially evaluate the effectiveness of
high-flow releases under the HFE Protocol.” Wright and Kennedy (2011) provided scientific
direction relevant to the primary focus of HFE Protocol science activities, that concern the long-
term behavior of sand bars and changes in the populations and distribution of rainbow trout and
of humpback chub:

A logical next step in the adaptive-management process of the GCDAMP is to evaluate the
cumulative effects of multiple HFEs over longer periods of time. This would be helpful because it is
still uncertain whether sandbar building during HFEs can offset or exceed the sandbar erosion that
occurs during periods of typical dam operations between HFEs. Thus, it is important to consider the
frequency of HFEs and the erosion of sandbars between HFEs for future HFE planning. The
fundamental sandbar-related science question therefore is:

e Can sandbar building during HFEs exceed sandbar erosion during periods between HFEs,
such that sandbar size can be increased and maintained over several years?

Based on studies that have been conducted to date, HFES do not appear to be a tool that can be
used to benefit humpback chub. Rainbow trout pose a threat to juvenile humpback chub rearing in the
mainstem near the confluence with the Little Colorado River due to increased competition and
predation. ... natural-resource managers might consider proceeding with caution when implementing
any HFE strategies, particularly those involving frequent spring-time events, because currently (2010)
the biological response to HFESs appears to be inconsistent with management goals for humpback
chub. A logical next step in the HFE process is evaluating whether the seasonal timing of HFEs
affects the rainbow trout recruitment response. If fall-timed HFEs do not lead to increases in rainbow
trout populations near the confluence with the Little Colorado River (or it is later demonstrated that
rainbow trout do not exert strong influence on humpback chub rearing), then managers might be able
to balance goals for sandbars and native fish without the need for substantial rainbow trout mitigation
or removal. The fundamental fish-related science question therefore is:

e Does the seasonal timing of HFESs influence the rainbow trout response?

An adaptive-management process for HFE decision-making would be flexible and incorporate
relevant scientific information, such as near real-time information about sediment conditions
downstream from the dam and information on adult population trends for rainbow trout and
humpback chub, as well as other resources. Indeed, as more HFES are conducted, strong links
connecting other resources to dam operations may be identified and incorporated into subsequent
HFE strategies. An integrated science-based strategy would allow for effective management of the
available post-dam sand supply while considering the impacts of the strategy on other resources
within an adaptive-management framework.

In addition to these science questions related to sediment resources and fish, other science
monitoring work focuses on assessing the effects of HFEs on the aquatic food base, riparian
vegetation and springs habitat, recreational camping beaches, and archaeological sites.

Specific components of the general science plan that are fulfilled by the FY15-17 TWP include
Lake Powell and Colorado River water quality monitoring (Project 1), monitoring suspended
sediment flux (TWP Project 2), monitoring within-channel and high-elevation sediment storage
(TWP Project 3), monitoring archaeological site condition and stability (TWP Project 4),
monitoring the aquatic food base (TWP Project 5), and riparian vegetation monitoring (TWP
Project 11). The general science plan describes monitoring of changes in Kanab ambersnail
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(Oxyloma haydeni kanabense) habitat at VVaseys Paradise. This monitoring work is not proposed
in FY15-17, because the US Fish and Wildlife Service noted in its 2011 Biological Opinion for
the HFE Protocol EA that HFEs will not adversely affect Kanab ambersnail habitat. Thus, only
periodic monitoring of the snail population is required, especially in light of the findings of
Culver and others (2013) who concluded that Kanab ambersnail are not a unique species. If this
finding is confirmed, downlisting or delisting of this snail population might result. The general
science plan also describes evaluations of the effects to hydropower generation of HFES; these
data are developed by the Western Area Power Administration.

Recent Guidance: Research and Monitoring Plan in Support of the Environmental Assessment Non-Native
Fish Control Downstream from Glen Canyon Dam (December 2011)

The proposed action described in the Non-Native Fish Control (NNFC) EA is to control
nonnative fish as a means of conserving the humpback chub and other native fishes. This action
is predicated on fundamental observations concerning the nature of interactions between
humpback chub and trout. Several aspects of these interactions have large scientific uncertainty.
Consequently, the proposed action of the NNFC EA will be pursued in an adaptive management
framework such that management actions undertaken in later years will be informed by
monitoring and research conducted during the first years of implementation. Thus, the context of
the research and monitoring plan is the effort to reduce uncertainty of management actions and to
revise these actions as knowledge is gained throughout the 10-year duration of the EA. The
GCMRC and its science cooperators identified 5 objectives to be addressed by their science
activities associated with this EA:

e Understand the relative roles of the LCR and the mainstem Colorado River in juvenile
humpback chub survival rates and recruitment into the adult humpback chub population;

e Determine the linkage between nonnative fish abundance and juvenile humpback chub
abundance and survival rates in the LCR reach and elsewhere in Grand Canyon,;

e Determine the natal origins of rainbow trout found in Marble Canyon (river miles 8 to
56) and the LCR reach;

e Assess the efficacy of nonnative fish removal in the PBR reach for rainbow trout and
Upper Granite Gorge for brown trout; and

e Assess the efficacy of flow manipulations to manage trout populations in the mainstem
Colorado River from Lees Ferry to the LCR reach.

Since adoption of the Record of Decision that followed this EA, there has been no trout
removal near the Little Colorado River confluence or between Lees Ferry and Badger Creek
Rapids. Brown trout (Salmo trutta) and rainbow trout removal in and near Bright Angel Creek by
Grand Canyon National Park staff with assistance from GCMRC, however, has occurred
following adoption of Grand Canyon National Park's Comprehensive Fisheries Management
Plan (National Park Service 2013). Thus, the research and monitoring plan described in this EA
has not been specifically implemented, but monitoring and research activities undertaken in
FY13-14 and planned for FY15-17 in this TWP specifically address each of the 5 objectives of
the NNFC EA.

Recent Guidance: Assistant Secretary Castle's March 31, 2011, memo to U.S. Geological Survey
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Assistant Secretary Castle provided guidance to GCMRC in a March 2011 memo addressed
to USGS Southwest Biological Science Center Director Kitchell and others. The Assistant
Secretary recognized that “very limited budgets” necessitated that “we need to focus on
priorities.” The DFCs, that were still being debated at the time of this memo, were “very
comprehensive;” thus, the Assistant Secretary stated that “we also have to narrow the field.” The
priorities that were articulated were (1) “compliance with the Endangered Species Act, which
means focus on the native fish and particularly the humpback chub,” (2) “focus on sediment,
which was an instigating factor for the Grand Canyon Protection Act and continues to be an issue
with resources downstream of the dam,” and (3) *“science on both non-native fish control and the
recreational trout fishery.” The Assistant Secretary argued that these priorities were very similar
to those adopted by the AMWG in August 2004, and thus there was continuity in her
recommendations to decisions by the AMWG in the past. As described above, the Assistant
Secretary’s 2014 memo reiterated these priorities, but added a priority related to the science that
is related to cultural resource management. In addition, the Assistant Secretary reaffirmed her
commitment that core monitoring activities must be continued while research focused on the
priority research questions is pursued.

Recent Guidance: final draft General Core Monitoring Plan, February 18, 2011

A final draft General Core Monitoring Plan was developed by GCMRC for TWG review in
February 2011. Although only the first step of an anticipated 4-step process, the general Core
Monitoring Plan (CMP) culminated a decade of science planning activities undertaken by the
AMWG, TWG, and GCMRC and continues to play a significant role in monitoring and research
planning. Subsequent prioritization of management and research questions by the Department of
the Interior, development of the DFCs, department-level policy actions such as the HFE
Protocol, and new policy initiatives such as the LTEMP EIS have necessitated modification of
the CMP implementation plan described in February 2011. Nevertheless, this final draft CMP
represented a significant achievement in establishing a framework for evaluating potential
scientific activities required to support the work of the AMWG, and no subsequent guidance or
action by the Department of the Interior, its agencies, or the AMWG has substantially invalidated
the monitoring framework described in this plan.

The concept of core monitoring and efforts to develop a core monitoring plan

Core monitoring is “consistent, long-term, repeated measurements using scientifically
accepted protocols to measure status and trends of key resources ... potentially affected by GCD
operations.” Additionally, “monitoring is also necessary to ensure compliance with other
environmental statutes, including the Endangered Species Act and the National Historic
Preservation Act.” The scope of the CMP was based on Core Monitoring Information Needs
(CMINSs) defined by the AMWG in its 2003 Strategic Plan that were subsequently modified and
prioritized by a 2005 Science Planning Group. The final draft CMP was responsive to most, but
not all, of the higher priority CMINS; as such, the need for prioritization of information needs
anticipated subsequent guidance memos provided by the Assistant Secretary in 2011 and 2014,
as described above. At the time of publication of the CMP, TWG requested GCMRC to develop
individual draft core monitoring plans responsive to each of the 12 Adaptive Management
Program goals (GCDAMP, 2003), and each individual plan would include three monitoring
options responsive to “high,” “medium,” and “low” funding availability. Such a tiered suite of
options has not been developed for most resources, and the monitoring activities proposed in the

48



FY15-17 TWP represent GCMRC’s best professional judgment concerning how to collect
critical data about resource condition and ecosystem processes for those resources that have been
identified as of highest priority in the policy guidance documents described above.

The earliest monitoring in the CRe was the measurement of stream flow at Lees Ferry that
began in 1921 (Topping and others, 2003). Ecological inventories were initiated by the National
Park Service in the early 1970s, and Reclamation’s Glen Canyon Environmental Studies (GCES)
program began in 1983. The CMP provides an in-depth administrative history of monitoring
programs since the inception of GCES and provides observations as to why development of a
core monitoring program has been slow despite the universal recognition of the importance of
such an effort. The factors slowing the development of a core monitoring program include
disagreement about which resources ought to be monitored, disagreement about the acceptable
levels of accuracy and precision of resource data needed to guide management, the absence of an
ecosystem perspective in monitoring, and the absence of reliable predictive models to guide
budget allocations for monitoring. The effort that culminated with the final draft CMP in 2011
was initiated early in 2006 when GCMRC Chief Hamill initiated development of a series of
science planning documents, the last of which was the CMP.

Assessing GCDAMP monitoring needs

Monitoring should be pursued within an ecosystem context. In that context, the CMP set the
direction for subsequent development of DFCs and the present organization of the TWP. The
CMP was organized around the 12 GCDAMP goals and distinguished between ecosystem
resources and ecosystem drivers. Ecosystem resources were native fish, extirpated species,
Kanab ambersnail, spring and riparian habitats, recreational resources, cultural resources, and
hydropower. Ecosystem drivers were the aquatic and terrestrial food web, stream flow, water
quality, sediment transport, and sediment supply. As discussed below, the FY 15-17 TWP builds
on this organizing framework, because the DFCs that guide the TWP are modeled on the original
12 GCDAMP goals.

The CMP stated that, “The core monitoring program ... is intended to inform managers and
stakeholders as to whether AMP goals and objectives ... are being met.” The CMP focused on the
12 GCDAMP goals but anticipated that this organizational framework would be revised and
potentially reorganized once DFCs were established. The CMP recognized that core monitoring
is not only linked with management goals, but is also linked with research activities and the
development of modeling tools. The CMP recognized that core monitoring should be linked with
monitoring efforts elsewhere in the Colorado River watershed and other U.S. southwest rivers,
and with the management objectives of sister federal agencies.

Previous BWP documents of the GCMRC were also organized around the GCDAMP
Program Goals. However, in the reorganization of the Work Plan represented in the FY13-14
document and carried forward in the FY15-17 TWP, the various goals associated with the
aquatic domain (Goals 1, 2, 3, and 4) were reorganized into TWP Projects 5, 6, 7, 8, 9. Program
Goal 5 concerns the Kanab ambersnail, and there are no activities proposed in FY15-17 on this
topic. Program Goal 6 is the focus of TWP Project 11 in the FY15-17 TWP. Goal 7 is the focus
of TWP Projects 1 and 2, and Goal 8 is the focus of TWP Project 3. Goal 9 is, at least in part, the
focus of TWP Projects 3 (camping beaches), 6 (creel surveys), and 13 (economic values of
recreational resources). Goal 10 is not explicitly evaluated in the TWP. TWP Project 4 and 12
represent an expanded focus on Goal 11.
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The monitoring methods described in the FY15-17 TWP represent a substantial scientific
advancement in developing formalized protocols for regular measurement of key river resources.
In the case of protocols for measuring sand bars (TWP Project 3), sediment transport and water
quality (TWP Project 2), humpback chub and rainbow trout populations and status and trends of
other fish species (TWP Projects 6, 7, 8, 9), and monitoring vegetation communities (TWP
Project 11), GCMRC has worked with sister agencies and collaborators to develop efficient
protocols that take advantage of large bodies of historical data, address issues of how to
extrapolate site scale measurements to the entire CRe, and how to estimate temporal trends in
key resources. The next step in the formalization of monitoring protocols will be to take the
advancements described in the TWP and incorporate these into a revised General Core
Monitoring Plan.

Overview of the FY 15-17 Triennial Work Plan

The FY15-17 Triennial Work Plan follows the structure of the FY13-14 BWP which
simplified and consolidated GCMRC'’s research and monitoring activities into larger projects
focused on significant natural and socioeconomic resource questions and resource conditions.
There are twelve projects (TWP Project 1 — TWP Project 12) in the fields of physical, biological,
and cultural resource sciences. TWP Project 13 focuses on socioeconomic monitoring and
research. Other funds support independent reviews, GIS services and support, and administration
of the GCMRC.

The FY15-17 TWP undertakes monitoring and research. Two types of monitoring activities
are undertaken: (1) monitoring of ecosystem resources and processes by which the GCDAMP
can evaluate progress towards achieving the DFCs, and (2) monitoring that is essential for
implementing the HFE Protocol or evaluating its success and monitoring the triggering criteria
toed to the NNFC EA. There are three major categories of research activities: (1) research
concerning technical and analytical innovation in monitoring, (2) research that will lead to
improved predictive modeling capacity, and (3) research to resolve key scientific uncertainties.
In some cases, research will address key uncertainties identified in the HFE Protocol and NNFC
EAs. In some cases, research activities seek to resolve key uncertainties that have emerged in the
past two years during preparation of the LTEMP EIS, especially in the development of better
modeling tools with which to make predictions about resource response under different
prevailing climate and reservoir release regimes. Three project elements support independent
science oversight and review. Project 12 seeks to further integrate tribes into monitoring and
research by specifically focusing on terrestrial resources upslope from the active channel.

Because the DFCs are comprehensive and implementation of a monitoring and research plan
to fully address every DFC with high accuracy, high precision, and low uncertainty is beyond the
budget limits of the GCDAMP, GCMRC focused its attention on those DFCs that are related to
the monitoring and research priorities identified by Assistant Secretary Castle in her 2014 memo.
Additionally, because the HFE Protocol and NNFC are administrative policy actions that are
presently in place and because GCMRC monitoring activities are essential for implementation of
this policy, related science activities were considered of high priority. GCMRC also recognized
that TWP Project 2 follows the Goal 7 Core Monitoring Program that was extensively discussed
in 2007 and 2008 and has not been substantially changed since that time.

Projects that specifically support implementation of monitoring, either as core activities, or in
support of the HFE Protocol or NNFC, total approximately $4.2 million in FY15. Most of these
projects continue in FY16 and FY17 (Table 2). Research projects, totaling approximately $3.3
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million in FY15 and are distinguished by purpose (See Appendix 2-A). Many research projects
are identified as 2-year projects, but would continue for 3 years if additional funding becomes

available.

Table 2. Monitoring activities to be conducted in Triennial Work Plan

Project
Identifier

Project
Element

Funding

Desired future
condition or policy
implementation

Monitoring protocols well established with peer-reviewed, scientifically accepted methods

2

Stream Flow, Water Quality, and Sediment
Transport in the Colorado River Ecosystem

$1,343,000 (FY15)
$1,457,000 (FY16)
$1,540,000 (FY17)

Water quality element
of CRe DFC; HFE
Protocol implementation

Critical resource, monitoring protocol being developed

Project
Identifier

Desired future
condition or policy
implementation
-Or'_
Funding'

Sandbars and Sediment Storage Dynamics

Sediment element of
CRe DFC; HFE
Protocol evaluation

3.1.1

Monitoring sandbars using topographic surveys and remote cameras

$370,000 (FY15)
$355,000 (FY16)
$372,000 (FY17)

3.1.2

Monitoring sand bars and shorelines above 8000 ft*/s by remote sensing

$120,000 (FY15)
$131,000 (FY16)
$141,000 (FY17)

3.2

Sediment storage monitoring

$460,000 (FY15)
$520,000 (FY16)

3.5

Control network and survey support

$109,000 (FY15)
$147,000 (FY16)
$156,000 (FY17)

Project
Identifier

Desired future
condition or policy
implementation
_Or_
Funding'

Connectivity along the Fluvial-Aeolian-Hillslope Continuum:
Quantifying the Relative Importance of River-Related Factors
that Influence Upland Geomorphology and Archaeological Site

Stability

Cultural resources DFC;
HFE Protocol evaluation

4.2

Monitoring of cultural sites in Grand and Glen Canyons

$124,000 (FY15)
$349,000 (FY16)
$340,000 (FY17)

Project
Identifier

Desired future
condition or policy
implementation
-Or_
Funding'

Food Base Monitoring and Research

Agquatic domain element
of CRe DFC
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5.11

Insect emergence in Grand Canyon via citizen science

$117,600 (FY15)
$119,500 (FY16)
$138,200 (FY17)

521

Continue characterizing and monitoring drift and insect emergence in
Glen Canyon

$51,900 (FY15)
$66,900 (FY16)
$88,40 (FY17)

5.2.2

Continue natal origins drift monitoring in Glen, Marble, and Grand
Canyons

$87,100 (FY15)
$115,600 (FY16)
$157,30 (FY17)

5.3.2

Monitoring dissolved oxygen in Glen, Marble, and Grand Canyon

$15,300 (FY15)
$16,700 (FY16)
$18,300 (FY17)

Project
Identifier

Project
Element

Desired future
condition or policy
implementation
_Or‘_
Funding®

Mainstem Colorado River Humpback Chub Aggregations and
Fish Community Dynamics

Native species
component of aquatic
domain element of CRe
DFC; HFE Protocol and
NNFC evaluation

6.1

Mainstem Colorado River Humpback Chub aggregation monitoring

$217,700 (FY15)
$241,600 (FY16)
$249,40 (FY17)

6.4

System Wide Electrofishing

$273,100 (FY15)
$279,700 (FY16)
$316,400 (FY17)

6.7

Rainbow Trout Early Life Stage Survey

$76,800 (FY15)
$79,100 (FY16)
$90,100 (FY17)

6.8

Lees Ferry Creel Survey

Project
Identifier

Project
Element

Desired future
condition or policy
implementation
-Or_
Funding®

Population Ecology of Humpback Chub in and around the
Little Colorado River

Native species
component of aquatic
domain element of CRe
DFC; HFE Protocol and
NNFC evaluation

7.1

Annual spring/fall humpback chub abundance estimates in the lower 13.6
km of the Little Colorado River

$530,800 (FY15)
$542,800 (FY16)
$554,50 (FY17)

7.2

Juvenile chub monitoring in the mainstem near the Little Colorado River
confluence

$450,700 (FY15)
$468,100 (FY16)
$181,900 (FY17)

7.4

Remote PIT tag array monitoring in the LCR

$53,500 (FY15)
$111,100 (FY16)
$152,500 (FY17)

7.8

Evaluate effects of Asian tapeworm infestation on Juvenile humpback
chub

$16,800 (FY15)
$16,700 (FY16)
$18,30 (FY17)
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7.10

Humpback chub population modelling

$97,200 (FY15)
$149,400 (FY16)
$209,400 (FY17)

Project
Identifier

Project
Element

Desired future
condition or policy
implementation
-Or_
Funding'

Experimental Actions to Increase Abundance and Distribution
of Native Fishes in Grand Canyon

Native species
component of aquatic
domain element of CRe
DFC

8.2

Translocation and monitoring above Chute Falls

$88,600 (FY15)
$87,500 (FY16)
$88,000 (FY17)

8.4

Invasive Species Surveillance and Response

$52,000 (FY17)

Project
Identifier

Project
Element

Desired future
condition or policy
implementation
-Or_
Funding®

Understanding Factors Determining Recruitment, Population
Size, Growth, and Movement of Rainbow Trout in Glen and
Marble Canyons

Rainbow trout
component of aquatic
domain element of CRe
DFC; Blue ribbon trout
fishery component of
recreation element of
DFC

9.1

Lees Ferry RBT; monitoring, analysis, and study design

$180,900 (FY15)
$212,700 (FY16)
$76,900 (FY17)

9.2

Detection of RBT movement from upper Colorado River below GCD (NO)

$352,500 (FY15)
$436,500 (FY16)
$370,300 (FY17)

9.9

Contingency Planning for High Experimental Flows and Subsequent
Rainbow Trout Population Management

$72,400 (FY15)
$61,800 (FY16)
$98,500 (FY17)

Project
Identifier

Project
Element

Desired future
condition or policy
implementation
_Or_
Funding'

11

Riparian Vegetation Studies: Ground-based and Landscape-
scale Riparian Vegetation Monitoring and Plant Response-
Guild Research associated with Sandbar Evolution and
Wildlife Habitat Analysis

Riparian domain
element of CRe DFC

111

Ground-based vegetation monitoring

$176,000 (FY15)
$190,900 (FY16)
$211,900 (FY17)

11.2

Periodic landscape scale vegetation mapping and analysis using remotely
sensed data

$154,700 (FY15)
$127,200 (FY16)
$133,100 (FY17)
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!Actual funding levels for all FY16 and FY17 projects will be reduced by 7% and 5%, respectively.
Project element total costs listed in this table reflect estimated costs before these reductions.

How the Work Plan Was Developed

Development of this TWP began in earnest in late January when the GCMRC convened a
knowledge assessment and annual reporting meeting. This meeting was immediately followed by
a TWG meeting during which the needs of stakeholders were assessed. The annual reporting
meeting focused on topics that were identified jointly by GCMRC and its cooperators, TWG
members, and sister agencies. In December 2013 and January 2014, ad hoc groups of the TWG
and interagency/cooperator researcher meetings were held to solicit monitoring and research
recommendations from stakeholders. For example, the Socio-Economic Ad Hoc Group
(SEAHG) met in January 2014 and made recommendations for projects to be conducted in
FY15-17; TWP Project 13 is responsive to those recommendations.

Thereafter, the GCMRC received direct input from numerous stakeholders and met with the
Budget Ad Hoc Group (BAHG) in mid-February. BAHG members provided direction and
suggestions on 47 topics that concern nearly every project in the TWP. In some cases,
suggestions were expansive and concerned the geographic scope of GCMRC’s investigations or
the need to expand experimental work and develop an experimental facility near the Colorado
River. Other suggestions were of small scale and of a detailed nature. In other cases, BAHG
suggestions were directed at Reclamation’s part of the budget that is described in Chapter 1 of
this TWP. It was not possible to directly address every suggestion made by the BAHG due to
budget limitations, policy direction, or conflicting management objectives. Nevertheless,
GCMRC considered all BAHG comments and suggestions and engaged in an open and
transparent discussion with stakeholders in the course of developing the projects described here.
The timely nature of the BAHG suggestions — prior to development of the first draft of the
projects included in this TWP — ensured that the many BAHG suggestions were incorporated to
the degree possible.

Discussions among the GCMRC staff, stakeholders, agency staff, and cooperators continued
in March and the TWG met in early April to formally make recommendations on how the TWP
should be developed. Nine major topic areas were identified; in some cases, 2 suggestions were
provided in a topic area and in other cases, 7-9 suggestions were made (Appendix 4). A high
proportion of suggestions concerned fish monitoring and research. In most cases, the TWG
supported the project ideas that were developed by the GCMRC staff and cooperators and asked
for more detail in a variety of areas including proposed methods, sampling design, and study
objectives. The GCMRC has been responsive to these requests by providing in this TWP
thorough scientific backgrounds and justifications, hypotheses to be tested, and descriptions of
each proposed study. The only explicit recommendation to decrease monitoring concerned
potentially redundant sampling in the most downstream part of the Little Colorado River, and the
sampling program proposed in this TWP reflects that suggestion.

The GCMRC provided the TWG and Science Advisors a prospectus of the TWP in mid-May
that included a webinar and a draft document that included the project summaries and
preliminary budget allocation. On June 6, the GCMRC published the draft TWP, and
Reclamation posted this document on their GCDAMP website. This draft was reviewed by the
Science Advisors, who provided their review to the TWG at its June 24 meeting. The GCMRC
staff revised the TWP in response to input from the TWG and Science Advisors received in late
June; staff also developed a formal Response to Reviewer Comments that is a companion
document to this TWP.
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Budget allocations

In most cases, GCMRC staff had lead responsibility to develop each project, and each lead
investigator collaborated with staff of sister agencies, long-time university and private sector
cooperators, and others to review the state of knowledge regarding monitoring protocols and to
identify critical scientific uncertainties. Projects were organized around central themes that
primarily followed the organization of the FY13-14 Work Plan. New projects were added in
food base (TWP Project 5), habitat considerations in the Glen Canyon Dam tailwater (TWP
Project 10), assessing cultural values in the terrestrial ecosystem (TWP Project 12), and
socioeconomics (TWP Project 13). The fish ecology projects were reorganized from five to four
projects.

As the draft TWP emerged as a comprehensive document, it was clear that more potential
monitoring and research projects were proposed than available funds could support. The full
suite of projects that were proposed by GCMRC staff and collaborators were discussed with the
TWG so that stakeholder and agency support and interest — or lack of support and interest —
could be elicited.

In the June 6 draft, the GCMRC presented a work plan that described activities that is generally
consistent with anticipated funding availability, but a small proportion of unfunded projects had
strong stakeholder support. In response, the GCMRC re-evaluated its proposed allocation of
budget resources, and the description of projects and budget support is responsive to the TWG
input received in June and in a July webinar. Final prioritization of project was based on the
following criteria, beginning with the most important projects:

Monitoring projects that implement the HFE Protocol and NNFC EAS;

Monitoring projects that evaluate the effectiveness of the HFE Protocol and NNFC EAs;
Other core monitoring activities;

Creating independent science review panels on critical issues;

Advancing the integration of tribal concerns into monitoring and research;

Research that advances monitoring techniques and analytical methods;

Research that advances predictive modeling capabilities; and,

8. Research to resolve critical scientific uncertainties.

Six projects related to native fish research will be funded in FY15 by reallocation of funds
from Reclamation’s Native Fish Conservation Contingency Fund, as described in Chapter 1.
Reclamation also allocated $150,000 to provide supplemental support to Project 4, as described
in Chapter 1. Reclamation continued its independent funding of Project 1 concerning water
quality in Lake Powell.

Budget allocations in FY16 and FY17

In FY16, five projects related to native fish research are likely to be funded by the same
Native Fish Conservation Contingency Fund that will support some projects in FY15. Three
projects are not proposed for funding at this time due to inadequate budget support, and these
projects are identified as “unfunded at this time.” All other projects will be funded at 93% of the
full budget request that is described at the end of each Project Description and in the appendices.
The GCMRC staff will work with their research teams and their collaborators to identify ways to
achieve 7% reduction in expenditures, and the GCMRC is confident that all work items
identified as “funded” in FY16 will be completed despite only be supported at this reduced level.
In FY17, the GCMRC does not proposed allocations from the Native Fish Conservation
Contingency Fund, because uncertainty about the need to implement non-native fish control in
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out years becomes too great and the need to ensure adequate funding exists if action is triggered.
The GCMRC proposes to fund projects at 95% of the full budget requests, and the GCMRC
leadership will work with its staff and collaborators to identify ways to save the required 5%
reduction in costs. Additionally, the GCMRC intends to aggressively seek supplemental funding
to support continuation of research projects that are best continued for three years but for which
only two years of funding are presently identified.

Triennial Work Plan Summary

The FY15-17 TWP is organized into 15 projects. Four projects are in the geophysical
sciences: reservoir water quality monitoring (Project 1), sediment-transport/water-quality/stream-
flow measurement (TWP Project 2), geomorphology of the active channel (TWP Project 3), and
geomorphic processes affecting cultural resources in the Colorado River valley above the active
channel (TWP Project 4). Six projects are in the fields of aquatic and fish ecology. These
projects focus on the ecology of the food base (TWP Project 5), monitoring and research related
to main-stem native and nonnative fish populations (TWP Project 6), humpback chub
populations in the Little Colorado River (TWP Project 7), management actions designed to
benefit native fish (TWP Project 8), rainbow trout in Glen and Marble Canyons (TWP Project 9),
and evolving channel characteristics that affect fish habitat of the Glen Canyon Dam tailwater
(TWP Project 10). TWP Project 5 comprises both new elements and elements from several
different projects from the FY13-14 BWP. TWP Project 10 is new. Although food base studies
were part of the GCMRC program in FY13-14, emerging results concerning the lack of species
diversity, food-limited nature of the fishery, strong stakeholder interest, and strong interest
among some sister agencies inspired GCMRC to significantly expand its proposed body of work.
TWP Project 10 was developed in response to stakeholder interest in understanding the
relationship between reservoir releases and associated changes in substrate and other attributes of
physical habitat that provide advantage, and disadvantage, to rainbow trout populations in Glen,
Marble, and eastern Grand Canyons. Two projects focus on vegetation. TWP Project 11 is a
broad monitoring and research project focused on riparian and upland vegetation as well as
linkages between the aquatic ecosystem and terrestrial fauna, and TWP Project 12 is designed to
specifically examine changes in the distribution of some riparian and upland plants that are of
specific interest to tribes. Socioeconomic studies are proposed in TWP Project 13 — a new effort
on the part of GCMRC. Geographic information science, services, and support are described in
TWP Project 14, and administrative and support activities are described in TWP Project 15.

Reservoir water quality, sediment-transport/water-quality/stream-flow measurement,
geomorphology of the active channel, and geomorphology of the Colorado River valley above
the active channel

Project 1 (called Project C in the FY13-14 BWP) is funded directly by Reclamation’s Water
Quality Program and received no funds from the GCDAMP in FY13-14. In FY15, GCMRC
proposes to fund a Science Review Panel to evaluate past studies of reservoir physical limnology
and ecology that have focused on Lakes Powell and Mead. This Panel will be asked to make
recommendations to the GCDAMP, Reclamation, and to other relevant agencies on how
reservoir limnology and ecology ought to be monitored in the future and to make
recommendations about how existing and new modeling tools could be used to predict future
conditions in Lake Powell. Water quality, including temperature, is a strong determinant of
ecological processes in the CRe. Because GCMRC and Reclamation continue to discuss changes
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in the approach and data analysis needs of Project 1, and because that project is funded on a
calendar year cycle independent from the federal fiscal year cycle of the GCDAMP, a
preliminary description of Project 1 is included as Appendix 1 of this TWP.

TWP Project 2 (called Project B in the FY13-14 Work Plan) describes the monitoring
program that measures the rate and quantity of the Colorado River’s stream flow, as well as the
water inflow that occurs from tributaries. Additionally, TWP Project 2 describes the
measurement program of the fine sediment that enters the Colorado River from tributaries and
measurement of the quality of the Colorado River’s water. This project began as fundamental
research in the late 1990s. In 2007, the TWG provided preliminary approval of this work as a
GCDAMP core-monitoring project, designed to fully address the monitoring needs of GCDAMP
Goal 7. This project has changed little since that time; two gages have been established on Kanab
Creek and Havasu Creek that are partly funded by other USGS programs. The GCMRC
considers TWP Project 2 to be a core-monitoring activity with a relatively small amount of
associated data analysis and interpretation. In FY15-16 and as explained in the project proposal,
the focus of this interpretative data analysis will be on the history of changing sediment delivery
from the Paria and Little Colorado Rivers, because these two tributaries are the primary sources
of fine sediment to the CRe.

TWP Project 3 (called Project A in the FY13-14 Work Plan) concerns the geomorphology of
fine sediment deposits in the active channel of the Colorado River. Fine sediment is sand (0.0625
—2 mm) and mud; in turn, mud is silt (0.0039-0.0625 mm) and clay (<0.0039 mm). These
deposits are the substrate of the campsite resource, substrate in which the riparian ecosystem has
developed, the architecture of shoreline aquatic habitat, and is the substrate in and on which
archaeological sites occur. The existence of Glen Canyon Dam and Lake Powell causes the
deposition of all of the fine sediment supplied from the Upper Colorado River basin in the
reservoir. Releases of reservoir water at the dam are free of sediment, and there is only a small
amount of fine sediment supply to Glen Canyon. The Paria River enters the Colorado River at
Lees Ferry and delivers approximately 3.3 x 10° tons/yr of fine sediment (Topping et al., 2000),
although the amount supplied from year to year varies greatly. The post-dam fine sediment
supply to the upstream end of Marble Canyon has been decreased by 95%, in relation to the pre-
dam fine sediment supply rate of 62.8 x 10° tons/yr that was supplied from the Upper Colorado
River basin (Topping et al., 2000). Thus, the post-dam Colorado River has excess mechanical
energy available to transport fine sediment, and large amounts of fine sediment on the river bed
and in eddies has been eroded and transported downstream towards Lake Mead.

The remaining fine sediment deposits that are of greatest interest to river managers are
primarily composed of sand and occur in eddies. Eddies typically occur downstream from the
rapids that make Marble and Grand Canyons a famous recreational whitewater river. Since the
1970s, river scientists have struggled to understand the dynamics of the post-dam Colorado River
and its adjustment to a greatly reduced fine sediment supply (Laursen and others, 1976, Howard
and Dolan, 1981, Schmidt and Grams, 2011). It is inevitable that post-dam fine sediment
deposits will be smaller and more sparsely distributed than pre-dam deposits, and significant
river management questions concerning the Colorado River downstream from Glen Canyon Dam
are:

What is the largest, sustainable amount of fine sediment that can occur along the

banks of the Colorado River, especially as eddy sandbars? What flow regime, in

relation to the natural supply of fine sediment from the Paria and Little Colorado
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Rivers, results in the most widespread distribution of fine sediment along the
channel banks and in eddies?

Similar questions have been asked as Strategic Science Questions and as information needs
in various GCMRC and GCDAMP planning documents that were written in the 2000s.

TWP Projects 2 and 3 explicitly follow on monitoring strategies that were proposed as core
monitoring in the 2000s for Goal 7 and Goal 8, respectively, and are described in the CMP. TWP
Projects 2 and 3 are essential to implement the HFE Protocol, because the Protocol calls for high
flow releases from Glen Canyon Dam whenever a specified minimum amount of fine sediment
delivered from the Paria River is exceeded. TWP Projects 2 and 3 are also responsive to the
Assistant Secretary’s directions provided in her 2011 and 2014 memos. TWP Project 2 is the
measurement program needed to implement the HFE Protocol. TWP Project 3 supports the direct
measurements of the volume of fine sediment, especially sand, that is stored on the bed of the
Colorado River, in its eddies, or at higher elevation along the river’s banks; these measurements
allow assessment of the effectiveness of the Protocol. A significant accomplishment of these
programs in FY13-14 was the development of web-based interfaces to serve sediment transport
and water quality data, calculate fine sediment mass balances, and to serve photographs of
approximately 50 sandbars. The latter data allow stakeholders to evaluate the effects of
controlled floods implemented under the HFE Protocol.

TWP Project 4 (called Project J in the FY13-14 Work Plan) is focused on monitoring and
research concerning geomorphic and weather processes that affect cultural resources above the
active channel of the Colorado River. This project is responsive to Assistant Secretary Castle’s
guidance in her May 2014 memo and seeks to address longstanding issues associated with
monitoring of landscape change near archaeological sites and other culturally significant
properties. This project has been developed in collaboration with Reclamation in hopes that the
proposed monitoring and research is responsive to agency needs. The project has also been
reviewed by tribal representatives. Reclamation is providing supplemental budget support to this
project.

Each of these projects has direct linkage to the DFCs. Project 1 and TWP Project 2 address
the issues raised by the sediment and water quality elements of the CRe DFC that calls for
attainment of dissolved oxygen, nutrient concentrations and cycling, turbidity, temperature, and
hydro-physical conditions that support critical ecosystem functions. TWP Project 1 focuses on
measurement of water quality attributes of Lake Powell reservoir while TWP Project 2 pertains
to water quality, discharge, and sediment transport in the Colorado River and selected tributaries
downstream of Glen Canyon Dam. TWP Project 3 addresses monitoring and research topics
related to the sediment-related goals of the CRe, recreation and cultural DFCs — primarily the
characteristics of near-shore habitats for native fish, the substrate characteristics and landforms
associated with marsh and riparian habitat for fish, archaeological sites and camping beaches.
TWP Project 4 addresses the linkage between fine-sediment deposits and cultural resource
preservation that are articulated in the cultural resources DFC.

Projects in aquatic and fish ecology

TWP Projects 5, 6, 7, 8, 9, and 10 concern the fishes of the Colorado River and its tributaries,
the food base on which those fish depend, and the habitats in which the food base and fishes
occur. TWP Project 5 is a new stand-alone effort designed to continue monitoring of the aquatic
food base and to conduct research to resolve questions about the current condition of the aquatic
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invertebrate community in Glen Canyon. Many of the research and monitoring projects on native
and nonnative fish in the mainstem Colorado River are included in TWP Project 6. TWP Project
7 is a research project intended to resolve critical uncertainties about humpback chub and their
life history in the Little Colorado River and near its confluence with the mainstem Colorado
River. Experimental management treatments focused on benefitting native and nonnative fish are
included in TWP Project 8 as is a proposed review of the fisheries program by an external
protocol evaluation panel (PEP). TWP Project 9 concerns the rainbow trout fishery of Glen
Canyon as well as the factors influencing the distribution and movement of rainbow trout in
Marble Canyon. TWP Project 10 focuses on improving understanding of the relationships
between physical habitat in Glen Canyon and Marble Canyon and rainbow trout recruitment and
distribution.

The goals in developing the aquatic ecology and fisheries portions of the FY15-17 TWP
were to continue long-term, core monitoring of key aquatic resources in the CRe while also
looking to minimize redundancy and increase efficiency and to continue addressing persistent
scientific uncertainties that have posed challenges to management of the aquatic ecosystem.
Because nonnative rainbow and brown trout compete with and prey upon native fish, including
humpback chub, the significant management question continues to focus on

What management strategies should to be employed to maintain a high quality
rainbow trout fishery in Glen Canyon while protecting, and potentially
recovering, the endangered humpback chub and related native fish community in
Marble and Grand Canyons?

New or expanded research projects are intended to provide information in areas where the
greatest uncertainty remains. Most of the monitoring needs in the FY15-17 TWP were identified
in the Environmental Assessment for Non-Native Fish Control Downstream from Glen Canyon
Dam and its associated Biological Opinion. These documents also identified areas of uncertainty
where more research was needed. These uncertainties, as well as others identified during
interactions with stakeholders, informal meetings among scientists from cooperating agencies,
and meetings organized as part of the development of the LTEMP EIS formed the foundation of
the projects for new and expanded research presented in the TWP.

Monitoring of the aquatic food base and research of the biology and ecology of the aquatic
invertebrates that comprise this important resource will continue or be expanded. Information to
be collected in Glen, Marble, and Grand Canyons as part of TWP Project 5 includes production
of algae and invertebrates, organic matter biomass, drift of invertebrates and organic matter, and
the abundance, distribution, and timing of emergence of flying insects. New research to
understand the lack of aquatic invertebrate diversity in Glen Canyon will also be conducted
including laboratory experimentation and field observation of how insect reproduction, egg
survival, and emergence is influenced by various temperature and flow conditions. Supplemental
funding external to the GCDAMP is also being sought to support a comparative study of the CRe
aquatic food base with other western U.S. tailwaters. Understanding the aquatic food base and
how dam operations and other factors influence its dynamics are essential to understanding the
distribution, condition, and abundance of fish populations in the CRe.

The emphasis of research proposed in other projects is on native fish, especially humpback
chub, and nonnative fish that potentially threaten the recovery of this endangered species.
Although much has been learned about the distribution, habitat use, life history, population
dynamics, and other aspects of the biology and ecology of this species, key uncertainties remain.
Two areas of uncertainty believed to be among the most critical include the dynamics and
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ecology of the groups of humpback chub known as aggregations that live in discrete areas of the
mainstem Colorado River (TWP Project 6) and the variability in survival, growth, and
emigration rates of early life history stages of humpback chub in the Little Colorado River.
Additionally, little is known about the physical and biological drivers of this variation (TWP
Project 7). Interactions between native and nonnative fish, particularly between humpback chub
and trout, are still an area of concern. Continued laboratory experimentation and field study is
needed to better understand the predation and competition effects of nonnative fish on native
species and to determine to what extent these interactions are affected by environmental
conditions (TWP Project 7).

Several management actions designed to increase survival of juvenile native fishes in the
CRe will continue or begin during FY15-17. Mechanical removal of rainbow trout and brown
trout near the confluence of Bright Angel Creek will continue in cooperation with the National
Park Service in support of their efforts to restore native fish to this perennial tributary.
Translocations of juvenile humpback chub from the Little Colorado River into unoccupied areas
within this river will continue as will support of National Park Service translocation efforts into
Havasu Creek and Shinumo Creek. New activities include an assessment of potentially harmful
aquatic species within the Little Colorado River and genetic monitoring of humpback chub to
confirm that ongoing management activities are not having negative effects. Finally, a review of
the GCDAMP fisheries program will be conducted by an external review panel or PEP
comprised of scientists with expertise relevant to ongoing research and monitoring activities.
Maintaining the rainbow trout fishery in Glen Canyon has been a longstanding management
priority. While our understanding of some of the drivers of this population has improved, a
number of unknowns remain including a full understanding of the effects of flow-related actions
like the seasonal timing of HFEs and dam releases to achieve equalization of reservoir storage
volumes. A combination of laboratory and field studies, modeling, and comparison to similar
systems will help clarify the drivers of rainbow trout population status and trends, size
composition, and downstream migration (TWP Project 9), thus allowing for more effective
management of this important tailwater fishery that is an element of the recreation DFC.

Monitoring of key aquatic resources in the CRe remains a critical component of the FY15-17
TWP. These projects generate data that can be used to provide a baseline for observing status
and trends in resources of interest, to assess the effectiveness of various management actions,
and to inform managers as to the need to conduct management actions or the attainment of
identified goals. Surveys of humpback chub and other fishes are proposed to continue in the
Little Colorado River (TWP Project 7). This will include both physical captures of fish in the
spring and fall and continuous electronic monitoring to detect individuals previously tagged with
passive integrated transponders. Mainstem surveys of native and nonnative fish will also
continue annually in the spring and fall as part of Project 6 and quarterly near the mouth of the
Little Colorado River (TWP Projects 7 and 9) to gather information on young humpback chub
and trout. These surveys provide critical information on triggers for potential management
actions to control nonnative fish abundance identified in the Biological Opinion for the HFE and
nonnative fish control EAs. Needed information includes survival rates of young humpback
chub, the relative abundance of sub-adult and adult humpback chub, and trout abundance near
the Little Colorado River confluence. Additional monitoring activities include surveys of trout
spawning, early life stages, and adult populations in Glen Canyon, trout abundance and
emigration in Marble Canyon, and the distributions and relative abundance of all native and
nonnative fishes in Glen, Marble, and Grand Canyons. These efforts will help keep scientists and
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managers informed on the status and trends of fish throughout the CRe and will provide a
mechanism of surveillance and early detection of invasive fish species.

The CRe DFC for the aquatic domain focuses on desired attributes of native species, rainbow
trout, extirpated species, and non-fish biotic communities. TWP Projects 6, 7, and 8 are focused
on native fish species, especially the humpback chub, a federally-listed endangered species.
Monitoring and research activities in TWP Projects 6 and 7 address scientific issues associated
with the desired recovery of humpback chub throughout its former range in the CRe. TWP
Project 7 is focused on scientific issues associated with the largest aggregation of humpback
chub that occurs in and near the Little Colorado River. Project 8 entails management actions
designed to benefit native fish. TWP Project 9 is focused on rainbow trout in Glen and Marble
Canyons, and TWP Project 9.6 is focused on the interactions between trout and native fish
throughout the CRe. There are no proposed projects that focus on the re-establishment of
extirpated fish species in the CRe, despite the stated DFC element on this topic. There are also
no proposed projects focused on nonnative non-fish species such as the Northern Leopard Frog,
although TWP Project 5 does include characterization of the invertebrate community that is a
key part of the food base for native and nonnative fish.

Projects in riparian ecology

TWP Project 11 (called Project I in the FY13-14 Work Plan) builds on the plant-response
guild research and monitoring conducted in the FY13-14 Work Plan to further stakeholder
understanding of the role of riparian vegetation in ecosystem processes in a regulated river
ecosystem. The project includes a continuation of the ground-based and landscape scale
monitoring approaches initiated in FY13. The ground-based sampling downstream of Glen
Canyon Dam is complimentary to riparian monitoring data that are collected within other
National Park Service units in the Upper Colorado River Basin by their Inventory and
Monitoring Program. The landscape scale monitoring is moving from the total vegetation change
analysis conducted in FY13-14 to the specific change analysis of vegetation classes and
comparison of changes among river segments and different depositional environments (sandbars,
debris fans, channel margins). Information gained in TWP Project 11 monitoring supports efforts
in TWP Project 3 that endeavor to understand sediment dynamics over time and particularly with
regard to sediment response and the HFE Protocol.

With the increasing recognition of the role that both vegetation and river regulation have on
fluvial geomorphology, studies evaluating the additive effects of these ecosystem drivers on
shoreline and channel geomorphic landforms are increasingly relevant. Research elements in
TWP Project 11 will utilize the plant-response guilds to probabilistically evaluate and assess
wildlife habitat, and integrate the response guilds with a 22-year topographic survey record for
retrospective analyses of topographic change of 20 sandbars. A retrospective analysis of sandbar
evolution contributes to an understanding of how landforms along the channel change in
response to annual hydrology, controlled floods, and the presence of vegetation. In this regard,
TWP Project 11 is linked to the research priority for sediment identified by the Assistant
Secretary in her 2011 and 2014 memos. Increasing our knowledge about plant responses to
changing hydrology can also support resource managers’ concerns about management of
nonnative plants that may or may not benefit from changes in future flow regimes or how flow
regimes might be integrated into decisions regarding plant removal and restoration. TWP Project
Element 11.5 is intended to begin to address these questions.

61



Collectively, the monitoring and research proposed in TWP Project 11 supports the
GCDAMP’s efforts to evaluate the HFE Protocol (Bureau of Reclamation, 2011a) and flow
alternatives that will result from the on-going LTEMP EIS. The proposed research elements
fundamentally aid in furthering our understanding of the role of riparian vegetation in ecosystem
processes of a regulated river.

TWP Project 11 is focused on the CRe riparian domain. This project is primarily a vegetation
monitoring project, because the distribution of vegetation communities, characterized as
vegetation response guilds, and the distribution of fine-sediment substrates constitutes the
various riparian habitats that are of interest in the DFCs. This project also includes an element to
explore the linkages between the aquatic ecosystem and terrestrial fauna, especially insects and
insectivores.

Cultural resources monitoring and research project

The cultural resources program continues to be a significant focus of GCMRC activity in
FY15-17. TWP Project 4 explicitly focuses on providing scientific support for agency
management responsibilities, especially regarding development of a new Programmatic
Agreement and in relation to monitoring responsibilities associated with the HFE Protocol.
Reclamation is independently providing $150,000 to support this work in FY15 and FY16 and
slightly more support in FY17. This project involves a research component that follows on work
completed by Amy Draut East, Brian Collins, Joel Sankey, and others in FY13-14. The other
part of this project involves development of a formal archaeological site monitoring program that
builds on work completed by Brian Collins, Helen Fairley, and others since 2009 and would be
implemented in FY16. TWP Project 12 is a small and novel project to evaluate historical changes
in the distribution of plants significant to tribes, and some tribes are formally cooperating in this
effort.

Cultural resources in the CRe include prehistoric archaeological sites, historic sites, and
TCPs that are eligible for listing on the National Register of Historic Places (NRHP) as well as
culturally-valued plants, animals and landscapes that are not individually eligible for listing on
the NRHP. The primary DFC objective for prehistoric archaeological sites and for historic sites
is “to the extent feasible, maintain significance and integrity through preservation in place” while
the primary objective for TCPs is that they are maintained such that National Register eligibility
is not compromised. The DFC objectives for non-NRHP eligible cultural resources are similar in
that they strive to “maintain culturally appropriate resource conditions based on traditional
ecological knowledge and integrate this desired condition into monitoring and management
programs.” Thus, the DFCs for cultural resources recognize that many natural processes and
attributes of the CRe affect cultural resources. These processes include those related to stream
flow, sediment transport, geomorphology, and riparian vegetation. Cultural resources are also
affected by recreation activity. The DFC specifically proposes that achievement of the goals for
cultural resources be measured by:

Erosion or deposition rates of substrates in which cultural sites occur
Impacts at sites that affect eligibility to the National Register of Historic Places

The FY15-17 TWP is responsive to these DFCs and their proposed metrics. TWP Project 11
involves a system-wide monitoring of riparian vegetation. TWP Project 4.1 continues a system-
wide, comprehensive study of geomorphic processes and geomorphic attributes that affect
prehistoric and historic sites. Such a project has never been previously undertaken as part of the
GCDAMP-funded GCMRC program. The goal of this project is to establish the linkage between
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the area and abundance of river sandbars (TWP Project 3) that are directly affected by dam
operations and the redistribution of fine sediment upslope to areas that contain prehistoric and
historic sites. Additionally, Project 4 evaluates the degree to which gullies in the CRe grow or
are eliminated by changing geomorphic conditions in the river channel itself. This Project also
applies detailed measurement protocols in Glen, Marble, and Grand Canyons to precisely
measure topographic changes at the local scale. The challenge of TWP Project 4 is to provide
scientific guidance as to how large-scale and local-scale measurements and observations can be
linked.

The cultural resource DFCs also propose metrics for assessing the condition of resources
other than archaeological and historic sites that are traditionally valued by Native American
tribes and other communities. Because “only members of that culture can assess the status or
health of the [TCP] resources” important to each Native American Tribe, TCP monitoring
activities are not part of the GCMRC program. Tribes are funded directly for their monitoring
efforts, as described in Chapter 1. However, in the FY15-17 TWP, a small and novel project is
proposed to evaluate historical changes in the distribution of plants significant to tribes and
through doing this evaluation, to elucidate the linkages between changes in vegetation and
effects to traditional tribal cultural values associated with the riparian landscape. Some tribes are
formally cooperating in this effort. Relevant vegetation data from TWP Project 11 will be
incorporated into TWP Project 12.

Socioeconomic project

TWP Project 13 initiates socioeconomic monitoring and research at GCMRC. This project
will identify recreational user and tribal preferences for, and values of, downstream resources
and evaluate how they are influenced by operations at Glen Canyon Dam. In addition, the project
will integrate economic information with data from long-term and ongoing physical and
biological monitoring and research studies led by GCMRC to develop a decision support system
that will improve the ability of the GCDAMP to evaluate and prioritize management actions,
monitoring and research. Specifically, the project involves three related socioeconomic
monitoring and research studies that include: (a) evaluation of the impact of Glen Canyon Dam
operations on regional economic expenditures and economic values associated with angling in
Glen Canyon National Recreation Area downstream from Glen Canyon Dam, and whitewater
boating in Grand Canyon National Park that begins at Lees Ferry; (b) assessment of the impact
of Glen Canyon Dam operations on tribal preference for, and value of, downstream resources;
and (c) development of decision methods, using economic metrics, to evaluate management
actions and prioritize monitoring and research on resources downstream of Glen Canyon Dam.
The recreation economics research builds on work from the late 1980s, under the Glen Canyon
Environmental Studies program, that established a relationship between dam operations and
recreational economic values related to angling and whitewater boating. Carryover funding from
FY13 has been allocated to initiate the recreation economics research in FY14. The recreation
economics research will continue in FY15-16. The decision methods and tribal research, original
research at GCMRC, will be initiated in FY15 and FY16, respectively, and continue into FY17.

The overarching DFC goal and objective for power is that “Glen Canyon Dam capacity and
energy generation is maintained and increased, so as to produce the greatest practicable amount
of power and energy, consistent with the other DFCs.” Thus, the DFC for power identifies the
importance of hydropower to the greater Western Electricity Coordinating Council, but
recognizes the influence that hydropeaking power production at Glen Canyon Dam can have on
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other downstream resources. TWP Project 13 contributes to discussion about tradeoffs between
natural and economic values by initiating development of a decision support system to inform
the GCDAMP in the organization and evaluation of management actions, monitoring, and
research. The research in TWP Project 13 is consistent with the goal and objective of the power
DFC.

There are four categories for recreation DFCs: 1) river recreation in Grand Canyon National
Park; 2) river recreation in Glen Canyon National Recreation Area; 3) blue ribbon trout fishery
in Glen Canyon National Recreation Area; and 4) river corridor stewardship. Each category
identifies specific resource conditions as goals and objectives. The metrics used to evaluate these
goals and objectives include the condition of recreational resources, socioeconomic value
associated with the recreation, and overall recreation visitation/expenditures. The FY15-17 TWP
will provide monitoring and research concerning the socioeconomic value of river recreation and
angling below Glen Canyon Dam (TWP Project 13). This research will also inform on the
preference for resource quality and the regional economic effects of recreation based tourism in
Glen Canyon National Recreation Area and Grand Canyon National Park. This information
provides a subset of the metrics proposed to evaluate recreation DFCs. As described above, TWP
Project 13 also initiates the development of a decision support system to inform the GCDAMP in
the organization and evaluation of management actions, monitoring, and research. This will
allow GCDAMP to better evaluate the tradeoffs, how the recreation metrics in the DFCs are
impacted, among other resource DFCs when managing the operation of Glen Canyon Dam.

The FY15-17 TWP will also provide monitoring data concerning other recreation DFCs and
the metrics used to evaluate them. The distribution and size of campable beaches is an element of
TWP Project 3. Additionally, TWP Project 7 will provide research and monitoring data
concerning the interactions between trout and native fish and TWP Project 9 will directly inform
management of the Glen Canyon tailwater fishery. A creel survey (TWP Project 6.8) will also
provide data concerning angler success and experience in GCNRA.

Geographic information systems (GIS), services, and support

TWP Project 14 concerns the implementation of GIS support both in terms of direct
involvement in proposed science work (TWP Projects 3, 4, 5, 6, 7, 9 and 10), and as a stand-
alone effort that performs many functions within GCMRC and GCDAMP. These functions
include the ability to serve as the focal point of geospatial knowledge and application, fulfill the
role of geospatial data management, further develop GIS as a vehicle for data integration, and
provide a gateway into GCMRC’s collection of geospatial data holdings.

Independent review and science oversight

In FY15 and FY16, GCMRC proposes to convene three science oversight and review panels.
One of these panels will focus on reservoir limnology and ecology, because the characteristics of
Lake Powell will determine the long-term characteristics of the CRe. At the downstream end of
the ecosystem, the limnology of Lake Mead is occasionally determined by inflows from
controlled floods. Navigation across the emergent delta of Lake Mead is strongly affected by the
storage contents of the reservoir. GCMRC is committed to working with Reclamation to identify
a robust monitoring and research program that can aid in making future decisions about water
management of these two large reservoirs.

Significant effort was expended in spring 2014 in developing the native fish and rainbow trout
monitoring programs. These programs are implemented by a consortium of GCMRC, Arizona
Game and Fish Department, US Fish and Wildlife Service, National Park Service, and
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cooperators. Although progress was made in developing an efficient and cost-effective program,
much remains to be done to hone this program to meet the science needs of the GCDAMP while
also expending money efficiently. We believe that a panel of science experts on this topic could
greatly assist the agencies in developing this program for the future.

In early June, 2014, GCMRC was notified that riparian vegetation management was being
proposed for the CRe. This work would be part of the LTEMP EIS program. Following
conversation with sister agencies, GCMRC added an element to TWP Project 11 and will
conduct a science panel to review methods of riparian vegetation management and monitoring in
an effort to provide stakeholders and the National Park Service with a scientific basis to initiate
this program.

Table 3. Independent review and science oversight components of the FY15/16/17 TWP

1.2 Reservoir limnology and ecology monitoring and research science review panel $21,000 (FY15)
8.3 Fisheries Protocol Evaluation Panel $21,000 (FY16)
115 Science Review Panel of Successes and Challenges in Non-native Vegetation $34,000 (FY15)

Control in the Colorado River and Rio Grande Watersheds

GCMRC project administration

Administration of the GCMRCs work is funded in two ways — as direct costs associated with
the salaries and travel expenses of key leadership and administrative personnel and as indirect
costs (called “burden” in the USGS) that support the USGS Southwest Biological Science Center
(SBSC). Part of the indirect costs are assessed at a 16% burden rate in FY15 on all work
conducted by GCMRC staff and partly by a direct $1 million allocation by the USGS to the
SBSC. The burden rate increases to 22% in FY16 and to 28% in FY17.

Allocation of the FY15-17 Budget

The total recommended budget of GCMRC in FY2015 is $9.5 million. Funding for this
amount includes $8.7 million from GCDAMP funds and an additional $0.8 million from other
Reclamation funding sources, including $0.4 million for native fish projects from the Native Fish
Conservation Contingency Fund.

Of the approximate $9.5 million recommended budget for FY15, 40% is to be allocated to
monitoring and research work in aquatic ecology and fisheries and 31% is to be allocated to the
projects in geomorphology, stream flow monitoring, sediment transport, and water quality.
Direct GCMRC administrative costs are 14% of the budget. The combined work in riparian
ecology, cultural resources, economics, and independent reviews is a small proportion of the
proposed work. The budget for the GCMRC part of the FY15-17 TWP is described at the end of
each project description, and is summarized in various appendices at the end of this document.
The total recommended budget of GCMRC in FY2016 is $9.9 million. Funding for this amount
includes $9.0 million from GCDAMP funds, $0.1 million from anticipated GCMRC carryover
funds, and an additional $0.7 million from other Reclamation funding sources, including $0.3
million for native fish projects from the Native Fish Conservation Contingency Fund.

The total recommended budget of GCMRC in FY2017 is $9.8 million. Funding for this amount
includes $9.3 million from GCDAMP funds and an additional $0.5 million from other
Reclamation funding sources.
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Monitoring: Core activities
Monitoring: Supports implementation and evaluation of HFE Protocol and Non-Native Fish Control

Project 2. Stream Flow, Water Quality, and Sediment

Transport in the Colorado River Ecosystem

Initial Estimate: FY15: $1,340,300; FY16: $1,452,000; FY17: $1,534,900
GCDAMP Funding: FY15: $1,340,300; FY16: $1,350,400; FY17: $1,458,200

A. Investigators

David J. Topping, Research Hydrologist, U.S. Geological Survey, Grand Canyon Monitoring
and Research Center

Ronald E. Griffiths, Hydrologist, U.S. Geological Survey, Grand Canyon Monitoring and
Research Center

David J. Dean, Hydrologist, U.S. Geological Survey, Grand Canyon Monitoring and Research
Center

B. Project Summary

This project makes the basic measurements that link dam operations and reservoir releases
to the physical, biological, and sociocultural resources of the Colorado River ecosystem (CRe)
downstream from Glen Canyon Dam. This project conducts the monitoring of stage, discharge,
water quality (water temperature, specific conductance, turbidity, dissolved oxygen), suspended
sediment, and bed sediment. Measurements are made at gaging stations located in Glen Canyon
National Recreation Area, Grand Canyon National Park, the Navajo Reservation, and the
Hualapai Reservation and on lands administered by the Bureau of Land Management. The data
collected by this project provide the stream-flow, sediment-transport, sediment-mass-balance,
water-temperature, and water-quality data that are required to link dam operations with the status
of the CRe. In addition, the data collected by this project are used to implement and evaluate the
High Flow Experiment (HFE) Protocol and in evaluations of alternatives being assessed by the
Long-Term Experimental and Management Plan (LTEMP) EIS. The data collected by this
project are also used in other physical, ecological, and socio-cultural projects described
elsewhere in this Triennial Work Plan. Other project funds support interpretation of basic data.

C. Background

C.1. Scientific Background

The primary linkage between the release of Lake Powell reservoir water and the
characteristics of the physical, biological, and cultural resources of the CRe is through the stage,
discharge, water quality, and sediment transport of the Colorado River (Gloss and others, 2005).
Reservoir releases are the principal determinant of the Colorado River’s flow regime, sediment
supply, sediment-transport regime, and temperature regime, because tributary inflows only affect
the Colorado River’s characteristics during rare, large tributary floods (Topping and others,
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2000a, 2000b; Voichick and Wright, 2007; Voichick, 2008; Wright and others, 2009; Voichick
and Topping, 2010a, 2014).

Although there are short reaches of the river corridor where the bed and banks are bedrock,
unconsolidated sediment on the bed and banks constitutes the physical template of most of the
CRe, (Gloss and others, 2005; Melis, 2011). Although some parts of the river corridor are
composed of coarse sediments derived from hillslope processes, most of the bed and banks of the
Colorado River are composed of coarse and fine sediment occasionally or frequently transported
by the Colorado River. Hereafter, these sediments are termed main-stem alluvial sediments.
Most of the main-stem alluvial sediments transported by the Colorado River are fine grained,
meaning that they are less than 2 mm in diameter -- sand, silt, and clay. Coarse, main-stem
alluvial sediment—qravel, cobbles, and boulders—is occasionally transported by the Colorado
River.

Most of the fine sediment is transported in suspension, although small amounts are
transported as bedload (Rubin and others, 2001). This project is primarily focused on the
measurement of suspended, fine-grain-sediment transport. A small research project element that
is part of Project 3 (Project element 3.4) concerns refining previous estimates (Rubin and others,
2001) of the proportion of the total fine sediment flux that is transported as bedload.

Suspended sediment is an important water quality parameter, because the accumulation or
evacuation of fine sediment determines whether eddy sandbars and channel-margin deposits
aggrade or are eroded; these types of topographic changes are important to many biological,
cultural, and recreational resources (Rubin and others, 2002, Wright and others, 2005, 2008).
Suspended sediment transport also controls turbidity, and therefore influences the aquatic and
fish ecology of the river. The endemic fishes of the CRe evolved in a highly turbid river (Gloss
and Coggins, 2005).

Turbidity is predominantly determined by the concentration of suspended silt and clay
(hereafter called mud) and, to a lesser degree, suspended sand (Voichick and Topping, 2014).
Prior to closure of Glen Canyon Dam, 60% of the fine sediment supply to the upstream end of
the CRe was mud (Topping and others, 2000a). Closure of Glen Canyon Dam reduced the supply
of sand and mud by about 95% at Lees Ferry, and the Paria River is now the major supplier of
fine sediment to Marble Canyon (Topping and others, 2000a, 2000b). The post-dam Colorado
River in Marble and Grand Canyons is much less turbid than ever occurred naturally (Voichick
and Topping, 2014). Because the in-channel storage of sand and mud in the post-dam Colorado
River is greatly reduced from pre-dam conditions, the Colorado River in the CRe is only now
turbid during periods of tributary flooding.

Fine-sediment deposits that occur within the active channel of the Colorado River are
primarily composed of sand. Sand fills some deep pools in the channel and occurs elsewhere as
discrete patches (Anima and others, 1998; Schmidt and others, 2007; Grams and others, 2013).
Mapping of the distribution of sand and mud on the channel bed occurs as part of Project
Element 3.2. Eddy sandbars occur along the margins of the active channel, and channel-margin
deposits occur as discrete patches of floodplain in wider parts of Glen, Marble, and Grand
Canyons (Schmidt, 1990; Schmidt and Graf, 1990). Higher deposits of fine sediment that
typically are composed of larger proportions of mud and very fine sand occur as alluvial terraces
above the modern active channel. These pre-dam terraces were formed by floods that no longer
occur. Even higher above the active channel are dunes and other fine-sediment wind deposits
that are the subject of monitoring and research described in Project 4.
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The long-term fate of all sand deposits in and near the Colorado River in the CRe is
determined by the capacity of the main stem to transport those sediments downstream to Lake
Mead reservoir in relation to the rate at which similar size sediment is supplied by the Paria
River, Little Colorado River, and smaller tributaries. Measurements of suspended sediment
transport and combined with stream-flow measurements are used to calculate the total mass of
fine sediment entering or leaving segments of the Colorado River. The difference between the
mass entering and leaving a river segment is termed “mass balance,” and calculations of mass
balance are made by this project.Systematic measurements of stream flow and the quality of
water, including suspended-sediment concentration, in the CRe began with installation of the
Lees Ferry gaging station (USGS gaging station 09380000, Colorado River at Lees Ferry, AZ) in
May 1921 (Howard, 1947; Topping and others, 2003). During much of the 20th century, daily
measurements of suspended-sediment concentration and temperature, and episodic
measurements of other water-quality parameters, were made by the USGS throughout the
Colorado River basin. This intensive period of measurements ended in the early 1970s
(Andrews, 1991; Topping and others, 2000a). Concern about the effects of operations of Glen
Canyon Dam on the CRe resulted in a new emphasis on scientific measurements and modeling
of water quality and sediment transport beginning in the early 1980s (National Research Council,
1996). The results of these studies have been published in numerous USGS reports and journal
articles, and ultimately resulted in the current form of the proposed project.

Recent research on the Colorado and on other rivers has shown that, to be meaningful,
measurements of stage, discharge, water quality, and suspended sediment must be made at
temporal resolutions higher than those over which these parameters vary. In the specific case of
suspended sediment, substantial changes in suspended-sand concentration and suspended-mud
concentration are determined by changes in the upstream supply of those sediments. These
changes typically occur over timescales less than 1 hour (Topping and others, 2000b; Wright and
others, 2010a, 2010b). Furthermore, Rubin and Topping (2001a, 2001b, 2008) showed that, in
the case of the dam-regulated Colorado River, suspended-sand transport is co-equally regulated
by changes in discharge and changes in the grain-size of sand available for transport that in turn
is determined by the upstream supply of sand. The former control is largely determined by
changes in dam operations, and the latter control is largely determined by changes in tributary
sand supply. Topping and others (2005a, 2007a, 2010) showed that sand transport is much more
sensitive to sand-supply-driven changes in the grain-size distribution of the bed sediment than by
changes in the amount of sand covering the bed. Topping and others (2005b, 2008) and Hazel
and others (2006) built on the work of Rubin and Topping and concluded that eddy sandbars are
the dominant river environment containing sand. Therefore, these deposits are the primary
regulators of sand transport in the Colorado River. These findings invalidated key assumptions of
the 1995 EIS (U.S. Department of the Interior, 1995) that assumed that suspended-sand transport
was only regulated by changes in discharge (Rubin and others, 2002).

This project is designed to provide measurements of stage, discharge, water quality, and
suspended sediment at sufficiently high temporal resolutions (~15-minute) to allow accurate
determination of suspended sediment loads, as well as other water quality parameters.

Collection of such data at 15-minute intervals is the USGS standard. Collection of data at the
15-minute temporal resolution is required to accurately describe the changes in stage, discharge,
water quality, and sediment transport in the CRe that have been documented to occur at intervals
<< 1 hour (for example, Topping and others, 2000b; Voichick, 2008; Voichick and Topping,
2010a). Months to years of data collected at this resolution easily fit on standard dataloggers,
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result in no additional processing time in the office, and result in no additional financial cost to
the project. In addition, because random error is reduced as 1/+/, where n = number of

samples, data collection at >>15-minute intervals would not only hamper detection of systematic
changes in stage, discharge, water quality, and sediment transport, but would substantially
increase the error in the measurements provided by this project.

To allow the construction of this comprehensive monitoring network, this project has
conducted pioneering research on using laser-diffraction and acoustic technologies to measure
water quality and sediment transport (Melis and others, 2003; Topping and others, 2004, 2006a,
2007b; Wright and others, 2010c; Voichick and Topping, 2010b, 2014; Griffiths and others,
2012). The acoustic technologies and methods developed by this project to measure sediment
transport in the Colorado River are now being used in monitoring networks to inform river
managers in and near Big Bend National Park, Dinosaur National Monument, and Canyonlands
National Park.

The various continuous measurements, as well as episodic measurements of bed sediment,
of the main-stem Colorado River are made at USGS stream-flow gaging stations located at river
miles (RM) 0, 30, 61, 87, 166, and 225 (Griffiths and others, 2012). Selection of these gaging-
station locations was largely based on the need to resolve longitudinal differences in sediment
storage in key river segments that bracket major tributaries. Elsewhere, gage locations were
established to support other GCDAMP-funded projects or to reoccupy former gaging stations. In
addition, high-resolution stage, discharge, water temperature, suspended-sediment concentration,
and suspended-sediment grain-size distribution are measured at sites in all of the major
tributaries to the Colorado River and in a representative subset of the smaller, and formerly
ungaged, tributaries (Griffiths and others, 2010, 2014).

All measurements of stage, discharge, water quality, and all physical measurements of
suspended and bed sediment are made using standard, approved USGS techniques. Errors in
conventional suspended-sediment measurements are calculated using the methods of Topping
and others (2011) and Sabol and Topping (2013). The laser diffraction and acoustic
measurements of suspended sediment are made using techniques described in Melis and others
(2003), Topping and others (2004, 2006a, 2007b), and Wright and others (2010c).

The funding requested here only partially covers the costs of data collection at the USGS
gaging stations, because operations of some of the gaging stations are supported by non-
GCDAMP sources. Thus, gaging station locations are partially dictated by non-GCDAMP goals.
For example, gage height and discharge data collected at the gaging stations on the Colorado
River at Lees Ferry, AZ (station number 09380000), and above Diamond Creek near Peach
Springs, AZ (09404200), are entirely funded from non-GCDAMP sources. In addition, gage
height and discharge data collected at the gaging stations on the Paria River at Lees Ferry, AZ
(09382000), the Little Colorado River near Cameron, AZ (09402000), and on the Colorado River
near Grand Canyon, AZ (09402500), are significantly subsidized by non-GCDAMP sources. All
of the personnel listed on this project receive parts of their salary from non-GCDAMP sources.

The most significant product from this project during FY 2013-14 was the development of
the website on which we serve project data and serve user-interactive sediment budgets:
http://www.gcmrc.gov/discharge _gw_sediment/. All database and website work has been made
possible through collaboration with the USGS Center for Integrated Data Analytics (CIDA). The
CIDA is the leader within the USGS in database and web programming. Collaboration with the
CIDA has resulted in a major leap forward in serving data in a user friendly and interactive way,
something that has proven problematic for GCMRC to do on its own in previous funding cycles.
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The tools developed in collaboration with the CIDA are allowing anyone to plot the data,
construct mass-balance sediment budgets, and plot changes in reach-averaged bed-sediment
grain size for any time period in any reach of the CRe on demand. In addition, these tools allow
different user-chosen methods for error propagation through these sediment budgets. Because
sandbar response during controlled floods depends on both the amount and grain-size
distribution of the sand stored in each river segment (Topping and others, 2006b, 2010), these
tools have proven to be extremely useful in the planning of controlled floods under the HFE
Protocol (U.S. Department of the Interior, 2011) and will inform future monitoring efforts.

C.2. Management Background

This project began as fundamental research in the late 1990s. Based on the scientific results
described above, the project was recognized by the GCDAMP as a core-monitoring project in
2007. The project was designed to fully address the monitoring needs of GCDAMP Goal 7
(Establish water temperature, quality, and flow dynamics to achieve GCDAMP ecosystem goals)
and to partially address the monitoring needs of GCDAMP Goal 8 (Maintain or attain levels of
sediment storage within the main channel and along shorelines to achieve GCDAMP ecosystem
goals). The primary objective of this project is to collect the basic monitoring data that directly
link dam operations and reservoir releases to the physical template of the CRe.

In addition to supporting GCDAMP Goals 7 and 8, this project provides indirect support for
Goals 1 (Protect or improve the aquatic food base so that it will support viable populations of
desired species at higher trophic levels), 2 (Maintain or attain a viable population of existing
native fish, remove jeopardy for humpback chub and razorback sucker, and prevent adverse
modification to their critical habitats), 4 (Maintain a wild reproducing population of rainbow
trout above the Paria River to the extent practicable and consistent with the maintenance of
viable populations of native fish), 6 (Protect or improve the biotic riparian and spring
communities within the CRe, including threatened and endangered species and their critical
habitat), 9 (Maintain or improve the quality of recreational experiences for users of the CRe
within the framework of GCDAMP ecosystem goals), and 11 (Preserve, protect, manage, and
treat cultural resources for the inspiration and benefit of past, present, and future generations).

Indirect support is provided by providing the basic stream-flow and water quality data that
other scientists and stakeholders use to link dam operations to resource condition. This project
supports Goal 1 by providing information on flows, water temperature, turbidity, and dissolved
oxygen that aids in food base studies, such as the assessment of primary productivity and
allochthonous inputs. This project supports Goal 2 by providing water-temperature data for the
assessment of fish growth rates, turbidity data that are used to adjust for catch efficiency in
population models, flow and stage data that are important to understanding the effects of near-
shore habitat changes caused by fluctuating flows, and data on sandbars and resulting backwater
habitats that are helpful in understanding the importance of sandbars for native fish. This project
supports Goal 4 through monitoring of discharge, water temperature, specific conductance,
turbidity, and dissolved oxygen conditions in Glen Canyon. This project supports Goal 6 by
monitoring the transport and fate of sand and mud, which provides the substrate for riparian
vegetation and marsh communities. This project supports Goal 9 by collecting the monitoring
data used in experimental and modeling research relating flow and sediment-transport dynamics
to the size and abundance of sandbars used as campsites. This project supports Goal 11 by
collecting the stage, flow, and sediment data used to assess effects of dam operations on cultural
sites.
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The stream-flow and sediment-transport data collected by this project are required to trigger
and evaluate the HFE Protocol (U.S. Department of the Interior, 2011). In addition, the stage,
stream-flow, sediment-transport, sediment-budget, water-temperature, dissolved-oxygen,
specific-conductance, and turbidity data collected by this project are used by other projects that
seek to link the status of CRe resources with reservoir releases. The stream-flow, sediment
transport, and water quality data are used to directly address several Desired Future Conditions
(DFCs) (see Table 1, in Chapter 2 Introduction).The measurements made in this project are also
indirectly used to interpret ecological patterns related to the aquatic foodbase, native fish, the
Glen Canyon trout fishery, and the riparian zone. Data collected by this project not only
constitute core monitoring but also supports other policy developments, such as the LTEMP EIS.
Additionally, these data are used to monitor compliance with the 1996 Record of Decision that
followed the 1995 EIS, supports research about flow experiments, and are critical to
development of numerical models concerning river processes.

C.3. Monitoring and Research Questions Posed by Stakeholders that Are Addressed in This Project

This project provides direct support to some of the priority questions identified by the
GCDAMP Adaptive Management Work Group in August 2004. Monitoring of stage, discharge,
sediment transport, water temperature, and other water quality parameters directly supports some
priority questions and indirectly supports other questions by providing information on the
general physical framework of the riverine environment.

This project also directly addresses the following Strategic Science Questions (SSQs), Core
Monitoring Information Needs (CMINs), and Research Information Needs (RINS) previously
identified by the GCDAMP.

e SSQ 4-1. Is there a “Flow-Only” operation (that is, a strategy for dam releases, including
managing tributary inputs with BHBFs, without sediment augmentation) that will restore
and maintain sandbar habitats over decadal timescales?

e SSQ 5-1. How do dam release temperatures, flows (average and fluctuating component),
meteorology, canyon orientation and geometry, and reach morphology interact to
determine main-stem and near-shore water temperatures throughout the CRe?

e CMIN 7.4.2. Determine and track flow releases from Glen Canyon Dam, under all
operating conditions, particularly related to flow duration, upramp, and downramp
conditions.

e CMIN 7.1.2. Determine and track Little Colorado River discharge and temperature near
the mouth.

e CMIN 7.1.1. Determine the water temperature dynamics in the main stem, tributaries
backwaters, and near-shore areas throughout the CRe.

e CMIN 8.1.3. Track, as appropriate, the monthly sand and mud volumes and grain-size
characteristics, by reach, as measured or estimated at the Paria and LCR, other major
tributaries like Kanab and Havasu Creeks, and “lesser” tributaries?

e CMIN 8.1.2. What are the monthly sand and mud export volumes and grain-size
characteristics, by reach, as measured or estimated at Lees Ferry, lower Marble Canyon,
Grand Canyon, and Diamond Creek Stations?

e RIN 7.4.1. What is the desired range of seasonal and annual flow dynamics associated
with power-plant operations, BHBFs, and habitat maintenance flows, or other flows that
meet GCDAMP goals and objectives?
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RIN 7.3.1. Develop simulation models for Lake Powell and the Colorado River to predict
water-quality conditions under various operating scenarios, supplant monitoring efforts,
and elucidate understanding of the effects of dam operations, climate, and basin
hydrology on Colorado River water quality.

RIN 8.5.1. What elements of ROD operations (upramp, downramp, maximum and
minimum flow, MLFF, high modified flow (HMF), and BHBF) are most/least critical to
conserving new fine sediment inputs, and stabilizing sediment deposits above the 25,000
ft*/s stage?

C.4. Scientific Questions that have Emerged from Past Work and That Are Addressed in This Project

During the past few years, new scientific questions have emerged with regard to water

quality and to sediment transport, storage, and erosion in the Colorado River and its tributaries.
Moreover, some of these questions have arisen in regard to the linkages between sediment
dynamics and endangered-fish habitat, for example, habitat loss from sediment deposition in the
lowermost Little Colorado River (D.M. Stone, written comm., 2013). Specific scientific
questions/topics that will be addressed in the peer-reviewed scientific literature during FY2015-
17 include:

A re-evaluation of the effects of dam operations on sand transport and storage in the six
mass-balance reaches of the CRe using the high-quality 15-minute measurements of
sediment transport available at all mainstem gages starting in 2008.

Has the implementation of more frequent HFEs starting in 2012 measurably influenced
the dynamics of sand transport and storage in the CRe?

Does longer-term sand storage in the CRe generally increase in the downstream direction
or does the geomorphology influence sand transport such that downstream reaches (for
example, the reach between RM166 and RM225) lose sand while upstream reaches gain
sand?

How does the implementation of more frequent HFEs affect water quality in the CRe on
a reach-by-reach basis?

Do tributaries other than the Paria River and Little Colorado River substantially affect the
sediment budget of the CRe?

Do long-term changes in the hydrologies of the Paria and Little Colorado Rivers exist
and, if so, what are the implications of these changes for sediment management in the
CRe?

What are the linkages among hydrologic change (both natural and human-enhanced),
sediment transport and dynamics, and aquatic habitat in the Little Colorado River?

Have changes in the hydrologic and sediment-transport characteristics of the part of the
Little Colorado River upstream from Blue Springs resulted in major changes to the
geomorphology and aquatic habitat of the reach of the Little Colorado River downstream
from Blue Springs? If so, how might continued changes affect the endangered-fish
habitat in the lowermost reach of the Little Colorado River in the future?

D. Proposed Work

D.1. Project Elements
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Data collection during FY15-17 will be conducted using the same methods, spatial
resolution, and temporal resolution as during FY13-14. All measurements of stage, discharge,
water quality, and physical measurements of suspended and bed sediment are made using
standard, approved USGS techniques. The discharge, water-quality, and sediment monitoring
networks on the Colorado River and its tributaries are described in Griffiths and others (2011,
2014), Topping and others (2010), Voichick and Wright (2007), Voichick (2008), and Voichick
and Topping (2014). Errors in conventional suspended-sediment measurements are calculated
using the methods of Topping and others (2011) and Sabol and Topping (2013). Acoustic
measurements of suspended sediment are made using techniques described by Topping and
others (2004, 2006a, 2007b), Wright and others (2010c), and Topping and Wright (in prep.).
Proposed funding for FY15-17 positions this project to do the required work to implement the
DOl-approved HFE Protocol during FY15-17.

During FY15-17, we propose to continue to serve project data and user-interactive sediment
budgets through this website. In addition, work will continue to add additional data streams to
this website and expand the user-interactive tools. Chief among the new tools to be developed
are user-interactive duration curves. Duration curves are one of the most useful and powerful
tools for conveying complicated hydrologic and water-quality datasets. We have successfully
used duration curves to analyze changes in stage, discharge, and turbidity for various periods and
reaches in the CRe (Topping and others, 2003; Voichick and Topping, 2014). Once the duration-
curve tool is added to the website, the user will be able to plot the percentage of time any
parameter served on our website is equaled or exceeded for any user-specified period.

In addition to the collection and serving of the basic stream-flow, water-quality, and
sediment-transport data, time is spent in this project interpreting the data and reporting on the
results and interpretations in peer-reviewed articles in the areas of hydrology, water quality, and
sediment transport. The interpretive papers published by this project are designed to address key
questions relevant to river management, especially to management in the GCDAMP (see
proposed publication list below). The data collected in this project form the basis of the
collaborations listed in the next section. All of the projects funded in the areas of physical
science, biology, and socioeconomics require the data collected by this project. During FY15-17,
several peer-reviewed journal articles and USGS reports will be published on the following
topics:

e Analysis of Paria River and Little Colorado River hydrology 1920s-present with
implications for long-term sediment management in the CRe (lead author Topping, to be
completed during FY15-16)

e Geomorphology, hydraulic geometry, and sediment transport in the Paria River (lead
author Topping, to be completed during FY17)

e Analysis of a decade of measurements of sediment transport in the lesser tributaries: Do
the lesser tributaries matter to CRe sediment mass balance? (lead author Griffiths, to be
completed during FY15)

e Multiple articles on the linkage among hydrology, sediment transport, and geomorphic
change in the Little Colorado River, with implications for aquatic and riparian habitat in
the lower Little Colorado River (lead author Dean, to be completed during FY16-17)

e Evaluation of effects of 2008-2016 dam operations on sediment storage dynamics within
the CRe (lead author Topping, to be completed during FY17)

In addition to these major publications, additional data reports and interpretive reports will be
published by project personnel and USGS cooperators.
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D.2 Personnel and Collaborations

The USGS-GCMRC personnel on this project are: David Topping (Research Hydrologist
and project chief), Ronald Griffiths (Hydrologist and deputy project chief), David Dean
(Hydrologist), Nick Voichick (Hydrologist and Water Quality Specialist), Tom Sabol
(Hydrologist), Joel Unema (Hydrologic Technician, part-time), Taylor Roe (Hydrologic
Technician, laboratory worker), and Jason Fobair (Hydrologic Technician, student laboratory
worker).

The measurements of this project are essential to the success of Project 3 (Sandbars and
Sediment Storage Dynamics). The measurement data and the mass balance sediment budgets
computed in Project 2 are compared with the morphometric sediment budgets calculated in
Project 3. The major external collaborations funded through this project are with three USGS
cooperators: the Arizona Water Science Center, the Utah Water Science Center, and the Center
for Integrated Data Analytics. Collaborations also exist between this project and most other
funded physical-sciences and biology projects of the Triennial Work Plan, mostly in a supporting
role, and with researchers in academia. In previous years, academic collaborations have existed
between this project and researchers at the University of Colorado, College of William and
Mary, Arizona State University, Utah State University, and Northern Arizona University.

D.3 Deliverables

1. 15-minute stage, discharge, and water temperature data (updated every 1-4 hours in
realtime) and other QW data from the 9 gaging stations maintained by the USGS Arizona
and Utah Water Science Centers under this project are available at
http://waterdata.usgs.gov/nwis and http://www.gcmrc.gov/discharge_gw_sediment/.

2. 15-minute stage, discharge, water temperature, specific-conductance, turbidity, dissolved-
oxygen, and suspended-sediment-concentration and grain-size data from the stations
maintained by GCMRC under this project are available at
http://www.gcmrc.gov/discharge_qw_sediment/. These data are updated as frequently as
every month, depending on data-collection location.

3. Mass-balance sand budgets for the CRe constructed using 15-minute sediment-transport
data are served at http://www.gcmrc.gov/discharge _gw_sediment/ and updated on a
monthly basis.

4. Advanced user-interactive data-analysis tools (including user-interactive duration curves)
on the web at http://www.gcmrc.gov/discharge_gw_sediment/.

5. Annual water-data reports for stage, discharge, and water quality data collected by the
Arizona and Utah Water Science Centers are published online.

6. At least four interpretive journal articles and top-tier USGS reports on project-relevant
topics on the Colorado River and its tributaries in the CRe (see proposed publication list
above).

7. At least three additional peer-reviewed data reports and interpretive reports identified
during the course of this study.

E. Productivity from Past Work (during FY 13-14)

E.1. Data Products
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1. 15-minute stage, discharge, and water temperature data (updated every 1-4 hours in
realtime) and other QW data from the 9 gaging stations maintained by the USGS Arizona
and Utah Water Science Centers under this project are available at
http://waterdata.usgs.gov/nwis and http://www.gcmrc.gov/discharge_gw_sediment/.

2. 15-minute stage, discharge, water temperature, specific-conductance, turbidity, dissolved-
oxygen, and suspended-sediment-concentration and grain-size data from the stations
maintained by GCMRC under this project are available at
http://www.gcmrc.gov/discharge _qw_sediment/. These data are updated as frequently as
every month, depending on data-collection location.

3. Mass-balance sand budgets for the CRe constructed using 15-minute sediment-transport
data are served at http://www.gcmrc.gov/discharge _gw_sediment/ and updated on a
monthly basis.

4. Annual water-data reports for stage, discharge, and water quality data collected by the
Arizona and Utah Water Science Centers are published online at:
http://wdr.water.usgs.gov/wy2012/pdfs/09380000.2012.pdf
http://wdr.water.usgs.gov/wy2012/pdfs/09381800.2012.pdf
http://wdr.water.usgs.gov/wy2012/pdfs/09382000.2012.pdf
http://wdr.water.usgs.gov/wy2012/pdfs/09402000.2012.pdf
http://wdr.water.usgs.gov/wy2012/pdfs/09402300.2012.pdf
http://wdr.water.usgs.gov/wy2012/pdfs/09402500.2012.pdf
http://wdr.water.usgs.gov/wy2012/pdfs/09403850.2012.pdf
http://wdr.water.usgs.gov/wy2012/pdfs/09404115.2012.pdf
http://wdr.water.usgs.gov/wy2012/pdfs/09404200.2012.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09380000.2013.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09381800.2013.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09382000.2013.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09402000.2013.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09402300.2013.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09402500.2013.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09403850.2013.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09404115.2013.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09404200.2013.pdf

E.2. Completed Publications

Grams, P.E., Topping, D.J., Schmidt, J.C., Hazel, J.E., Jr., and Kaplinski, M., 2013, Linking
morphodynamic response with sediment mass balance on the Colorado River in Marble
Canyon: Issues of scale, geomorphic setting, and sampling design: Journal of Geophysical
Research: Earth Surface, v. 118, 18p., doi:10.1002/jgrf.20050,
http://onlinelibrary.wiley.com/doi/10.1002/jgrf.20050/pdf.

Griffiths, R.E., Topping D.J., Anderson R.S., Hancock, G.S., and Melis, T.S., 2014, Design of a
sediment-monitoring gaging network on ephemeral tributaries of the Colorado River in Glen,
Marble, and Grand Canyons, Arizona: U.S. Geological Survey Open File Report 2014-1137,
21 p., http://dx.doi.org/10.3133/0fr20141137.

Sabol, T.A., and Topping, D.J., 2013, Evaluation of intake efficiencies and associated sediment-
concentration errors in US D-77 bag-type and US D-96-type depth-integrating suspended-
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http://wdr.water.usgs.gov/wy2013/pdfs/09402000.2013.pdf
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http://wdr.water.usgs.gov/wy2013/pdfs/09404115.2013.pdf
http://wdr.water.usgs.gov/wy2013/pdfs/09404200.2013.pdf
http://onlinelibrary.wiley.com/doi/10.1002/jgrf.20050/pdf
http://dx.doi.org/10.3133/ofr20141137

sediment samplers: U.S. Geological Survey Scientific Investigations Report 2012-5208, 88
p., http://dx.doi.org/10.3133/sir20125208, http://pubs.er.usgs.gov/publication/sir20125208

Sabol, T.A., and Springer, A.E., 2013, Transient simulation of groundwater levels within a
sandbar of the Colorado River, Marble Canyon, Arizona, 2004: U.S. Geological Survey
Open-File Report 2013-1277, 22 p., http://dx.doi.org/10.3133/0fr20131277

Voichick, N., and Topping, D.J., 2014, Extending the turbidity record: Making additional use of
continuous data from turbidity, acoustic-Doppler, and laser diffraction instruments, and
suspended-sediment samples in the Colorado River in Grand Canyon: U.S. Geological
Survey Scientific Investigations Report 2014-5097, 31 p.,
http://pubs.er.usgs.gov/publication/sir20145097

E.3. Publications in progress

Topping, D.J., and Wright, S.A., to be submitted for review during FY2014, Accurate long-term,
high-resolution acoustic measurements of suspended-silt-and-clay concentration, suspended-
sand concentration, and suspended-sand grain size in rivers: Journal of Geophysical
Research.

Topping, D.J., Wright, S.A., Griffiths, R.E., Dean, D.J., and Rubin, D.M., to be submitted for
review during FY2014, Acoustic, laser-diffraction, and pump methods for measuring the
concentration and grain-size distribution of suspended sediment in rivers at high temporal
resolution over multi-year timescales: Theory, calibration, and error: either a U.S. Geological
Survey Professional Paper or an American Geophysical Union Monograph.

E.4. Presentations at GCDAMP meetings

Episodic updates made to TWG and AMWG on the state of sediment and QW in the CRE; more
frequent updates on the trigger status provided leading up to the November 2012 and 2013 HFEs.

E.5. Presentations at professional meetings

Grams, P.E., Schmidt, J.C., Topping, D.J., and Yackulic, C.B., 2012, Error and Uncertainty in
High-resolution Quantitative Sediment Budgets: EOS, Transactions, American Geophysical
Union.

Topping, D.J., Griffiths, R.E., Dean, D.J., Wright, S.A., Rubin, D.M., Garner, B.D., Sibley,
D.M., and Reinke, T.A., 2013, Accurate sediment budgets in rivers require high-resolution
discharge-independent measurements of suspended-sediment concentration: EOS,
Transactions, American Geophysical Union.

Griffiths, R.E., and Topping, D.J, 2013, Measurements of sediments loads in small, ungaged,
basins may be required to accurately close sediment budgets: An example from a monitoring
network on the southern Colorado Plateau: EOS, Transactions, American Geophysical
Union.

Grams, P.E., Buscombe, D., Hazel, J.E., Kaplinski, M.A., and Topping, D.J, 2013,
Reconciliation of Flux-based and Morphologic-based Sediment Budgets: EOS, Transactions,
American Geophysical Union.

Jain, S., Melis, T.S., Topping, D.J, Pulwarty, R.S., and Eischeid, J., 2013, Warm Season Storms,
Floods, and Tributary Sand Inputs below Glen Canyon Dam: Investigating Salience to
Adaptive Management in the Context of a 10-Year Long Controlled Flooding Experiment in
Grand Canyon National Park, AZ, USA: EQS, Transactions, American Geophysical Union.
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G. Budget
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*The budget request for 2016 is 93% of the total Fiscal Year budget described here. Specific reductions in project budgets will be made at the discretion of the

Principle Investigator.

**The budget request for 2017 is 95% of the total Fiscal Year budget described here. Specific reductions in project budgets will be made at the discretion of the

Principle Investigator.
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Monitorig: Core activities

Monitoring: Supports implementation and evaluation of HFE Protocol and Non-Native Fish Control
Research: Technical and analytical innovations in monitoring

Research: Improving predictive modeling capacity

Research: Resolving scientific uncertainty

Project 3. Sandbars and Sediment Storage Dynamics:
Long-term Monitoring and Research at the Site, Reach,

and Ecosystem Scales

Initial Estimate: FY15: $1,324,600; FY16: $1,362,800; FY17: $1,439,600
GCDAMP Funding: FY15: $1,324,600; FY16: $1,267,400; FY17: $1,367,600

A. Investigators

Paul Grams, Research Hydrologist, U.S. Geological Survey, Grand Canyon Monitoring and
Research Center

Daniel Buscombe, Research Geologist, U.S. Geological Survey, Grand Canyon Monitoring and
Research Center

Erich Mueller, Research Hydrologist, U.S. Geological Survey, Grand Canyon Monitoring and
Research Center

Joel Sankey, Research Geologist, U.S. Geological Survey, Grand Canyon Monitoring and
Research Center

Joseph Wheaton, Assistant Professor, Utah State University

Brandon McElroy, Assistant Professor, University of Wyoming

Mark Schmeeckle, Associate Professor, Arizona State University

Joseph E. Hazel, Jr., Research Associate, Northern Arizona University

Matt Kaplinski, Research Associate, Northern Arizona University

Keith Kohl, Surveyor, U.S. Geological Survey, Grand Canyon Monitoring and Research Center
Robert Tusso, Hydrologist, U.S. Geological Survey, Grand Canyon Monitoring and Research
Center

Robert Ross, Hydrologist, U.S. Geological Survey, Grand Canyon Monitoring and Research
Center

Thomas M. Gushue, GIS Coordinator, U.S. Geological Survey, Grand Canyon Monitoring and
Research Center

David Rubin, Research Professor, University of California at Santa Cruz

David Topping, Research Hydrologist, U.S. Geological Survey, Grand Canyon Monitoring and
Research Center

Ted Melis, Physical Scientist, U.S. Geological Survey, Grand Canyon Monitoring and Research
Center

Mike Yard, Fishery Biologist, U.S. Geological Survey, Grand Canyon Monitoring and Research
Center

Robert Weber, Photogrammetrist, Pinnacle Mapping Technologies, Inc.

David Varyu, Hydraulic Engineer, Bureau of Reclamation, Technical Service Center
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B. Project Summary

This project consists of a set of integrated studies that (a) track the effects of individual High-
Flow Experiments (HFEs, or “controlled floods™) on sandbars and within-channel sediment
storage, (b) monitor the cumulative effect of successive HFEs and intervening operations, and (c)
advance general understanding of sediment transport and eddy sandbar dynamics. While the first
two efforts are focused on monitoring, the latter effort is focused on improving capacity to
predict the effects of dam operations, because management of the Colorado River downstream
from Glen Canyon Dam requires that managers balance the objective to achieve fine-sediment
conservation with other management objectives. Such balancing of objectives requires
comparing predicted outcomes of different dam operation scenarios, such as has been pursued in
the Long-Term Experimental and Management Plan (LTEMP) Environmental Impact Statement
(EIS) process.

The effort to achieve fine-sediment conservation in the Colorado River ecosystem in Marble
and Grand Canyons (CRe) is greatly constrained by the limited annual supply of fine sediments
to the Colorado River from ephemeral tributaries. The challenge of rehabilitating sandbars when
most of the fine-sediment once supplied to the CRe is now stored in Lake Powell reservoir has
been described in many scientific articles and management documents. More than a decade of
monitoring and research has demonstrated that eddy sandbars accumulate sand, as well as small
amounts of clay and silt (hereafter referred to as mud), during short periods of relatively high
flow, but these same sandbars typically erode during flows that occur in the months to years
between the high flows requisite for sandbar building. Adoption of the HFE Protocol in 2012
established a formal procedure whereby seasonal sand and mud (together referred to as fine
sediment) inflows are measured, and high flows are released from Glen Canyon Dam with the
purpose of redistributing that sand and mud from the channel bed to eddies. The long-term effect
of the HFE Protocol depends on the relative “gain” to eddy sandbars that occurs during the short
controlled floods and the intervening “loss” that occurs during other times. The Environmental
Assessment for Development and Implementation of a Protocol for High-Flow Experimental
Releases from Glen Canyon Dam (hereafter referred to as the HFE Protocol EA) asked, "Can
sandbar building during HFEs exceed sandbar erosion during periods between HFEs, such that
sandbar size can be increased and maintained over several years?" In other words, does the
volume of sand aggraded into eddies and onto sandbars during controlled floods exceed the
volume eroded from sandbars during intervening dam operations?

Thus, one of the most important objectives of this project is to monitor the changes in
sandbars over many years, including a period that contains several controlled floods, in order to
compile the information required to answer the fundamental question of the HFE Protocol EA.
The monitoring program described here continues the program implemented in the FY13-14
Biennial Work Plan and is based on annual measurements of sandbars, using conventional
topographic surveys supplemented with daily measurements of sandbar change using ‘remote
cameras’ that autonomously and repeatedly take photographs. Because these long-term
monitoring sites represent only a small proportion of the total number of sandbars in Marble and
Grand Canyons, this project also includes (1) the analysis of a much larger sample of sandbars,
using airborne remote-sensing data of the entire CRe collected every 4 years, and (2) periodic
measurements of nearly all sandbars within individual 50 to 130 km river segments.

Another critical piece of information that will be needed to evaluate the outcome of the HFE
Protocol and the LTEMP EIS will be the change in total sand storage in long river segments.
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HFEs build sandbars by redistributing sand from the low-elevation portion of the channel to
sandbars in eddies and on the banks. The sand available for bar building is the sand that is in
storage within the channel, which is the sum of the sand contributed by the most recent tributary
inputs, all the sand that has accumulated during the decades since Glen Canyon Dam was
completed, and any sand that remains from the pre-dam era. The goal of the HFE protocol is to
accomplish sandbar building by mobilizing only as much sand as is most recently contributed by
the Paria River. Some of the mobilized sand is deposited in eddies where it maintains and builds
eddy sandbars. Some of the sand is eventually transported downstream to Lake Mead reservoir.
The most efficient floods for the purposes of sandbar building are those that maximize eddy
sandbar aggradation yet minimize the amount of sand transported far downstream, thus
minimizing losses to sand storage. Dam operations between HFEs also transport sand
downstream, causing decreases in sand storage. If sand storage is maintained or increased,
scientists expect the response to future HFEs to be similar to or better than that observed
following recent HFEs. In contrast, depleted conditions of fine sediment in the active channel are
potentially irreversible and threaten the long-term ability to rehabilitate eddy sandbars. Although
the total amount of sand in the active channel is not known and may never be known, changes in
the topography of the channel measured in this project reveal where fine sediment accumulates,
where it becomes depleted, and whether or not older fine sediment deposits are being
progressively eroded by HFEs and other parts of the flow regime.

This project also includes five research and development components: (1) improving
methods for making sandbar surveys rapidly and at low cost; (2) investigating bedload sand
transport; (3) developing a method to estimate the thickness of submerged sand deposits, (4)
developing a method to map submerged aquatic vegetation, and (5) developing of a new large-
scale sandbar deposition/erosion model. These projects are, respectively, designed to improve
monitoring methods, improve estimates of sand transport, develop a new tool to estimate total
sand storage, develop a new tool to map submerged aquatic vegetation and improve acoustic bed
sediment classifications, and develop new tools for predicting how management actions
including HFEs and daily dam operations affect resources.

C. Background

The many sediment-related goals and objectives of the Glen Canyon Dam Adaptive
Management Program (GCDAMP) can be distilled into one question: “What actions will create
and maintain the largest and most widely distributed fine-sediment deposits throughout the
Colorado River ecosystem (CRe) in the context of a limited fine-sediment supply.” Currently, all
“actions” are associated with dam operations, but future actions might include riparian
vegetation management (see Project Element 11.5). Other potential actions include augmentation
of the fine sediment supply, but the construction of sediment augmentation facilities is not
currently under consideration.

The effort to build fine-sediment deposits in the CRe is greatly constrained by the limited
annual supply of fine sediment provided by the Paria River and other tributaries. The CRe was
perturbed into a condition of fine sediment deficit following construction of Glen Canyon Dam,
wherein the capacity of the Colorado River to transport fine sediment often exceeds the annual
resupply rate. During the first 30 years after dam construction, a large amount of fine sediment
was evacuated from the CRe (Topping and others, 2000; Grams and others, 2007). The
evacuation of fine sediment from Glen, Marble, and eastern Grand Canyons resulted in a decline
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in the number and size of sandbars in the eastern half of Grand Canyon National Park (Schmidt
and others, 2004; Wright and others, 2005).

Achieving widespread and abundant distribution of eddy sandbars is desirable, because there
are many linkages between the distribution and amount of fine sediment in the CRe and several
ecosystem and management goals. Sandbars are used as camping beaches, form a major
component of aquatic habitats, and are a source of aeolian sand for the upland ecosystem.
Management and ecosystem goals include: maintenance of sandbars used by boaters and hikers,
creation of sandbar-associated backwater habitats used by native fish, and maintenance of
exposed bare sandbars that are available for redistribution by wind to upslope areas.

Monitoring and research also focuses on the distribution of fine sediment elsewhere in the
CRe. Recent research demonstrates that the distribution, abundance, and size of fine sediment on
the bed of the active channel control the transport of fine sediment during HFEs. In turn, higher
suspended sediment concentration during HFEs enhances the rate at which eddy sandbars are
constructed during those controlled floods. Additionally, the distribution of fine sediment on the
channel bed affects primary production and aquatic habitats. We use the term “sediment” to refer
to alluvium of all sizes, “fine sediment” to refer to sand, silt, and clay (all sediment <2 mm), and
“sand” to refer to sand-sized sediment only (0.0625 — 2 mm). The focus of this project is on the
sand-size component of fine sediment, because most fine sediment resources in the CRe are
primarily composed of sand.

1. HFE-caused daposition and post-HFE erpsion with no long-term nat increase in sandbar siza.

2. Incraasad deposition during HFEs leading to netincrease in sandbar siza.

Relative sandbar size

Ead

.Incraasad fraquency of high flows leading to nat incraasa in sandbar size.

4. Incraased rate of arosion batween high flows laading to nat decrease in sandbar size.

Time

Figure 1. Conceptual diagram illustrating possible trajectories of sandbar size in relation to the frequency of High Flow
Experiments (HFEs), the amount of deposition caused by HFEs, and the amount of erosion that occurs between HFEs
(figured adapted from Schmidt and Grams, 2011). The case shown in 1 shows a hypothetical situation where the amount of
HFE deposition equals the amount of intervening erosion. Cases two and three are hypothetical situations where the total
amount of HFE-induced deposition, which is the magnitude of HFE deposition multiplied by the frequency of HFEs,
exceeds the magnitude of intervening erosion. In case 4, the hypothetical rate of erosion that occurs between HFEs exceeds
the magnitude of HFE-induced deposition. The purpose of the monitoring activities described in Project 3 is to determine
which of these hypothetical cases occurs during the period of implementation of the HFE Protocol.
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More than a decade of monitoring and research demonstrates that eddy sandbars are dynamic
topographic features that accumulate sand during short duration high flows when fine sediment
previously supplied by tributaries is redistributed from the deepest parts of the channel to higher
elevations in eddies and along the channel margins. These same sandbars and channel-margin
deposits typically erode during periods of normal power-plant operations, especially during
months when there is no inflow from tributaries (Schmidt and others, 1999; Hazel and others,
1999; Topping and others, 2006; Hazel and others, 2010; Schmidt and Grams, 2011). The HFE
Protocol established a formal procedure whereby seasonal inflows of sand are measured by
Project 2, and high flows are released from Glen Canyon Dam with the purpose of redistributing
that sand from the channel bed to eddies. The long-term effect of the HFE Protocol depends on
the relative “gain” to eddy sandbars that occurs during short controlled floods and the
intervening “loss” that occurs during other times.

Previous monitoring activities associated with Projects 2 and 3 have demonstrated that, in
some multi-year periods, fine-sediment is supplied to the CRe by the Paria River and other
tributaries at a higher rate than the rate of export downstream to Lake Mead reservoir. This
positive fine sediment mass balance typically occurs when there are many floods on tributary
streams and relatively small total annual releases of water from Lake Powell (Grams and others,
2013). In contrast, more fine sediment is evacuated from the CRe in those multi-year periods
when there are only small floods in tributaries and there are large releases from Lake Powell.
Monitoring in the CRe has not occurred for a sufficiently long period to determine if a decadal-
scale quasi-equilibrium in the amount of fine sediment in the CRe is achievable, nor if the HFE
Protocol can significantly improve the chances for achievement of quasi-equilibrium (Fig. 1).
The monitoring activities described here provide the fundamental evidence on which evaluation
of the long-term fate of fine sediment deposits will be made.

C.1. Scientific Background

Completion of Glen Canyon Dam caused a 90-percent reduction in fine-sediment supply to
the Colorado River in Marble and Grand Canyons (Topping and others, 2000), because all fine
sediment produced in the upstream watershed is trapped in Lake Powell. Operations of Glen
Canyon Dam, which control the rate of release of reservoir waters into the CRe, create a flow
regime that is dramatically different from that produced by the annual melting of the Rocky
Mountain snowpack and the late summer/early fall North American monsoon and thunderstorm
season (Topping and others, 2002). These changes to the flow regime and sediment supply
caused deep scour and armoring of the river bed between the dam and Lees Ferry, 25 km
downstream from the dam (Pemberton, 1976; Williams and Wolman, 1984; Grams and others,
2007). Scour was widespread in this segment, because the sand and fine gravel in the channel
was easily eroded (Grams and others, 2007). Downstream from Lees Ferry in Marble and Grand
Canyons, inputs of large cobbles and boulders from tributaries create rapids and change the
nature of the river and the style of response to sediment deficit. The boulder deposits that form
rapids have not been eroded and in some cases have aggraded (Magirl and others, 2005). In
contrast, areas of the bed covered by fine sediment have been eroded. Thus, the water surface
profile of the Colorado River in Marble and Grand Canyons has not significantly changed except
at some rapids (Magirl and others, 2005), but a large amount of sand has been eroded from deep
pools, and many eddy sandbars are much smaller than they once were (Schmidt and others,
2004). Because systematic measurements of fine-sediment thickness have never been made, the
total volume of fine sediment present (or eroded) is not known.
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Many studies conducted since the 1970s have shown that (1) post-dam controlled floods
cause increases in sandbar size throughout the CRe (Hazel and others, 2010; Schmidt and Grams,
2011); (2) normal dam operations (i.e., hydro-peaking) cause sandbar erosion whose rates are
greatest immediately following floods (Grams and others, 2010; Schmidt and Grams, 2011); and,
(3) there is a large variability in the magnitude of sandbar response from place to place (Hazel
and others, 1999, 2010; Schmidt and others, 1999). Topping and others (2000) showed that the
supply of sand available to build sandbars is limited, and Schmidt (1999) showed that controlled
floods that build some sandbars sometimes do so at the expense of erosion of sand from other,
upstream eddy sandbars.

The Role of Sediment Budgets in Fine Sediment Monitoring

Sandbars are one component of the total sediment budget for the Colorado River. The
sediment budget, or sediment mass balance, is simply the accounting by mass (or volume) of all
sediment entering and exiting any segment of a river. This budget may be expressed as:

-0 = AS, (1)
where I is the sum of all inputs, O is the sum of all outputs, and AS is the net change in the
sediment deposits that occurs within that segment of river. When inputs exceed outputs,
sediment accumulation occurs; when outputs exceed inputs, sediment evacuation occurs. To
provide greater spatial resolution, equation (1) can be partitioned by the elevation zone in which
AS occurs. Sand stored low in the active channel (AS;,,,) is always underwater and sand stored
higher in the active channel (ASy;4y) is only be occasionally inundated. Thus,

AS = ASlOW + AShigh' (2)
These two storage components can be further subdivided based on other criteria such as whether
the sediment deposits occur within eddies or in the main channel.

We use “low” to refer to fine-sediment deposits below the stage associated with the 8,000
ft*/s discharge and “high” to refer to fine-sediment deposits above the 8,000 ft*/s stage. The low-
elevation deposits are always underwater except during the trough of some flow fluctuations;
these deposits consist of the lower parts of eddy sandbars and patches of sand on the river bed.
These low-elevation deposits are relevant to aquatic habitat and, in the case of sandbars in
eddies, they underlie the sediment that occurs at higher elevation. The high-elevation fine-
sediment deposits are alternately inundated and exposed, depending on the flow regime. These
deposits are the high-elevation parts of sandbars and are used as camping beaches, support
riparian vegetation, and support other upland resources. High-elevation deposits include both
those deposits that are inundated by normal dam operations and controlled floods and those
deposits that are no longer inundated. This project is concerned primarily with deposits at and
below the elevation inundated by controlled floods. The higher-elevation pre-dam deposits are
the focus of Project 4.

Low- and high-elevation deposits are coupled through processes of erosion and deposition by
streamflow, erosion and deposition by wind, and mass failure. This coupling means that changes
in AS will affect both low- and high-elevation sediment. Therefore, predictions about the long-
term fate of sandbars must be based on understanding and, by extension, the ability to predict,
the long-term trend in AS. For these reasons, all sandbar research and monitoring is designed
around this concept of the sediment budget.

Measurements of suspended sediment were initiated in 1999 to measure sediment inputs and
outputs for each segment of the Colorado River between the measurement stations; thus, each
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segment of the Colorado River is a sediment budgeting reach® (Fig. 2). The measurements of
inputs and outputs (I and O in equation 1) made in Project 2 can be used to calculate AS, and this
approach tracks the large-scale accumulation and downstream redistribution of tributary inputs
that is essential for implementation of the HFE Protocol. However, this calculation of AS derived
from gaging stations measurements and equation (1) does not distinguish between the changes
that occur in AS;,,, or in ASy;4p; thus, the calculation of AS does not reveal whether equation (1)
is of immediate significance to increasing sandbar size, campsite area, increasing the area of sand
available for plant colonization, or other topographic changes of recreational or ecological
significance. Additionally, this calculation of AS does not reveal whether topographic changes in
sand deposits were associated with changes in bed-sediment grain size, which is important for
assessing the mobility of the sand during future HFEs. Further, calculation of equation (1) does
not reveal changes at specific local locations.

In response to the need to provide spatially explicit measurements that would demonstrate
the implications of calculations based on equation (1), direct measurements of AS based on
repeated topographic measurements in short (2- to 5-km long) reaches were made between 2000
and 2004. Measurements of channel bed bathymetry were made using sonar and the topography
of exposed deposits was measured using airborne LiDAR, aerial photogrammetry, and
conventional topographic surveys (Hazel and others, 2008; Kaplinski and others, 2009, 2014).
Repeat measurements at different times were made at seven reaches between River Mile (RM) 0
and RM 87 (Fig. 2). This monitoring program was a substantial advancement beyond earlier
monitoring programs, because nearly all of the channel was mapped, in contrast to previous
efforts that made measurements at widely-spaced cross-sections or isolated sandbars.

! In this proposal, we refer to observations and study areas that span a variety of spatial scales. We use “monitoring
site” to refer to monitoring locations that are at the scale of individual sandbars, 100°s of meters in length. We use
“short reach” to refer to study reaches that include many sites and are on the order of 2 to 5 km in length. We use
“long reach” or “sediment budgeting reach” to refer to segments of the river that encompass the entire channel
between fine-sediment monitoring gages; these reaches are 50 to 130 km in length.
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Figure 2. Map showing the Colorado River between Glen Canyon Dam and Diamond Creek. The stations for suspended
sediment transport monitoring (Project 2: Streamflow, Sediment Transport, and Water Quality) are shown by the red circles.
The short reaches where sediment storage was mapped between 2000 and 2004 are shown by the green ovals. Based on
analysis of these data, the current sediment storage monitoring plan calls for mapping 50 to 80 percent of the channel in the
segments between the sediment monitoring stations. In 2009 and 2012, most of the long sediment budgeting reach between
RM 30 and RM 61 was mapped. In 2011 and 2014, most of the sediment budgeting reach between RM 61 and RM 87 was
mapped. In 2013, most of the sediment budgeting reach between RM 0 and RM 30 was mapped.

Results from this monitoring program demonstrated that 90 percent or more of the temporary
fine sediment accumulation in the modern river occurs in the low-elevation parts of the active
channel (Hazel and others, 2006). Ironically, the deposits that are generally of greatest
management interest (high-elevation sandbars) comprise only about 10 percent of the fine
sediment in the system. Perhaps the most challenging finding related to development of a robust
fine sediment monitoring program was that AS computed for each of the study reaches based on
repeated measurements of topography yielded different values than AS computed using equation
(1) using the difference between fine sediment inflows measured at gaging stations (Topping and
others, 2006; Grams and others, 2011, 2013). Although the study reaches were much shorter than
the sediment budgeting reaches, Hazel and others (2006) and Grams and others (2011, 2013)
expected that simple extrapolation of the computed AS term for the measurement reaches would
approximate the AS term computed for the longer sediment budgeting reaches. However, this
was not the case, and extrapolation of AS measured in the short reaches yielded a very different

value of AS from that computed using equation (1) and the gaging station data collected in
Project 2.

Temporal and Spatial Variability of Fine-Sediment Deposits and Implications to Monitoring
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Grams and others (2011, 2013) found that this discrepancy stems from the inability to
correctly extrapolate measurements from the short reaches to larger spatial scales. Extrapolation
failed for two major reasons: changes in bed topography are (1) highly localized and (2) spatially
variable. Schmidt and others (2004) had earlier demonstrated a high degree of spatial variability
in the behavior of sand deposits caused by the 1996 controlled flood. They showed that large
changes in sediment storage had been concentrated in eddies and in pools in the channel units
adjacent to eddies. Similar and nearby eddy sandbars did not necessarily change in the same
ways—scour in one eddy was sometimes offset by an equal or larger magnitude of deposition in
the next eddy. Grams and others (2011, 2013) also found that the magnitude of change in bed
topography in some channel pools can be very large. Thus, Grams and others (2011, 2013)
determined that the net AS of a long sediment budgeting reach is the sum of many local AS terms
in individual channel units; AS in some of these units is positive, but AS is negative elsewhere. In
many cases, AS is larger at a local scale than at larger scales, and AS at a large scale is the net
difference among very large values that occur in relatively short parts of the channel.

These findings make clear why it is nearly impossible to extrapolate the calculations of AS
measured in short study reaches to longer sediment budgeting reaches. Without better knowledge
of the spatial distribution and size of each channel unit where large changes in fine sediment
storage can occur, and without knowing the physical reasons that determine the inherent
variability in response to varying flows, it is not possible to extrapolate measurements from the
short reaches to longer reaches (Grams and others, 2013). These findings demonstrate that in
order to determine whether sediment storage in each storage environment — at low and high
elevations and in the channel and eddy storage environments — is increasing, decreasing, or
stable, requires repeat measurements of sand storage throughout the long sediment budgeting
reaches. The proposed fine-sediment monitoring includes measurements of channel and eddy
sand storage at the scale of the long sediment budgeting reaches.

In response to these findings, a long-reach monitoring program (also known as the “channel
mapping” project) was initiated in 2009 when lower Marble Canyon was mapped. Mapping of
eastern Grand Canyon followed in 2011, and a repeat map of lower Marble Canyon was
measured in 2012. The first mapping of upper Marble Canyon occurred in 2013, and a repeat
map of eastern Grand Canyon was made in 2014 (Fig. 2). The river bed is mapped with multi-
beam and single-beam sonar, the topography of exposed sand deposits is mapped with
conventional survey equipment, and bed-sand grain size is also measured. These data are
combined and the final product for each sediment budget reach is a high-resolution (1-m? grid
size) digital elevation model (DEM) of the mapped segment.

Preliminary results from the repeat mapping of lower Marble Canyon in 2012 depict changes
in sediment storage throughout this 50-km river segment. During the period between the initial
and the repeat measurement(2009 — 2012), the sediment budget calculated from measurements of
suspended sand transport (Project 2) made at gages at RM30 and RM 60 was significantly
negative (Fig. 3). The repeat measurements of the channel bathymetry and topography also
indicated net erosion during the same period, and these measurements showed where the AS
actually occurred. Although the absolute value of the AS term calculated from equation (1) was
greater that the value calculated from the repeated mapping of the channel, but the agreement in
large-scale AS calculated by the two methods is well within the respective ranges of uncertainty
(Fig. 3). Because both calculation methods have large uncertainty, the comparison shown in
Figure 3 provides a valuable verification of both measurement techniques. For this 3-year time
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period, both methods have similar uncertainty. While the uncertainty associated with the budget
computed from measurements of sand transport increases with the length of time over which the
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Figure 3. Sand budget for May 1, 2009 to April 30, 2014 for lower Marble Canyon (upper plot) and discharge of the
Colorado River at the downstream end of the segment for the same period (lower plot). The sand budget computed by the
difference in sand transport at the upstream and downstream ends of the reach is shown by the solid line with the shaded
region indicating the uncertainty. Each point on the line is the sand budget for the time period between the start date and the
date indicated on the horizontal axis. The uncertainty associated with each measurement contributes to the total uncertainty
and increases quasi-linearly with time. The morphologic sand budget for the same reach computed by the measurements of
deposits in the channel in 2009 and 2012 is shown by the filled circle with error bars, shown at the time at which the repeat
measurements were made (May 2012).

computations are made (Fig. 3), the uncertainty associated with the budget calculated from the
repeat channel mapping would be approximately the same for any time period. Thus if one is
interested in the net change in sediment storage for a ~20-year interval, the uncertainty
associated with the budget computed from measurements of transport may span more than 4
million metric tons (~8 years of Paria sand inputs), while the uncertainty associated with repeat
topographic measurements will still be about 600,000 metric tons (~1 year of Paria River sand
inputs). The budget computed from measurements of sediment flux provides the measurements
of short-term sediment accumulation necessary to implement the HFE protocol. However, over
the period of long-term management actions, only the repeat measurements of the channel will
provide estimates of significant storage change (i.e. with an uncertainty that is less than the
estimate of the magnitude of storage change).
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Figure 4. Change in sediment storage between May 2009 and May 2012 for lower Marble Canyon computed by comparing
the maps (DEMs) of the channel made in those two years. Each marker represents a surveyed pool. Note the different
vertical scales. In this period with a net decrease in sediment storage (Fig. 4), the eddies exhibited a small net increase in
storage while the bars and the channel both lost sediment. The largest changes occurred in the channel and were
concentrated in relatively few pools.

Grams and others (2011, 2013) illustrated the interpretive power of increased spatial

resolution in depicting AS that is derived from the channel mapping data (Fig. 4). During the
period between May 2009 and May 2012, there was net erosion of the high elevation parts of
eddy sandbars (ASy;g4n). At lower elevation (ASy,,, ), erosion of fine sediment deposits in the
channel occurred but deposition occurred in eddies. Thus, even though the entire sediment
budget reach of lower Marble Canyon evacuated fine sediment, the eddies were efficient traps
for some of the fine sediment being transported downstream. If it were not for this deposition of
fine sediment at low elevation in some eddies, a larger amount of fine sediment would have been
evacuated from lower Marble Canyon during this period.

Long-Term Change in Eddy Sandbars and Campsites
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Sandbar monitoring in the FY13-14 work plan included annual monitoring of long-term
monitoring sites and evaluation of sandbars throughout the CRe from remote sensing. Results
from the annual sandbar monitoring (Project Element 3.1.1) show that while sandbars at the
long-term monitoring sites were relatively small before the November 2012 HFE, sandbars at
these sites were relatively large in October 2013, 10 months following the 2012 HFE (Fig. 5).
Analysis of images collected from remote cameras at the same long-term monitoring sites show
that the November 2013 HFE also resulted in net sandbar deposition. These data indicate that
HFEs have resulted in net increases in sandbar size in Grand Canyon (downstream from river
mile 62) since the period of initial monitoring in the early 1990s. In Marble Canyon, HFEs cause
relatively short-term increases in sandbar size, and sandbars remain similar in size or smaller
than in the early 1990s.
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Figure 5. Sandbar size from 1990 to October 2013 (preliminary data provided by Joseph E. Hazel, Jr.).

Evaluation of the aerial photographs (Ross and Grams, in preparation) provides a somewhat
longer-term perspective (going back to 1984) on the effect of HFEs on sandbars in Marble
Canyon (Project Element 3.1.2). These results show that the area of sandbars exposed above the
8,000 ft*/s stage in Marble Canyon was generally larger during the era of post-dam controlled
floods (April 1996, May 2002, May 2005, and May 2009) compared with the post-dam period
before controlled floods (June 1990 and March 1996). Hazel and others (in preparation) are
developing a more detailed comparison of sandbar sizes following recent HFEs to those
following the 1983 and 1984 floods (see Project 3.1.4 for summary of these results).

One of the FY13-14 research projects involved the investigation of the relation between
changes in campsite area and causal mechanisms. Preliminary results from this project indicate
that while vegetation expansion can be a significant cause of campsite area change at some sites,
sandbar erosion and deposition cause the majority of increases and decreases in campsite area
since 1998 (Hadley and Grams, in preparation). This effort also included an assessment of
uncertainty in the campsite monitoring methods that will be incorporated in future reports on
campsite area.

Canyon-Wide Remote Sensing of Sandbars and River Geomorphology
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Remote sensing images from overflights are used to map the area of sand above the 8,000
ft*/s stage. The maps provide a synoptic assessment of high elevation sand area. Maps of sand
area from 2002 and 2009 overflights will be completed by the end of 2014. Data from the 2005
overflight are not being used to synoptically map sand area for the entire river corridor, because
they have a large degree of spectral variability. The 2005 data have been used to map area of
high elevation sand and other resources including riparian vegetation for shorter segments of the
river (Ross and Grams, in prep.; Sankey and others, in review). Data from the most recent
overflight in 2013 will be used to map high elevation sand area in this workplan.

Sand area is mapped for 1300 large eddies along the river. These eddies are generically
delineated to include the majority of sandbars and sandy shorelines on the river. However, these
eddies include finer scale geomorphic variability that has not been exhaustively delineated. In
order to better understand variability in the distribution of high elevation sand area, there is an
immediate need for a geomorphic base map to segregate the synoptic maps of high elevation
sand area by geomorphic setting. Previous studies have completed detailed geomorphic
basemaps for short segments (e.g. Hereford, 1996; Hereford and others, 2000; Schmidt and
others, 2004) or system-wide inventories of specific resources, such as eddies that contain
backwaters (Grams and others, 2010). A geomorphic basemap will be completed in this
workplan for the entire river, which will build on the previous mapping of shorter segments or
specific resources. The map will have a relatively few, simple map units of: eddies; sand deposits
within eddies; sand deposits along channel margins (not within eddies); debris fans; gravel bars;
talus; and bedrock, that will enable variability of high elevation sand area to be examined by
geomorphic setting. The basemap will similarly be useful for mapping of other resources, in
particular riparian vegetation and aeolian sand, conducted in projects 11 and 4, respectively.

Progress on Development of Numerical Models to predict Small-Scale and Large-Scale Changes
in Fine-Sediment Storage

Better understanding of the physical controls on eddy dynamics will contribute to improved
predictive capability through modeling. Documented and well-verified models have been
produced to predict main-stem stream flow throughout Marble and Grand Canyons (Randle and
Pemberton, 1987; Wiele and Smith, 1996; Wiele and Griffin, 1997; Magirl and others, 2008) and
sediment flux at approximately 50-km segments between RM 0 and RM 87 (Wright and others,
2010). These models can be used to predict sediment availability for planning reservoir releases
(Wright and Grams, 2010) but do not easily facilitate prediction of sandbar response. Wiele and
others (2007) coupled the canyon-scale models with detailed eddy models in order to provide
better predictions of bar building and erosion. This approach assumed all eddies behaved
similarly, with the magnitude of erosion and deposition scaled by eddy size. We now know that
these assumptions are too simplistic and that a predictive canyon-scale model for eddy response
will have to incorporate the observed site-to-site variability in erosion and deposition. In the
FY13-14 work plan, progress was made in identifying the sources of eddy sandbar variability
(Grams and others, 2013) and towards developing a model that will be used, in the current work
plan (see Project Element 3.3), to investigate the effects of channel geometry on flow and
patterns of deposition and erosion in eddies (Alvarez and others, 2013; Alvarez and others, in
preparation). This systematic investigation into the causes of eddy sandbar variability using a
mechanistic model will facilitate development of an operational model for predicting sandbar
response to flow and sediment supply (Project Element 3.3).
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Understanding the Significance of Bedload Transport

One uncertainty in estimates of sand flux (Project 2) and computation of sand budgets over
long reaches that is not attributable to instrument error and which can be addressed through
experimental design is the contribution of bedload sand flux to the total transport. Present
acoustic sediment monitoring captures the suspended sand flux but not the flux of sand which
moves as bedload. Instead, bedload sand flux is estimated using a constant proportionality with
suspended sand flux at each gaging station (Topping and others, 2010). The purpose of Project
3.4 is to better incorporate bedload flux into total sand flux estimates, in order to reduce the
uncertainty in estimates of total sand flux and, by extension, sand mass balance. This will be
achieved by measuring bedload flux and developing parameterizations for bedload flux based on
routinely measured quantities such as discharge and suspended sediment load.

C.2. Management Background

The various goals, strategic science questions, information needs, and desired future
conditions that have been developed by stakeholders of the GCDAMP can be distilled into one
overarching question: “What actions will create and maintain the largest and most widely
distributed fine-sediment deposits throughout the Colorado River ecosystem (CRe).”

Sediment-related goals were most recently articulated in the August 2011 statement of
Desired Future Conditions developed by Adaptive Management Work Group. In this document,
the goals related to fine-sediment resources are to “maintain adequate sand bars (including
camping beaches) for recreation in Glen Canyon National Recreation Area and Grand Canyon
National Park and enhance as needed once maintained” and “maintain nearshore habitats for
native fish and enhance as needed once maintained.”

Further guidance on monitoring needs is provided by the HFE Protocol EA. The central
sandbar-related question identified in the HFE Protocol EA is, "Can sandbar building during
HFEs exceed sandbar erosion during periods between HFEs, such that sandbar size can be
increased and maintained over several years?" The science plan for the EA includes the
following specific science questions related to sandbars and camping beaches: (1) Will multiple
high flows conducted over a period of 10 years result in net increases in sandbar area and
volume?; (2) With the available sand supply (i.e. tributary inputs), is the approach of using
repeated floods to build sandbars sustainable?; and, (3) Will multiple high flows conducted over
a period of 10 years result in net increases in campsite area along the Colorado River? This
Project 3 work plan includes monitoring to address each of these questions.

Previous statements of GCDAMP goals addressed in this project include the following:

e Goal 8: Maintain or attain levels of sediment storage within the main channel and along
shorelines to achieve GCDAMP ecosystem goals.

e Goal 9: Maintain or improve the quality of recreational experiences for users of the
Colorado River ecosystem within the framework of GCDAMP ecosystem goals. The
monitoring provides information on the size and abundance of sandbars, which are
resources that affect the recreational experiences of Colorado River users.

e Goal 11: Preserve, protect, manage, and treat cultural resources for the inspiration and
benefit of past, present, and future generations. The project includes monitoring sandbars
that provide a source of sediment, through aeolian transport, to high-elevation sand
deposits that contain archaeological resources.
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Because sediment monitoring addresses the physical framework of the ecosystem, which
underlies many biological resource objectives, Project 3 also indirectly supports achievement of
the following GCDAMP goals:

Goal 1: Protect or improve the aquatic food base so that it will support viable populations
of desired species at higher trophic levels. The proposed monitoring supports this goal by
providing information on the size and distribution of channel substrate.

Goal 2: Maintain or attain a viable population of existing native fish, remove jeopardy for
humpback chub and razorback sucker, and prevent adverse modification to their critical
habitats. The proposed sandbar and sediment storage monitoring supports this goal by
providing information on sandbars which create backwaters, a habitat used by native
fish.

Goal 6: Protect or improve the biotic riparian and spring communities within the
Colorado River ecosystem, including threatened and endangered species and their critical
habitat. The sediment storage and sandbar monitoring tracks the status of the fine-
sediment deposits which provides the substrate for riparian vegetation and marsh
communities.

The 2003 GCDAMP Strategic Plan identified Core Monitoring Information Needs (CMINS)
related to sediment storage (goal 8). The CMINS that are addressed in Project 3 are listed below.
For each, the prioritization ranking applied by the GCDAMP Science Planning Group (SPG) in
2006 is also included. In addition, several Strategic Science Questions (SSQs) were identified by
scientists and managers during the knowledge assessment workshop conducted in the summer of
2005 (Melis and others, 2006).

CMIN 8.1.1. Determine and track the biennial sandbar area and fine-sediment volume
and grain-size changes within eddies below 5,000 cfs stage, by reach. (fourth-ranked goal
8 CMIN). Addressed in project 3.2.

CMIN 8.2.1. Track, as appropriate, the biennial or annual sandbar area, volume, and
grain-size changes within and outside of eddies between 5,000 and 25,000 cfs stage, by
reach. (second-ranked goal 8 CMIN). Addressed in projects 3.1.1, 3.1.2, and 3.2.

CMIN 8.5.1. Track, as appropriate, the biennial sandbar area, volume, and grain-size
changes above 25,000 cfs stage, by reach (fifth-ranked goal 8 CMIN). Addressed in
projects 3.1.1, 3.1.2, and 3.2.

CMIN 8.6.1. Track, as appropriate, changes in coarse sediment (> 2 mm) abundance and
distribution (unranked goal 8 CMIN). Addressed in project 3.1.2 and 3.2.1.

CMIN 9.3.1. Determine and track the size, quality, and distribution of camping beaches
by reach and stage level in Glen and Grand Canyons (top-ranked goal 9 CMIN).
Addressed in project 3.1.1.

SSQ 4-1. Is there a “Flow Only” operation (that is, a strategy for dam releases, including
managing tributary inputs with BHBFs, without sediment augmentation) that will rebuild
and maintain sandbar habitats over decadal time scales? Addressed in all project
components.

SSQ RIN 5: What is the rate of change in eddy storage (erosion) during time intervals
between BHBFs? Addressed in project 3.2.
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C.3. Key Monitoring and Research Questions Addressed in this project

The goals, science questions, and information needs listed above are often overlapping and
have various degrees of specificity. We have, therefore, translated them into the following set of
monitoring and research questions addressed in Project 3:

1.

What is the long-term effect of dam operations, including controlled floods, on the
distribution, abundance, and size of eddy sandbars above the 8,000 ft*/s stage and on total
amount of fine sediment stored in the active channel at low and high elevation? How do
these changes affect recreation and ecosystem resources such as camping beaches,
substrate for riparian vegetation, in-channel backwater habitat, and areas of bare sand that
are redistributed by wind to upslope locations? Addressed in Project Elements 3.1.1,
3.1.2, and 3.2.

Do individual HFEs continue to build sandbars with the same effectiveness observed in
response to previous HFEs (i.e. do floods of similar magnitude build a similar number of
sandbars of similar size?)? Do individual sandbars respond significantly differently to
different HFEs? How does sandbar size and shape prior to HFEs affect the bar-building
response? Addressed in Project Elements 3.1.1 and 3.1.3.

What are the causes of variability in sandbar response to floods and intervening dam
operations? Can we categorize this variability and incorporate this in a model for sandbar
response? This builds on sandbar monitoring (Question 1) to support prediction of
sandbar response. Addressed in Project Element 3.3, using data from elements 3.1.1,
3.1.3,and 3.1.4.

What is the long-term net effect of dam operations, including high flows, on changes in
low-elevation sand storage (the sand below the 8,000 ft*/s stage) and bed-sediment grain
size? These changes are relevant to backwaters and other aquatic habitat, the foundation
of eddy sandbars, and the relative partitioning of transported sediment into eddies and
downstream, which ultimately determines whether the use of experimental high flows is
sustainable. Addressed in Project Element 3.2.

What is the relative abundance and spatial distribution of fine and coarse bed sediments
and submerged aquatic vegetation, and how do these affect primary production, fish
habitat, and modeled sediment fluxes? This builds on low elevation sand monitoring
(Question 5) to support sediment transport and biological prediction. Addressed in
Project Element 3.2.

Can we improve reach-scale estimates of sand flux and sediment mass balance by better
quantifying the contribution of bedload transport? Can we use the geometry and
sedimentology of bedforms as an indicator of 'bed state;' i.e. sand-enriched or sand-
depleted bed conditions. Addressed in Project Element 3.4.

D. Proposed Work

This project is divided into four monitoring and research elements and one support element.
The first two project elements (3.1 and 3.2) are monitoring projects, each with minor research
aspects to improve monitoring methods and protocols. Two other elements (3.3 and 3.4) are
research projects that contribute to improving the monitoring program and improving predictive
capacity in analyzing future dam operations and tributary fine-sediment supply rates. The control
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network and survey project element (3.5) advances our capacity for making repeatable geospatial
measurements and supports all other Project 3 elements, as well as other GCMRC projects.

D.1 Outline of Monitoring Strateqy

Monitoring programs must address trade-offs between measurement precision, spatial
coverage of measurements, measurement frequency, and cost. It is generally not possible to
monitor a large number of sites, frequently and at high precision, without extremely high cost.
These issues are addressed in this project with a tiered monitoring strategy that consists of
multiple interconnected project elements. In section C.1, above, we described the concept of the
sediment budget and many of the challenges associated with monitoring sediment storage in the
CRe that contribute to the need for large (spatially extensive) sample sizes. We distinguished
between sediment storage monitoring that is concerned with measurement of AS in equation (1),
and sandbar monitoring that is concerned only with the measurement of ASy;;,. Monitoring of
AS (total) is needed for long-term tracking of sediment storage; therefore, infrequent
measurements (made every 3 to 10 years) of AS are acceptable. It is still not entirely clear how
changes in low elevation sand correlate to change in high elevation sand in each reach. During
normal dam operations, some high elevation sand is entirely disconnected from the river,
whereas low elevation sand is always responsive to normal flow fluctuations. The purpose of
mapping reaches with a return-interval of a few years is to provide these linkages in order to
assess the effects of individual and cumulative HFEs. Establishing base maps of parts of the
canyon as yet unmapped — even without a specified return date or return interval - is also
important because several decades from now, only through mapping long reaches of the channel
will an assessment of the long-term fate of sand in the Grand Canyon be made. This is because,
given the accumulation of huge uncertainties in flux-based mass balance estimates (Project 2)
over time scales of more than a few years, only with accurate bathymetric and topographic maps
can we quantify multi-decadal changes in AS throughout the CRe (Project Element 3.2) in a
meaningful way.

More frequent monitoring of AS; 4, (exposed sandbars) is required to provide timely
resource information to stakeholders and managers and evaluate the effect of management
actions. The time-series of sandbar volume and area established in the 1990s by Northern
Arizona University (NAU), commonly referred to as the “NAU sandbar time-series”, provides a
long-term, historic context for the status and trends of a subset of sandbars. Because of the
temporal richness of this data set, continued annual surveys of these sites will provide the only
direct measurements of changes in sandbar size that can be compared to over two decades of
measurements. Research and monitoring during FY13-14 that included repeat mapping of lower
Marble Canyon suggests that the NAU sites provide a good representation of average sandbar
condition for this reach (see also discussion below in project element 3.1.1). Yet measurements
of the NAU sites alone do not represent a comprehensive monitoring strategy for sandbars,
because these sites are most concentrated in lower Marble Canyon, and the degree to which
observations at these sites can be extrapolated system-wide is still not fully understood. Thus, as
part of the FY15-17 work plan, we intend to use repeat channel mapping (3.2) and remote
sensing (3.1.2) to document system-wide trends in the sandbar population, develop methods for
rapid sandbar surveys from camera images (3.1.3), and further our understanding of sandbar
dynamics, towards a predictive capacity, using existing data (3.3). While a comprehensive
sandbar monitoring plan has been an important goal of this project, a system as long and
complex as Marble and Grand Canyons presents considerable challenges for developing a
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representative subsampling scheme, both spatially and temporally. Results from repeat channel
mapping suggest that erosion and deposition of fine sediment on the bed and in eddies can by
highly localized (Grams and others, 2013), and errors could be quite large if key portions of the
channel are not monitored (Project 3.2). Insight gained over the last several years demonstrates
that a comprehensive — or canyon-wide — assessment of the entire sandbar population from
remote sensing and, where available, channel mapping is necessary to be confident in any
monitoring scheme. Results from the analyses in FY15-17 outlined below will provide the
foundation for a comprehensive sandbar monitoring plan using a combination of direct surveys
and indirect photogrammetric and remote sensing techniques. In the paragraphs below, we
outline the overall strategy of the sandbar monitoring program in this workplan. The monitoring
components are described in greater detail in the description of each project element.

The established method for accurate and precise sandbar monitoring is conventional
topographic survey (Hazel and others, 2010). While other methods have been evaluated (e.g.
LiDAR and photogrammetry), they are equally (or more) expensive and, in the case of LIDAR,
yield more resolution than is required. The topographic surveys are currently completed annually
at 47 sites on a single non-motorized monitoring trip (element 3.1.1). This constitutes a relatively
small sample of the more than 1300 large eddies in the CRe. This monitoring also includes
measurements of campsite area at 37 sites. The monitoring program includes two elements
designed to overcome this deficiency in spatial coverage. The remote sensing element (3.1.2)
involves the analysis of aerial photographs collected at approximately 4-year intervals to provide
an assessment of sandbar size in all large eddies in the CRe less frequently and at lower precision
than the annual monitoring. The channel mapping project element (3.2) includes conventional
topographic surveys at most large eddies in every river segment on a 3- to 10-year rotation (see
Table 3). These two efforts each enhance the annual monitoring of NAU sites in different ways.

The primary purpose of the remote sensing images is to provide an assessment of all
sandbars in the entire CRe at a single moment in time. This is, therefore, the only means to
characterize statistically the entire population of exposed sandbars in order to evaluate data from
any sub-sample. Additionally, measurements of sandbar area derived from the remote sensing
images can be compared with measurements of sandbar area made from older aerial photographs
taken as early as the 1930’s.

The topographic measurement made during channel mapping surveys provide measurements
for a large sample of sandbars using the same methods as the annual monitoring (see Figure 4).
This provides data that can be used to statistically characterize a large population of exposed
sandbars, at repeat intervals, in order to both evaluate data from any sub-sample at an instant in
time, and also the ability of the annual monitoring to capture the essential aspects of change over
multi-year periods. This is achieved by rigorously comparing response and site characteristics
between the established monitoring sites and a much larger sample of sandbars in the same river
segment, and by comparing the reach-scale change in sandbar volume over the period between
repeat channel mapping efforts with the equivalent metric from the annual data. (see element
3.1.1, which includes an evaluation of the representativeness of sandbar monitoring sites in lower
Marble Canyon).

Monitoring sandbars annually is adequate for long-term monitoring and for the evaluation of
the combined effects of all management actions that occur over the course of a year, but is
inadequate to evaluate the specific effects of individual management actions. For example,
assessment of the effects of a single controlled flood for comparison with the effects of other
controlled floods requires observations immediately before and after each event. To avoid costly
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repeat measurements around each controlled flood, we have been developing methods to monitor
sandbars more frequently with remotely deployed cameras. This component of element 3.1.1 is
expected to provide frequent (~monthly) measurements of sandbar size, albeit with less precision
than provided by the annual monitoring.
Together, the sandbar monitoring project components of project elements 3.1.1, 3.1.2, and
3.2 (Table 1) provide (1) consistent monitoring of an established set of long-term monitoring
sites on an annual basis, (2) less precise monthly monitoring for a subset of the long-term
monitoring sites, (3) spatially robust assessments of sandbar size less frequently, (4) information
on whether or not more (or fewer) sites are required to represent all sandbars in a given reach,
and (5) information that will continually contribute to improved understanding of how the
behavior of the established long-term monitoring sites represents changes outside that set of
sites. Thus, we expect that each time we complete an analysis of either a remote sensing data set
or a channel mapping data set, we will be better able to extrapolate from the limited number of
sites monitored annually, at high precision and low cost but at low spatial coverage, to the state
of sandbars in the entire CRe. During FY15-17 we will refine the remote sensing and
photogrammetry techniques, and at the end of FY17, we will synthesize results of these different
monitoring elements in a comprehensive analysis of sandbar changes across all the spatial and
temporal scales for which data are available.

Table 1. Summary of sandbar and sediment storage monitoring efforts.

Project Spatial Focus Method Measurement Information
Element Frequency Needs Met
3.1.17 Selected high- Conventional Yearly Annual status
elevation sandbars | topographic surveys check on sandbar
(47 sites) (metric: volume and and camping
area) beach condition

3.1.1 Selected high- Remotely deployed Daily (metrics Effects of
elevation sandbars | digital camera computed for 1 individual
(42 sites) (metric: area) image per management

month) actions
(controlled
floods)

3.1.2 High-elevation Remote sensing Every 4+ years* | Long-term trend
sandbars (metric: area) of sandbar size
systemwide
(>1000 sites)

3.2 High-elevation Conventional Every 3to 10
sandbars in 30 to | topographic surveys years, depending
80-mile segments. | (metric: volume and on reach.

area)
3.2 Low-elevation Combined Every 3to 10 Long-term trend

fine-sediment
storage in 30 to
80-mile segments.

bathymetric and
topographic surveys
(metric: volume)

years, depending
on reach.

in fine-sediment
storage
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* Remote sensing images of the entire CRe were collected in 2002, 2005, 2009, and
2013.Frequency of future remote sensing missions is anticipated to be every 4 to 10 years.

"Project Element 3.1.3 aims to develop methods to increase the spatial coverage at the same
measurement frequency and with possibly less precision.

D.2. Project Elements

Project Element 3. 1. Sandbar Monitoring

Project Element 3.1.1. Monitoring sandbars using topographic surveys and remote cameras

Paul Grams, Research Hydrologist, USGS, GCMRC

Daniel Buscombe, Research Geologist, USGS, GCMRC

Joseph Hazel and Matt Kaplinski, Research Associates, Northern Arizona University
Keith Kohl, Surveyor, USGS, GCMRC

Robert Tusso, Hydrologist, USGS, GCMRC

Objectives

1. Continue annual measurements of sandbars at long-term monitoring sites to track trends
in sandbar area and volume for understanding sandbar dynamics.

2. Track annual trends in total campsite area at long-term monitoring sites with data from
annual surveys.

3. Continue to document sandbar size on a daily timescale, by maintaining the network of
autonomous remote-cameras.

4. Track monthly changes in sandbar areas at long-term monitoring sites by measuring areas
using ortho-rectified images from the remote-camera network.

5. Complete the development of an interactive website to efficiently serve sandbar data and
remote camera images with a user-friendly interface.

Hypotheses/Questions

1. What is the cumulative effect of HFEs and intervening dam operations on the size of
sandbars in the CRe? (relates to Section C.3, Question 1)

2. What is the cumulative effect of HFEs and intervening dam operations on the size of
campsites in the CRe? (relates to Section C.3, Question 1)

3. Do individual HFEs continue to build sandbars to a magnitude similar to that observed in
response to previous HFEs? We hypothesize that the quantity of sand supplied by the
Paria River and other tributaries is positively correlated with post-HFE bar volume
(relates to Section C.3, Question 2)

4. How does sandbar size and shape prior to HFEs affect the bar-building response? (relates
to Section C.3, Question 2)

Rationale/Justification

A subset of all sandbars and campsites located throughout the CRe will continue to be
monitored annually using conventional ground-based topographic surveys. These surveys will
contribute to the long-term NAU sandbar time-series. This is the longest, most accurate, and
complete dataset describing the state of sandbars in the CRe. The monitoring program, initiated
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in 1990, includes surveys at 47 sites, which provides measurements of sandbar area and volume

above the stage associated with a discharge of 8,000 ft*/s. In addition, campsite area is measured
at 37 of these sites. Methods for these surveys are described by Hazel and others (2008; 2010; in
preparation) and Kaplinski and others (2009; in review). These annual surveys are supplemented
by photographs of 42 sites, taken several times per day, using autonomous remote digital-camera
systems (Bogle and others, 2012). These images make it possible to record the effects of changes
in flow at a temporal precision that cannot be resolved by the annual topographic measurements.

Representativeness of the NAU sandbar time-series

The sites monitored in this project were selected based on the lengthy historical record, rather
than a random selection from among all sandbars in the CRe. A key component of any
monitoring program must include an evaluation of whether the sites selected for monitoring
appropriately track changes in the resource of interest, in this case, sandbars and camping
beaches. One of the objectives of the FY13-14 work plan was to evaluate the degree to which
the sample average determined from measurements of the long-term monitoring sites represents
changes of the population of all sandbars. Preliminary results from this analysis indicate that
mean change in sandbar thickness (volume normalized by area) between 2009 and 2012, based
on the 18 long-term monitoring sites in lower Marble Canyon (-0.06 m = 0.06 m standard error),
is consistent with the mean change among a much larger sample of 84 sandbars mapped in 2009
and 2012 by Project Element 3.2 (-0.06 m £ 0.04 m standard error) (Fig. 6).

While the NAU sites capture the mean response, they do not necessarily reflect the full range
of sandbar responses, in particular those sites with large gains or large losses in the period from
2009 to 2012. Our analysis shows that the variance of thickness change between 2009 and 2012
among all sandbars is approximately double the variance among the 18 monitoring sites,
indicating that the monitoring sites may tend to have smaller-magnitude changes than the
collection of all sandbars. This suggests that, for lower Marble Canyon at least, our long-term
monitoring may adequately represent mean sandbar condition, but fails to capture the full extent
of variability in sandbar condition. The analysis also indicates that a random sampling of fewer
than the current number of monitoring sites would be unlikely to capture mean bar condition
better than the current monitoring sites (Fig. 6). This presents a challenge to our monitoring
design, because monitoring sites are more frequent in lower Marble Canyon (about 1 site every
1.8 miles) than any other reach (1 site every 4 to 9 miles). Matching the monitoring site density
in other reaches would require adding about 7 sites in upper Marble Canyon, 6 sites in eastern
Grand Canyon, and more than 50 sites in east- and west-central Grand Canyon (RM 87-225).
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Figure 6. Bootstrap simulation of expected standard error (m) for estimates of sandbar thickness change as a function of
sample size. Measurements of thickness change for 84 sandbars in lower Marble Canyon (data from Project 3.2) were
sampled randomly using increasing sample size (1 to 84). For each sample size, 100 random selections of sites (numbering
between 1 and 84) were made from among the 84 sites, and the standard error calculated and plotted. The standard error
decreases quickly with increasing sample size up until n ~ 20. Standard error decreases more gradually thereafter. The
sample site density in lower Marble Canyon (LMC) achieves a reasonable uncertainty for the number of sites. More sites
would be required in east central Grand Canyon (ECGC), west central Grand Canyon (WCGC), upper Marble Canyon
(UMC), and eastern Grand Canyon (EGC).

Improving the spatial resolution of the sandbar data set

Adding long-term monitoring sites would require additional and/or longer monitoring trips
and an increase in the monitoring budget. Further, addressing the need for, and selecting the
appropriate locations of, additional long-term monitoring sites will be greatly enhanced through
project elements proposed in this workplan and through additional analysis of data from FY 13—
14. For example, we now have repeat channel mapping data for eastern Grand Canyon, and
repeat mapping of upper Marble Canyon is proposed for FY16. These data sets will allow us to
compare the response of the entire sandbar population from Lees Ferry to Phantom Ranch, to the
response of the subset of sites in the NAU time-series, over multi-year periods (as above).
Remote sensing and geomorphic mapping in Project Element 3.1.2 will allow us to compare
coarser-resolution, but canyon-scale metrics of the total number and area of sandbars and eddies
throughout the CRe, and allow us to compare how these metrics vary downstream. This type of
canyon-scale information on the spatial distribution and size of each eddy and sandbar are
necessary for a full assessment of the appropriate number of long-term NAU monitoring sites
versus other types of sandbar monitoring, and an assessment of how these sites fit into the tiered
monitoring approach to assess overall sandbar condition (section D.1).

There are also developing technologies that may allow us to increase the number of
individual sandbars that can be surveyed, while adding relatively little effort to current field
efforts. Thus, rather than adding additional long-term study sites to the NAU data set, we
propose to evaluate alternative methods for surveying the topography of sandbars that have the
potential to allow rapid and inexpensive measurement of a large number of sites (see Project
Element 3.1.3). In addition, we propose to develop a sandbar model (see Project Element 3.3)
that would predict the volume of sand in bars by incorporating information from the sandbar
surveys, sandbars measured by remote sensing (Project Element 3.1.2), during channel mapping
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(Project Element 3.2), and by rapid survey (if the method proves feasible) to estimate the status
of the population of sandbars throughout Marble Canyon and eastern Grand Canyon. These
efforts are focused on improving upon our annual estimate of sandbar size that is based on the
topographic surveys conducted each fall, identifying shortcomings in the spatial distribution of
NAU data set, and providing methods to assess sandbar condition across a range of scales.

Improving the temporal resolution of the sandbar data set

An additional objective of this project element is to improve upon the methods we use to
estimate sandbar size change during short time periods, such as before and after an HFE.
Currently, remote digital cameras capture images of nearly all of the monitoring sites several
times per day. These images were made available on the GCMRC website following the 2012
and 2013 HFEs and have been used to make a rapid qualitative assessment of each sandbar
response immediately after each HFE. It is also possible to use these images for more
quantitative analyses; and we have made recent progress with the development of methods to
measure sandbar area from these images, by ortho-rectifying each image using ground control
points surveyed during monitoring trips. Ortho-rectification is the process of transforming an
oblique image into an aerial photograph (rectification) which is geometrically corrected such that
the photo has the same lack of distortion as a map (“ortho-""). We will continue to develop these
methods with the goal of measuring sandbar response to each HFE and erosion rate following
each HFE. Developing these methods involves: (1) measuring ground control points at all long-
term monitoring sites that have cameras; (2) systematically evaluating the areal estimates from
images using ground-based surveys carried out at the same time; and (3) developing
unsupervised (fully automated) or partially supervised (minimal user input) methods to segment
sandbars in ortho-rectified images, because manual segmentation of sandbars is slow and
subjective. This will greatly improve upon our ability to compare the sandbar-building response
to HFEs of different magnitude, duration, and sediment supply conditions.

Website access to the sandbar database

In 2014, we initiated the development of a sandbar database with a web-browser based user
interface. We also implemented a rudimentary web-browser based interface for viewing selected
photographs of monitoring sites following the 2012 and 2013 high flows. We will continue the
development of these tools to allow users to view and download all photographs for each of the
monitoring sites, in addition to completing a web interface for downloading and interactively
visualizing the sandbar data (initially, sandbar areas and volumes).

Methods

Sandbar and campsite surveys will be conducted each fall using methods described by Hazel
and others (2010) and Kaplinski and others (2014). One of the primary motivations for the
sandbar monitoring is because they are used as campsites by visitors. The monitoring metrics of
sandbar volume and area are related to campsite area (Hazel and others, 2010), but are not a
direct measurement of campsite size. Two supplementary monitoring efforts are, therefore,
included in this project to track changes in campsite size that are related to changes in sandbar
topography and/or change in the extent of vegetation cover. The first of these project
components are annual measurements of campsite area at 32 of the 47 sandbar monitoring sites
conducted on the annual sandbar monitoring trip. The second component is observations and
photographs for a collection of approximately 40 of the most popular recreational camping
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beaches between Lees Ferry and Diamond Creek. These observations are made by Grand
Canyon River Guides through the “Adopt-a-Beach” (AAB) program. The methods for the
proposed rapid surveys and modeling are described below under Project Elements 3.1.3 and 3.3,
respectively. The novel methods that will be developed and used in this project element are those
associated with the effort to quantify sandbar area and volume from the remote camera images.

Essentially, the process of estimating sandbar area from oblique images consists of ortho-
rectifying the images using surveyed ground control points, delineation of the sandbar on each
ortho-image, and then simply calculating the area. The ortho-rectification is an automated
process that creates a mapping between ground and image coordinates, and warps the image such
that pixels are located in the correct positions for the final image to be planimetrically correct.
Ground control points were collected at a number of sites during FY13-14 in anticipation of
applying this technique. The technique has been demonstrated using time series of images from
the sandbars at RM22 and RM30. The sandbars have been delineated manually and verified
using ground-based surveys; this process has already added hundreds of sandbar-area estimates
using images collected in the past 5 years (Buscombe and others, in prep.). Our goal is to make
the process of sandbar delineation from images as automated as possible, because the process
must be repeated many times at each of the monitoring sites. To this end, initial trials using a
variety of image processing methods have been encouraging, and we are confident that accurate,
automated delineation of sandbars from images is feasible. This technique has the potential to
significantly augment data on subaerial sandbar areas at minimal extra cost.

We have recently demonstrated that sandbar volumes can also be estimated from digital
elevation models (DEMs) constructed directly from ortho-rectified digital imagery collected by
autonomous cameras (Buscombe and others, in preparation). If the elevations of water lines in
images are known, contour maps of sandbars can be constructed as the flow varies. The process
consists of obtaining the horizontal coordinates of waterlines from the rectified image, and
assigning the vertical coordinate from the estimated water stage. As the stage varies, a DEM can
be constructed from several contour lines. The process works best if stage varies significantly
over short periods, such as the upramp and downramp periods of controlled floods. Stage
elevations are either measured using an instrumented record (such as a pressure transducer) or
estimated using a stage-discharge relation that exist for all long-term monitoring sites (Hazel and
others, 2006). The technique has been evaluated using imagery from the RM30 sandbar during
the 2012 and 3013 HFEs. The DEM constructed using imagery from the 2012 HFE was
validated using data collected at that site immediately afterwards using conventional ground-
based surveys. We propose to apply the technique to more sites to obtain volumetric estimates of
bars after HFEs, as a cost effective means with which to assess the effects of HFEs on sandbars.

Annual Products

e Update on sandbar area and volume and campsite area based on monitoring from the
previous year.

e Annual monitoring data made available on website within 6 months following data
collection

e Photographs showing effects of HFEs made available on website within 2 months
following data collection.

Outcomes and Products — FY15
e Web browser interface for viewing remote camera photographs.
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Web browser interface for viewing sandbar data.
Journal article detailing and evaluating methods for measuring sandbar areas and
volumes from remote camera images (lead author Buscombe).

Outcomes and Products — FY16

Sandbar data and photographs updated on web interface.

Report/journal article on sandbar response to HFEs or short-term sandbar variability
based on measurements of sandbar size derived from remote camera images (lead author
Tusso).

Outcomes and Products — FY17

Report/journal article on long-term trends at the sandbar monitoring sites (joint product
with 3.1.4 and 3.2) (lead author Hazel).

Report (written in conjunction with other listed project elements) evaluating the current
monitoring scheme using the long-term high-resolution NAU time-series (3.1.1), more
spatially robust channel mapping (3.2) and remote sensing (3.1.2), and new techniques
incorporating remote camera ortho-rectification and structure from motion (3.1.3) (lead
author Grams)

Project Element 3.1.2. Monitoring sandbars and shorelines above 8,000 f£/s by remote sensing

Joel Sankey, Research Geologist, USGS/GCMRC
Robert Ross, Hydrologist, USGS/GCMRC

Paul Grams, Research Hydrologist, USGS/GCMRC
Thomas Gushue, GIS Coordinator, USGS/GCMRC
Ted Melis, Physical Scientist, USGS/GCMRC

Objectives

1. Objective 1 is to measure the area of exposed sand above the elevation of the 8,000 ft*/s

stage (high-elevation sand) for more than 1300 large eddies (henceforth referred as the
“large eddy dataset”) using imagery acquired from the remote sensing overflight in May
2013. The objective is also to compare the results from mapping sand area on the 2013
images to sand area measured on the May 2002 and May 2009 overflight images (Ross
and others, in preparation).

Obijective 2 is to evaluate changes in sandbar topography (elevation and volume) between
2002 and 2013 at the same set of more than 1300 eddies monitored for changes in sand
area using digital surface models (DSMs) from automated photogrammetry that are
acquired coincident with overflight imagery.

Obijective 3 is to use results from Objectives 1 and 2 to investigate the representativeness
of the smaller set of the NAU sandbar time-series that are monitored with detailed
topographic surveys (Project Element 3.1.1). Investigation of the representativeness of
the NAU sandbar time-series is a key component of Project Element 3.1.1 and the
collective set of sandbar monitoring efforts as a whole (described in Table 1). The results
of Objectives 1 and 2 are synoptic censuses of the population of sandbars in the CRe that
is independent and spatially robust relative to relative to the detailed surveys of the
smaller set of NAU sandbar time-series. Objective 3 complements, for example, the
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analysis (Fig. 6) that was based on a smaller set of sandbar surveys for one 30-mile river
segment with an analysis using the remote sensing censuses of sandbars. Objective 3 is
also useful for other projects, and specifically identifies the extent to which the periodic
remote sensing overflight measurements of sandbar area and topography for a large
portion of the Colorado River can be used to inform the groupings of sandbars by
morphology and flood response proposed in modeling work of Project Element 3.3.
Objective 4 is to complete a geomorphic base map for all of Grand Canyon. The
geomorphic base map is necessary to this and other projects that require information
about the canyon-wide distribution and characteristics of eddies and sandbars or other
types of geomorphic units, such as debris fans and gravel bars that provide important
shoreline habitats for aquatic organisms and riparian vegetation. Objective 4 provides
geomorphic units to assess: i) variability observed in sandbar area and topography
population data in Objectives 1 and 2, ii) representativeness of other monitoring efforts
and sites investigated in Objective 3 and Project element 3.1.1, and iii) groupings of
sandbars by morphology and flood response proposed in modeling work of Project
Element 3.3

Hypotheses/Questions

1.

2.

How much exposed sand is present in 2013 compared to 2002 and 2009 throughout
Marble and Grand Canyons? (relates to Section C.3, Question 1)

How has sandbar topography changed from 2002 to 2013 throughout Marble and Grand
Canyons? What is the accuracy and uncertainty of the aerial overflight-based
measurements of sandbar topography when compared to measurements of topography
from other monitoring efforts? (relates to Section C.3, Question 3)

Can the more spatially extensive set of sandbar measurements derived from the aerial
overflight data be used to i) better understand the ways in which the long-term
monitoring sites are and are not representative of sandbars throughout the larger river
corridor?, and ii) produce a larger data set of sandbar size and morphology useful for
Project 3.3. In the latter case, the remotely-sensed data can be used to develop more
robust groupings of sandbars by morphology (using metrics such as area, volume, slope,
planform shape, and concavity) and as a validation data set for a generalized sandbar
response model calibrated using the NAU sandbar time-series. (relates to Section C.3,
Questions 1 and 3)

Rationale/Justification

Sandbars in the CRe downstream from Glen Canyon Dam are formed in eddies that typically
occur in the lee of boulder debris fans. Debris fans constrict the river channel and form the
eddies that are slower velocity and act as “traps” at hundreds of locations for finer sediment
transported as suspended load (Schmidt and Rubin, 1995). Existing digital imagery and
topographic data collected from remote sensing overflights in 2002, 2009, and 2013 are used to
inventory and document both large- and small-scale sandbar and shoreline changes within eddy
areas during this period. Because only a subset of sandbars are surveyed using conventional
methods (Project Elements 3.1.1 and 3.2), the purpose of analysis of these remote sensing data is
to track the area of exposed sand above the elevation of the 8,000 ft*/s stage (high-elevation
sand) of 1300 large eddies along the Colorado River. The remote sensing images remain the only
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way to produce a census of the condition of sandbars synoptically in Glen, Marble, and Grand
Canyons.

Prior to completing new analysis of remote sensing images, a geomorphic base map is
required to provide context for this and other system-wide studies in the CRe. The map is of
immediate need for ongoing system-wide studies of sandbars and riparian vegetation. The map
will consist of just a few simple map units such as: eddies; sand deposits within eddies; sand
deposits along channel margins (not within eddies); debris fans; gravel bars; talus; and bedrock.
This will enable any system-wide analyses to be segregated by geomorphic setting. While
previous studies have completed detailed maps including these features for short segments (e.g.
Hereford, 1996; Hereford and others, 2000; Schmidt and others, 2004) or systemwide inventories
of specific resources, such as eddies that contain backwaters (Grams and others, 2010), there
does not exist a map that covers the entire CRe with a consistent set of map units and mapping
criteria.

In the FY13-14 work plan, regions historically containing exposed sand above the elevation
of the 8,000 ft*/s stage (high-elevation sand) were delineated for more than 1300 large eddies
along the Colorado River in imagery acquired in 2002 and 2009. The classification of the areas
of sand exposed in these large eddies in the 2002 and 2009 imagery will be completed in FY14.
In this project, we will extend the record of canyon-wide sand area assessment to include
analysis of overflight imagery acquired in 2013.

Imagery from 2002, 2005, and 2009 has also been incorporated in an analysis of sandbar area
change within six reaches in which high-elevation sand was mapped from images taken in 1965,
1973, 1984, 1990, March 1996, and April 1996 (Schmidt and others, 2004) (Fig. 7). These
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NORMALIZED EXPOSED SAND AREA IN EDDY DEPOSITION ZONES FOR ALL
EDDIES LARGER THAN 1000 SQUARE METERS
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Figure 7. Area of sand in square meters per km in eddy deposition zones for all reaches with historical data from 1935 to
2009.

estimates of sandbar area were reasonably accurate with respect to independent ground truth
estimates derived from more detailed topographic surveys; the area estimates under- or over-
predicted survey-derived estimates by 3-15 percent in the reaches analyzed. The results show
that the area of sandbars exposed above the 8,000 ft*/s stage in Marble Canyon was generally
larger in images from the era of post-dam controlled floods (April 1996, May 2002, May 2005,
and May 2009) than in images from the post-dam period before controlled floods (June 1990 and
March 1996). From 2002 to 2009, sandbar areas, on average, were estimated to be lowest in
2002, greatest in 2005, and intermediate in 2009. Sandbar areas appeared to potentially vary as a
function of time since a controlled flood (HFE); the 2002 imagery were collected 6 years after an
HFE, the 2005 imagery were collected 6 months after an HFE, and the 2009 imagery were
acquired 1 year after an HFE. Results of this work will be delivered and summarized in a
manuscript prepared by the end FY14 (Ross and Grams, in prep.).

Recent analysis of digital topography from the 2002 and 2009 aerial overflights relative to
ground truth of detailed topographic surveys demonstrates the feasibility and limitations of
measuring topographic changes with data from overflights that are less accurate. Table 2 shows
examples of the average error in estimates of sandbar elevations derived from overflights relative
to survey data for cross-sections at 5 different sandbar monitoring sites. Changes measured
between 2002 and 2009 with the overflight data had a root mean square error (RMSE) of 0.49 m
when compared to the ground truth data of changes measured from topographic surveys. These
results provide conservative estimates of the uncertainty associated with topographic change
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detection conducted with the overflight data and the magnitude of change that might be reliably
detected with the overflight data. On average, the correlations between elevations and changes in
elevation measured from the overflight and survey data were moderate to strong. When
compared with the magnitude of changes in elevation observed with the detailed topographic
surveys (Fig. 8) the average error estimates (Table 2) indicate that the overflight data are most
useful for detection of large topographic changes. Similar uncertainty analyses and error budgets
for sand volume, area, and other morphological characteristics of bars will need to be performed
in the course of the work proposed for this project. Nonetheless, the potential for synoptic
measurements of sandbar topography within the level of uncertainty in elevation indicated in

Table 2. Average error and correlation between elevation measurements from total station
survey and DSMs acquired in 2002, 2009, and change detected with each method from
2002 to 2009 at five sandbar study sites.

Site Year RMSE (m) R®
441 2002 0.20 0.87
2009 0.38 0.91
2002-2009 0.33 0.73
68R 2002 0.59 0.24
2009 0.90 0.73
2002-2009 0.67 0.03
93L 2002 0.53 0.70
2009 0.26 0.97
2002-2009 0.71 0.86
1221 2002 0.18 0.93
2009 0.39 0.92
2002-2009 0.43 0.74
194L 2002 0.22 0.99
2009 0.20 0.98
2002-2009 0.31 0.84
Average 2002 0.35 0.75
2009 0.43 0.90
2002-2009 0.49 0.64
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Figure 8. Box plots showing distribution of changes in elevation determined from total station surveys in 2002 and 2009 at
five sandbar monitoring sites.

Table 2 suggests that these remote sensing data have utility for better understanding the ways in
which the long-term, sandbar survey monitoring sites are and are not representative of sandbars
throughout the larger river corridor. Further, these data can be leveraged in Project Element 3.3.
as both an additional data set to define sandbar groupings by morphology (using metrics such as
area, volume, slope, planform shape, and concavity) and as a validation data set for a generalized
sandbar response model.

Methods

Mapping sandbar area

The new work proposed in this project will extend analyses conducted on the 2002 and 2009
imagery to include measurements of sand area in imagery acquired in the 2013 overflight. The
canyon-wide remote sensing data used in this effort consists of four-band, ortho-rectified digital
imagery (blue, green, red, and near-infrared bands) acquired in late May 2013. The remote
sensing effort will involve a landscape delineation of four units: water, vegetation, sand, and
other bare (non-vegetated) terrestrial surfaces. This will be similar to the landscape databases in
production for image data sets collected in 2002 and 2009. For each image set, the water surface
and total vegetation are mapped using interactive image processing algorithms (Davis and others,
2002; Ralston and others, 2008). This project will use water and total vegetation classifications
produced for the 2013 imagery in riparian vegetation-related project work that is currently
proposed for FY15 (see Project 11.2). Following the water and vegetation classification, areas of
sand will be classified. Therefore, the sand area classification and measurements proposed here
will commence in FY16 and proceed into FY17. We will report on the results of the mapping
and change analyses will be reported on in FY17.
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Measuring topographic changes and evaluating representativeness of long-term survey dataset

Digital surface models (DSMs) were produced from airborne automated digital
photogrammetry data acquired during the aerial overflights of 2002, 2009, and 2013 for the 450
km length of Glen and Grand Canyon at steady Colorado River discharge of 8,000 ft*/s (Davis,
2012). The airborne automated digital photogrammetry DSM data acquired in 2002 and 2009
have been evaluated during work recently completed in 2013 and 2014 by Phil Davis (personal
communication). The DSM data have 1-m cell resolution with vertical ellipsoid heights reported
to the nearest 10 cm (but only accurate to the nearest 30 cm — see following explanations and
example of error assessment for the 2009 data), and are sectioned into U.S. Geological Survey
map quadrangles. The data were not initially processed to remove effects of vegetation or other
surface cover on topographic elevation values. However, work completed in 2013 and 2014
developed a methodology to minimize these effects that was tested on the 2009 dataset, in which
pixels that contained vegetation canopies identified in classification of the coincidentally
collected and co-registered multispectral imagery were replaced with elevations interpolated
from surrounding bare ground surfaces.

Horizontal and vertical accuracy of the 2002 and 2009 DSM data were assessed by
comparison with 125 ground control points distributed over the entire 450 km length of data
collection (Davis, 2012; P. Davis, USGS, pers. comm., 2013). Errors for the 2009 dataset were
normally distributed with an initial 38 cm vertical offset, but were adjusted resulting in a final
dataset with relative vertical RMSE of 30 cm (59 cm at 95 percent confidence level with 1.96
sigma) (P. Davis, USGS, pers. comm., 2013). The relative positional (horizontal) accuracy was
determined to be 19 cm (47 cm at 95 percent confidence level with 2.45 bivariate sigma) (Davis,
2012).

For this work, we will conduct change detection using the digital topography (DSM) data
from 2002, 2009, and 2013 images. The change detection will be completed for sandbars in the
same set of more than 1300 eddies monitored for changes in sand area. The datasets will be
differenced and vertical and volume changes will be estimated for the areas of sand mapped in
the large eddies that are the focus of Objectives 1 and 2. Changes that are detected in these areas
will be evaluated relative to ground truth, as available, from the subset of sandbars that are
topographically surveyed (e.g., Table 2).

The distribution of volumes and areas of sandbars for the 3 overflight dates as well as the
distribution of changes between these dates will be compared to respective distributions of data
derived from the smaller set of surveyed sandbars. The comparison of distributions will be
instrumental in completing the third objective that aims to investigate the representativeness of
the long-term NAU sandbar data set relative to the populations of sandbars that are located
throughout larger segments of the river. For example, we may expect that the total number of
eddy sandbars, as well as the area- or volume-based distribution of sandbars (e.g. Fig. 6), will
vary among geomorphic reaches (e.g. Schmidt and Graf, 1990; Melis, 1997), among those 30-80
mile segments in which high-elevation sandbars are monitored with conventional topographic
surveys every 3 to 10 years (Table 1, and Element 3.2), and collectively within the greater river
corridor between Glen Canyon Dam and Lake Mead. Additionally, the representativeness of the
long-term NAU sandbar data set is vital to the sandbar modeling component of this work plan
(Project Element 3.3) For example, are sandbar groupings and eddy characteristics derived from
the NAU sites appropriate for understanding eddy sandbar behavior in the 1300 eddies measured
in this project? Does an empirical model of sandbar response calibrated from the NAU sandbar
data represent a viable approach for modeling sandbars system-wide? Practically, these questions
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can only be answered on a scale as large as the Grand Canyon using data on sandbar
characteristics and change derived from remote sensing, which provides us measures of the true
(system-wide) sandbar population.

Geomorphic base map

The geomorphic base map will be constructed by identifying contacts between each of the
map units and digitizing those lines on-screen in ArcGIS. The initial interpretation and mapping
will be done in the office using recent (2009) aerial imagery as a base. The preliminary mapping
will followed by field checking areas of uncertainty on the annual sandbar monitoring trip in Fall
2015, requiring no additional logistic costs. Grams (unpublished data) has completed a
preliminary base map for lower Marble Canyon (Fig. 9) for use in the channel mapping project
(FY13-14 Project Element A.2).

Figure 9. Example geomorphic base map for a segmento lower Marble Canyon showing channel segments (CH_*), eddies
(ED), sandbars (RB, SB), and debris fans (DF).

Outcomes and Products — FY15

e Completed geomorphic base map documented in USGS report (Ross leads with
collaboration from Sankey and Grams).

Outcomes and Products — FY16
e Completed high elevation sand area map from 2013 imagery
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Outcomes and Products — FY17

e Report or journal article on system wide variability and changes in sandbar area, sandbar
elevation, and sandbar morphology from remote sensing, 2002—2013 (Ross leads with
collaboration from Sankey and Grams)

e Report (written in conjunction with other listed project elements) evaluating the current
monitoring scheme using the long-term high-resolution NAU time-series (3.1.1), more
spatially robust channel mapping (3.2) and remote sensing (3.1.2), and new techniques
incorporating remote camera ortho-rectification and structure from motion (3.1.3)

Project Element 3.1.3. Surveying with a camera: Rapid topographic surveys with digital images using
structure-from-motion (SFM) photogrammetry

Joseph Wheaton, Assistant Professor, Utah State University
Daniel Buscombe, Research Geologist, USGS, GCMRC
Paul Grams, Research Hydrologist, USGS, GCMRC
Graduate Student

Objectives

The objective of this work is to develop and evaluate a methodology which allows low-cost
and rapid (in terms of data collection and processing) monitoring of sandbars with a camera,
implemented to support monitoring and geomorphic change detection. To this end, the use of a
photogrammetric technique called ‘Structure-from-Motion’ (SfM), which builds an accurate
three-dimensional model of a scene from photographs taken from multiple viewpoints (James
and Robson, 2012; Westoby and others, 2012; Fonstad and others, 2013), will be evaluated for
the purposes of repeat mapping the topography of sandbars and cultural resource sites. This is a
proven method; however, there are a number of considerations for generalized implementation at
any site. We propose to thoroughly evaluate errors and uncertainties, as well as the logistical
considerations for efficient field data collection and data processing, towards the intended
outcome of a set of sampling and data-processing protocols for the creation of a DEM of any
location within the river corridor from a set of photographs taken using any non-specialist
camera.

If the above objectives are completed, a further objective would be to develop ‘citizen
science' tools that would allow river guides or other members of the public to contribute to
sandbar mapping efforts simply by taking a set of photographs following a prescribed protocol.
The SfM technique would eventually be used to create DEMs of 100s of sandbars to augment
and evaluate the representativeness of the 45-50 long-term NAU sandbar time-series (see
hypotheses/questions below).

Hypotheses/Questions

1. Can accurate digital elevation models (DEMSs) be obtained rapidly, with quantification of
errors and uncertainties, and with minimal logistical support, using a consumer-grade
handheld digital camera? If so, what are the limitations of this technique relative to
traditional total station surveys and what is the accuracy of these image-derived DEMs
compared to total-station-derived DEMs? We hypothesize this is possible using
Structure-from-Motion (SfM) photogrammetry, with comparable resolution to traditional
total-station derived surveys. (relates to Section C.3, Question 1)
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2. Can asimple protocol for photographing any sandbar be drawn for a non-specialist,
which would result in a set of images sufficient to create a DEM of that sandbar using
SfM? We hypothesize that experimental trials with the SfM technique using field and
laboratory data should be sufficient to establish a set of guidelines on image collection for
a non-specialist. (relates to Section C.3, Question 1)

Rationale/Justification

This research will, generally, establish a viable method for rapid, accurate, and low-cost
topographic mapping of any location within the river corridor, and specifically, augment the data
from, and inform sampling strategies for, long-term sandbar monitoring. The long-term time
series of sandbar areas and volumes at select sites throughout Grand Canyon is a vital resource
for examining the long-term health of sandbars and the impacts of management strategies. Such
time-series can be used to assess the effectiveness of individual management strategies such as
controlled floods, develop data-driven models for sandbar behavior, and monitor campsite
quality and area through time.

The set of 47 sandbars measured annually by topographic survey is a small sample of the
more than 1300 large eddies in the CRe, and is potentially biased towards larger, more stable,
sites. Recent efforts to evaluate the representativeness of sand volumes derived from these bars
have indicated that the established long-term monitoring sites may adequately represent mean
sandbar volume in lower Marble Canyon for some time intervals, although the variance is
inadequately represented by the set of long-term monitoring sites. Because of this, and because
more monitoring sites are located in lower Marble Canyon than other reaches, it is likely that the
frequency of monitoring sites in lower Marble Canyon is a minimum. Therefore, there remains a
pressing need to develop a representative sandbar sampling design. Our analysis suggests that up
to 60 additional sites could be required to achieve the same frequency of monitoring sites in all
parts of the CRe (see Project Element 3.1.1). Thus, the primary motivation for this project is to
develop methods for measuring sandbars that would enable an increase in the number of bars
monitored without a corresponding increase in field effort and expense. In practical terms, this
means testing whether it is possible to survey any given exposed sandbar in approximately 20-30
minutes in the field, as opposed to 3 to 6 hours in the field per bar with traditional methods. An
additional motivation for developing a rapid surveying method is to have a means to acquire data
from a range of sites (and times) outside those monitored on an annual basis, in order to, for
example, 1) investigate what (if any) metrics derived from a given sandbar DEMs or time-series
of sandbar DEMS could be used as indicators for sandbar state (health) and persistence; and 2) to
provide more data to aid statistical grouping of sandbars with similar dynamics, which would
greatly help in the concurrent development of a predictive sandbar model (see Project Element
3.3).

Having a means by which to rapidly map any sandbar, at any time during daylight, using
non-specialist equipment (a consumer-grade camera) would be an extremely useful tool with
which to augment current sandbar mapping activities with minimal cost. The use of remote
cameras to estimate sandbar areas (Project Element 3.1.1) is limited in scope to the specific sites
at which these cameras are installed, and the specific time at which the photograph is taken
(which needs to be programmed into the camera system in advance). The use of the remote-
camera imagery to construct a sandbar volume (above a given stage) also requires large
fluctuations in flow. The SfM technique, in contrast, could conceivably be used at any site to
map sandbar volume of the subaerial portion of the bar at that time. Monitoring certain sites with
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greater frequency would find several applications at the event-scale, such as monitoring bar
slumping processes, erosion due to boat wake, or during experimental high flows. For example,
how does generalized sandbar morphology differ as a result of high flows with different
hydrograph shapes (magnitudes, durations and asymmetries)? Specifically, how does downramp
rate affect sandbar slope? Answering this question requires more frequent topographic data (i.e.
multiple DEMs associated with different downramp rates) from sandbars at sites with a range of
hydraulic and geological settings, hitherto unobtainable through conventional methods, which
will be addressed with the SfM technique.

The method we propose to evaluate is a photogrammetric technique commonly known as
Structure-from-Motion (SfM). The SfM technique is a method for constructing a 3-dimensional
surface (map) from a set of oblique photographs of the same area taken from different
perspectives. The method is so-called, because the 3D position (structure) of features present in
multiple images can be recovered from acquiring imagery by moving the camera relative to the
scene (motion) so that multiple perspectives are achieved. The process is also able to render the
images onto the DEM to create a DSM (Digital Surface Model, which in this case is a DEM
overlain with the image pixels in the correct 3D location) which could be invaluable for mapping
useful attributes other than elevation that are not obtainable using conventional surveying
techniques, such as vegetation (from image color), and even grain-size estimates of the sediment
surfaces (from image texture, using techniques similar to Black and others, 2013). The
algorithms for processing the images exist and are available in commercial software: the purpose
of this project would be to implement those existing techniques using that software, evaluate the
products (DEMs) with conventional survey techniques (Wheaton and others, 2010), and develop
a work flow to facilitate implementation of the technique to monitoring sandbars in the CRe.

Methods

The majority of the work will be carried out by a graduate student at Utah State University
under the primary supervision of Joseph Wheaton, with co-advisement by Paul Grams and
Daniel Buscombe of the USGS/GCMRC. The student will familiarize him/herself with powerful,
and expansive (scriptable), commercial SfM software (e.g. Agisoft Photoscan) as well as open-
source software implementations of SfM (e.g. VisualSfM); carry out a number of trials in
controlled conditions in order to assess the accuracy and precision of digital surface models; and
develop protocols for photo collection such as, but not limited to, (1) the number and angular
spread of images; (2) the requirements for vantage and perspective; (3) the degree of overlap
between images; (4) the minimum amount of ground control points required, and (5) the effects
of light conditions and surface textures on the photogrammetric solution. Some of these issues
have been discussed in a general sense by recent articles in the geomorphology literature (for
example, James and Robson, 2012; Westoby and others, 2012; and Fonstad and others, 2013) but
the specific requirements and sensitivities for landforms with the range of scales of sandbars
would need to be addressed.

The student will then systematically photograph sandbars in Grand Canyon during annual
sandbar monitoring trips, during which time the same bars will be mapped using conventional
total station surveys, which are highly accurate but low in spatial resolution (of the order 1
measurement per several square meters). SfM provides point clouds at or near the spatial
resolution of the photographs that, depending on factors such as the camera specifications, and
the range to the objects in the scene, is of the order tens to thousands of measurements per
several square meters. Therefore, SfM-derived DEMs need to be down-sampled in order to
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compare with total-station-derived DEMs. To quantify the accuracy of SfM at its native
resolution, a subset of bars will also be surveyed using ground-based LiDAR (up to millions of
measurements per several square meters). These data will then be down-sampled to the average
resolution of the SfM-derived DEMs. These data will be worked up into image-derived and
conventional DEMs, and the accuracy of the SfM technique for sandbars will be assessed
through extension of surface uncertainty estimation techniques in the GCD software. The
precision of DEMs from the SfM technique will be assessed by comparing DEMs of the same
sandbar(s) using different sets of photographs collected in the field.

Photographs will be collected at a sufficient number of sites to represent a range of sandbar
types and settings encountered in Grand Canyon. This will include sites in wide and narrow
reaches, sites with dense and sparse vegetation, and sites with different sandbar morphology. We
anticipate this will include analysis of at least 8-10, and possibly more, different sites. In
addition, we will collect photographic data and produce SfM-derived DEMs for at least 1 or 2
cultural resource sites. These data will be used by scientists in Project 4 for comparison with data
collected by ground-based lidar.

One potential challenge associated with photogrammetric mapping of sandbars in Grand
Canyon is the effect of strong sunlight and shadows, which may limit the success of SfM at pixel
matching in areas of low contrast. This will be tackled directly by collecting images of the same
bar from the same locations at several times during the same day. Another problem will be
obtaining sufficient vantage to photograph from, so each bar will be photographed from a
number of different relative elevations and viewpoints. The sensitivities of the technique to
factors such as the number of images and angular spread of camera positions (the collective noun
for these factors we term, the scene geometry) will be assessed by creating a DEM for each
permutation of photographs of a scene in a collection, then organizing DEM errors (relative to a
benchmark data set obtained by total station and/or LiIDAR) by each factor in the scene
geometry. Each set of images will be worked up and their accuracy assessed reference to
benchmark data (e.g. total station and ground-based LIDAR surveys). To address the potential
issue of insufficient image texture over the smoothest surfaces, the texture of these surfaces will
be enhanced using a number of standard camera settings and image processing algorithms
designed to enhance image contrast.

Outcomes and Products

e Developoment of STM sampling protocol

e Development of SfM extensions to GCD and existing SfM software, as well as stand-
alone software required to facilitate efficient post-processing of imagery and change
detection analysis.

e Report/journal article on application of the SfM method to measuring sandbar topography
(lead author Graduate Student).
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Project Flement 3.1.4. Analysis of historical images at select monitoring sites

Joseph E. Hazel, Jr., Research Associate, Northern Arizona University
Thomas Gushue, GIS Coordinator, USGS, GCMRC
Robert Weber, Photogrammetrist, Pinnacle Mapping Technologies, Inc.

Obijectives

1. Extend sandbar area and volume long-term monitoring measurements to include data
points from 1984 for a select set of sites.

2. Interpret the sandbar area and volume measured from photogrammetrically-derived
topography with regard to unplanned floods that occurred in 1980, 1983 and 1984, and in
the context of sandbar response to HFESs since 1996.

3. Incorporate completed 1984 sandbar data into sandbar database and interactive website
(Project Element 3.1.1).

Hypotheses/Questions

1. To what extent were sandbars larger in area and volume following the largest magnitude
and longest duration post-dam floods (the 1983-84 floods) than following recent HFES?
(relates to Section C.3, Question 2)

2. What can the 1984 post-HFE area and volume measurements for a select set of sites
inform us about sandbar behavior? (relates to Section C.3, Question 3)

3. Can analysis of digital photogrammetry improve our understanding of sandbar change
over time and improve analysis of the long-term monitoring record? (relates to Section
C.3, Question 1)

Rationale/Justification

Our understanding of the long-term trends in sandbar size and abundance is limited by the
lack of detailed measurements made before the era of environmental management that began in
the CRe in 1990. Our understanding of resource responses prior to the current sandbar
monitoring efforts is based on limited observations of sandbars following the floods of 1983-86
(Schmidt and Grams, 2011). However, those generalizations of sandbar behavior are based
largely on imprecise photo comparisons and are not quantitatively tied to the current sandbar
monitoring program. The purpose of this research activity is to extend the temporal monitoring
record for the long-term sandbar monitoring sites (Project Element 3.1.1) by incorporating data
from aerial photography taken before 1990. In FY13-14, we investigated the possibility of
extending the long-term sandbar monitoring record (Project Element 3.1.1) by ortho-rectifying
historical aerial images acquired in October 1984 for a selected set of sites. These images were
used to create a three-dimensional topographic surface using digital photogrammetry
technologies and software.

The feasibility of using digital photogrammetry to ortho-rectify photographs and generate
digital elevation models (DEMSs) of sandbars in Grand Canyon was initially examined by Blank
(2000) and O’Brien and others (2000). At the time, the computer-based software and
technologies did not result in photogrammetric surfaces sufficient for detecting change in
sandbar elevation of less than 25 cm. Recent advances in photogrammetry computer software
and high accuracy digital scans made from the original negatives collected during the aerial
overflights have made digital terrain extraction economically feasible and with uncertainties
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more appropriate for change detection and comparison with historical sandbar surveys made
during the 1990s and 2000s. Thus, this project element builds on the work of Blank (2000) and
O’Brien and others (2000) and utilizes improved methods to derive topography for selected
sandbar study sites in Glen, Marble, and Grand Canyons.

In FY13, digital terrain extraction and analysis of the results were made at 8 study sites.
These results were presented at the Annual Reporting Meeting in January 2014. The DEMs
generated from the 1984 images have a surface uncertainty of 25 cm or less. Thus, we can
confidently use the DEMs to determine sandbar volume and area using similar methods for that
of the NAU sandbar monitoring project. This has been accomplished at 7 of 8 study sites. Initial
findings are that sandbar area and volume above the stage elevation of 8,000 ft*/s was greater in
1984 than that measured in 2013 at 4 of the 7 sites. One sandbar (the Saddle Canyon site at RM
47) was 70 percent greater in area and volume in 1984; the other sites were 10 to 50 percent
greater in size. The remaining sites were smaller in 1984 than present. While the sample size is
small, these results are encouraging for temporal extension of the sandbar monitoring time series
to 1984, as well as other years of interest. These results only provide tentative support for the
hypothesis that sandbars were larger in 1984 than present, as almost half of the bars analyzed
were smaller compared to present. Analysis of additional monitoring sites is required to provide
a more complete picture of sandbar size following the 1980s floods for comparison with sandbar
size following recent HFEs.

In order to determine the accuracy of the photogrammetrically-derived volumes, we are
currently investigating a method that will allow us to better test the image-derived DEMs against
actual ground surveys for four of the long-term monitoring sites previously processed in FY13.
Because there have not been independent topographic surveys made with conventional methods
at the same time as the collection of aerial photography, it is important that the same methods
developed in FY13-14 be applied to photographs taken within a week or two of a total station
sandbar survey. This would allow determination of the elevation and volumetric error associated
with the techniques utilized in the study. We have identified two possible photography datasets
with which to make this comparison: May 1994 and September 1996. Both data sets meet the
requirements needed to be usable for comparative purposes as they were collected at scales
similar to the October 1984 film (1:4800 vs. 1:3000), and during similar dam releases (226 m®/s
vs. fluctuating between 144 and 226 m®/s). We anticipate that most or part of this accuracy
assessment work can be completed in FY14.

In this Project Element, we propose to continue this work by processing an additional 4 sites
each fiscal year. In order to successfully process the 1984 photography, we plan to obtain the
necessary ground control points for each proposed site. These data will be collected as part of
other field efforts described in this project (Project Elements 3.1.1 and 3.2), and potentially as
part of other collaborative field work efforts. Thus, this project does not have any stand-alone
logistics expenses.

By the end of FY17, we anticipate to have up to half of the long-term monitoring sites
processed and analyzed for volumetric change using the October 1984 photographs. Continuing
to extend the long-term sandbar monitoring time series back to the early 1980s will provide
additional information needed to assess the condition of sandbars prior to ground survey data
collection in Glen, Marble and Grand Canyons. The addition of derived topographic surfaces
from the 1984 photographs, in conjunction with selected historical surveys will help better
inform us on sandbar response to dam operations prior to the 1990s.
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Outcomes and Products

For each completed site:

0 Spatial Data: Geodatabase feature class and shapefiles for ground control points
and digital terrain model (point cloud), triangular irregular network (TIN) 3D
surface derived from point cloud, 25-cm interpolated DEM, and a mosaicked,
ortho-rectified image file of 1984 imagery.

o Ancillary data: Photogrammetry block file and triangulation reports, digital
terrain model extraction report, vertical and horizontal accuracy assessments of
final data sets, volumetric and cross-sectional comparison graphs, and summary
reports containing all the above information for each site.

Report/journal article on long-term trends at the sandbar monitoring sites (joint product

with 3.1.1 and 3.2) (lead author Hazel).

Project Element 3.2. Bathymetric and Topographic Mapping for Monitoring Long-term Trends in Sediment

Storage

Paul Grams, Research Hydrologist, USGS, GCMRC

Daniel Buscombe, Research Geologist, USGS, GCMRC

Matt Kaplinski and Joseph Hazel, Research Associates, Northern Arizona University
Bob Tusso, Hydrologist, USGS, GCMRC

Keith Kohl, Surveyor, USGS, GCMRC

Michael Yard, Fishery Biologist, USGS, GCMRC

Obijectives

1.

2.

Complete the first (baseline) high-resolution bathymetric map of Glen Canyon (RM -15
to RM 0) in 2015.

Complete a repeat bathymetric and topographic map of the sediment-budgeting reach
from RM 0 to RM 30 in 2016, with a coverage matching that when the reach was first
mapped in 2013.

Complete the first (baseline) high-resolution bathymetric and topographic map of the
long reach from RM 166 to RM 225 in 2017.

Implement a recently developed acoustic bed-sediment classification method using Multi
Beam Echo Sounder (MBES) data, by factoring in grain size in estimates for changes in
sand storage, and in order to better constrain uncertainties in calculated sediment budgets.
Report on changes in sand storage in the reach between RM 60 and RM 87, mapped in
2011 and repeat mapped in May 2014.

Report on changes in bed elevation in Glen Canyon, based on comparisons between
cross-sections last surveyed in 2000 and data from mapping that is scheduled for 2015
(Objective 1).

Continue development of methods for classification of bed sediments using MBES
backscatter data. In particular, develop means by which to classify bed sediments reliably
in the presence of significant coverage of submerged vegetation, such as in Glen Canyon.
Develop and implement methods to estimate sand thicknesses below the bed surface,
non-intrusively (using acoustics) and which fit into existing channel mapping sampling
protocols.
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Hypotheses/Questions

1. What are the effect of HFEs and intervening dam operations on sandbar size? (relates to
Section C3, Questions 1 and 4). We hypothesize that HFEs and intervening dam
operations result in a net increase in sandbar size at high elevation (above 8,000 ft*/s
stage) and no net change in sand storage at low elevation (below 8,000 ft*/s stage)

2. Is the riverbed in Glen Canyon lowering? We hypothesize that the bed of the river in
riffles in Glen Canyon remained stable throughout the four HFEs that have occurred
since 2000, but pools in Glen Canyon continued to evacuate sediment since 2000. This
would imply that the entire riverbed is not lowering. (relates to Section C.3, Question 4)

3. What is the spatial distribution of submerged vegetation in Glen Canyon? Can we
remotely sense the distribution of submerged aquatic vegetation using MBES backscatter
and topography? If so, is it still possible to reliably distinguish between different
sediment types (using the recently developed method of Buscombe and others, in review)
in the presence of substantial vegetation? (relates to Section C.3, Question 5). We
hypothesize that it is possible to remotely sense vegetation cover but not to the genus
level. We further hypothesize that it is possible to modify the methods of Buscombe and
others (in review) to account for the effects of vegetation in classifying sediment types.

4. ls it possible to estimate submerged sand thicknesses using hydroacoustics, reliably and
objectively, in order to better quantify absolute sand storage in the parts of the channel
which are always submerged? (relates to Section C.3, Question 4). We hypothesize that a
combination of MBES and chirp sonar would enable acoustic sediment imaging to
several tens meters, and that sand thickness estimation would be possible if the acoustic
signal is not occluded by layers of coarse substrates.

Rationale/Justification

In this section, we discuss the rationale for conducting comprehensive channel mapping to
monitor sediment storage between Glen Canyon Dam and Diamond Creek. Because this project
is designed as long-term monitoring, it is necessary to discuss planned monitoring activities in a
long-term context, provided below. In summary, we propose to map one channel segment in
each of the 3 years of the FY15-17 work plan. These segments are Glen Canyon (RM -15 to 0)
in 2015; upper Marble Canyon (RM 0 to 32) in 2016; and west-central Grand Canyon (RM 166
to 225) in 2017. The mapping of the segments in Marble Canyon and Grand Canyon will track
long-term trends in sand storage with implications for maintaining and building sandbars in
response to HFEs in those segments. As stated above, periodic comprehensive mapping of long
reaches is necessary to constrain AS within an acceptable level of uncertainty, because flux-
based sediment budgets become indeterminate at long (3-10 years) timescales. A repeat map of
upper Marble Canyon will be used to evaluate changes in sediment storage in that reach between
2013 and 2016, while also providing an important validation data set for Project 2. The rationales
for mapping Glen Canyon and west-central Grand Canyon are somewhat different from the
rationale for mapping the other segments and is discussed in separate sections below.

Fine sediment storage

Management objectives for fine sediment have focused on the condition of sandbars. Current
management practice includes efforts to maintain and build sandbars using high flow releases
that are timed to coincide with periods of fine-sediment supply from tributaries (HFE protocol
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EA). As described above in section C.1, the success of this approach is predicated on the
maintenance of a sufficient supply of sand within the channel for rebuilding sandbars. The
purpose of this sediment storage monitoring element of Project 3 is to track long-term trends in
sand storage and thereby provide a robust measure of whether or not the supply of sand available
for building sandbars is increasing, decreasing, or remaining stable over time-scales of years to
decades. In other words, this project provides the direct measure of AS in equation (1) over the
time scale of the HFE EA and the LTEMP EIS. Moreover, this project monitors those changes in
sand storage by location, providing spatially explicit quantification of the changes in the channel
and eddies (AS,,, in equation 2) and sandbars (ASy; 4, in equation 2).

The greatest challenge in developing an appropriate monitoring program is the scale of the
area of management interest, which is the entire CRe from Glen Canyon Dam to Lake Mead. As
described above, previous efforts have demonstrated that measurements of sediment storage
change made in short reaches cannot be extrapolated to determine sediment storage throughout
the CRe. In spring 2012, we repeated the RM 30 to 61 long reach which was first mapped in
spring 2009. A spatially explicit analysis of the differences in channel sediment storage once
again demonstrated that the large local variability in bed response found almost everywhere
necessitates sampling a large proportion of the river channel.

The “long-reach” sampling design used in this project is based on analysis of previous
channel bathymetry mapping efforts. Using the repeat maps made of short (< 5 km) reaches
between 2000 and 2004, we investigated potential sampling strategies. This was accomplished
by artificially subsampling the maps of topographic change that cover an entire 5 km short reach,
using three different sampling strategies: (1) regularly spaced channel cross-sections; (2)
randomly located channel cross-sections; and, (3) subsampling of major eddy storage locations.
This analysis indicated that all of these sampling strategies result in error that is greater than 50
percent of the actual change in storage, unless sampling intervals are sufficiently small such that
the level of effort is equivalent to comprehensively mapping approximately 80 percent of the
entire reach. Further, the analysis revealed that in order to estimate change in channel storage
with an uncertainty of 50 percent of the observed value would require average cross-section
spacing of 300 m or less, irrespective of whether the spacing is regular or locations are selected
randomly. To achieve a similar level of accuracy by sampling eddy storage locations would
require sampling more than 75 percent of those locations. Thus, to reduce the need for, and
uncertainties associated with, extrapolation, the monitoring program consists of repeat mapping
of most of the bed of the river for long segments.

Although these comprehensive maps of the river bed provide the best measure of changes in
sediment storage, mapping long river segments is a significant effort in terms of data collection
and data processing. Within the scope of the current budget, it is possible to map and process
approximately 30 river miles of channel per year. We have, therefore, developed a proposed
schedule for mapping segments in rotation over the next 10 years that is based on the time
frames of current and anticipated management actions. Because the segments in Marble Canyon
and eastern Grand Canyon (Fig. 3.3) have the greatest risk of sediment deficit and because
sandbar response has not been as strong in Marble Canyon as in downstream segments (Fig. 2),
channel mapping efforts through 2014 have focused on these segments. The focus will continue
to be on these segments for the next 7 years to provide monitoring needed to evaluate the HFE
Protocol. By the conclusion of the first 10 years of the HFE protocol in 2021, each of these
segments will have been mapped at least 3 times over the 10-year period. This will provide
robust and spatially explicit quantification of the change in fine-sediment storage in each

124



segment and a robust measure of the change in all sandbars in each segment. Each of these
segments is approximately 30 river miles in length and it is possible to map most of the river
bed, excluding rapids and riffles, resulting in maps of 80 to 90 percent of the deposits.

While an exclusive focus on the upstream 3 segments may be appropriate to address the
monitoring needs of the HFE protocol, it does not fully address sediment-related AMP goals,
which do not distinguish among river segments. There are very few measurements of the channel
bed in the segments downstream from RM 87 and there are fewer long-term sandbar monitoring
sites between RM 87 and RM 225 (Fig. 6). Without some direct measurements of changes in
sediment storage and measurements at a larger set of sandbars than are monitored annually, it
will be difficult to assess long-term trends in these segments. We, therefore, propose to collect
baseline data within each of these segments within the next 5 years so that repeat maps may be
made within the next 10 years. Because these segments are each 60 to 80 river miles in length,
we anticipate mapping approximately 50 percent of each segment. Maps of these segments will
be less comprehensive than the maps made for Marble Canyon and eastern Grand Canyon and
there will be portions of these segments where changes in sediment storage will remain
unknown. The maps will, nevertheless, provide a robust quantification of changes in sediment
storage for the portions of the segments that are mapped providing much more information than
provided by the sandbar monitoring alone.

West-central Grand Canyon

A map of west-central Grand Canyon will provide the first baseline map of a segment
downstream from RM 87. Perhaps more fundamentally, the mapping of western Grand Canyon
is also the key to making a long-term (decadal to centennial timescale) assessment of the fate of
sand canyon-wide. Below we identify a number of major reasons to carry out a one-time
mapping effort. First and foremost, establishing a basemap will allow calculations of changing
sediment storage decades into the future, well beyond the time-scale of viable calculations of
sediment storage changes through sediment flux calculations. Whereas channel mapping
provides the information required to assess the impacts of individual and successive HFES in
upstream reaches (Marble Canyon and eastern Grand Canyon), in western Grand Canyon it
becomes the means through which the long-term sediment mass-balance can be assessed canyon-
wide. The long-term trend in sediment mass balance in the west-central canyon - the sediment
monitoring reach furthest from the dam and of greatest contrast with Marble Canyon in terms of
sediment size and supply, total sediment storage, extent of riparian vegetation, and hydrology —
may be positive, negative, or neutral, and has major implications for system-wide sediment
management. Without a basemap of current sand storage conditions of both high and low
elevation deposits, future inferences of long-term sediment mass balance in western Grand
Canyon will be largely speculative.

The second major motivation for this mapping effort is to collect topographic sandbar data
from a large sample of bars, for the purposes of evaluating the annual sampling strategy in this
part of the canyon. It is likely that this part of the canyon is greatly undersampled, based on
statistical analyses of sandbar sampling in Marble Canyon (Figure 6). Third, baseline mapping of
this reach could prove useful for understanding the distribution and abundance of Razorback
sucker by, for example, providing maps of the distribution of submerged sediments. Fourth,
mapping would also provide geomorphic context to monitoring and understanding riparian
vegetation expansion, providing variables such as sandbar grain sizes that are not readily
extracted from remote sensing imagery at the required resolution. Finally, application of
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proposed methodological advances in sub-bottom profiling for the purposes of measuring sand
thicknesses could be particularly insightful in this part of the canyon which is hypothesized to
have greater total sediment storage than any upstream reach.

Glen Canyon

The needs for long-term monitoring of sediment storage are different in the Glen Canyon
segment than in the downstream segments. Because Glen Canyon is upstream from the Paria
River, the sediment deficit in this segment is more severe than in the downstream segments
(Topping and others, 2003). A series of high flows (pulse flows) released from the dam in 1965
caused rapid degradation of the channel in most of the reach (Randle and Pemberton, 1976;
Grams and others, 2007). Grams and others (2007) demonstrated that the pattern of degradation
was different for riffles than in pools between riffles. The distinction between pools and riffles is
important because degradation of riffles represents incision of the channel — lowering of the
entire river bed. In riffles, the magnitude of degradation decreased with distance downstream to
the point of zero degradation at the Paria Riffle near Lees Ferry. In addition, the rate of
degradation decreased with time causing Grams and others (2007) to hypothesize that this
process was complete by 2000, with the possible exception of locations within 1-km of the dam.

In contrast to the riffles, pools more than 20 km downstream from the dam scoured as much
or more than pools within 5 km of the dam. Pools continued to exhibit significant changes (scour
in some locations, fill in others, with no systematic spatial pattern) in the most recent monitoring
interval (1991-2000). Because bed lowering decreases the elevation reached by flows of a given
discharge, near the dam the elevation reached by a discharge of 5000 ft*/s decreased by more
than 2 meters between 1956 and 2000 (Grams and others, 2007). Such changes affect many
aspects of the aquatic and riparian ecosystems. Scour of sediment from pools, however, is not
necessarily associated with channel incision, but instead represents changes in sediment storage.
While the channel in Glen Canyon has experienced both incision and changes in storage,
segments downstream from Lees Ferry have only experienced changes in storage (Grams and
others, 2007).

These changes were documented by repeat topographic/bathymetric surveys of more than 20
monumented cross-sections that were originally established in 1956 for use in designing the dam
and power plant. A repeat survey was last made 14 years ago (Grams and others, 2007). The
proposed mapping of the channel in 2015 will include a repeat survey of each of those channel-
cross sections. Given the legacy of data collection in Glen Canyon spanning several decades, a
number of important scientific questions can be addressed using data from a single channel
mapping campaign. These surveys will be used to evaluate two hypotheses. First, the
measurements will be used to support (or refute) the hypothesis of Grams and others (2007) that
the bed is stable in riffles. While it is believed that the channel is stable, continued scour is
possible and would have important implications for aquatic habitat (see related biological
projects, referenced below). Secondly, the measurements will be used to test the hypothesis of
Grams and others (2007) that pools continue to evacuate sediment. These measurements will
provide a valuable assessment of the stability of the channel bed and the status of sediment
storage in pools early in the implementation of the HFE protocol.

The mapping in Glen Canyon will also provide information required for several aquatic and
fisheries related studies. A map of the Glen Canyon segment enables mapping of the relative
inundation frequency of trout spawning habitat (see Project 10); establishing flow-habitat
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relations necessary for studies of egg-laying and emergence behavior of aquatic insects (see
Project 5); and parameterizing a model for primary production (see Project 9).

Vegetation and subsurface mapping

In addition to collecting the data to address the questions described above, we also propose
work on advancement of methods in two areas. First, we propose to expand our methods for
mapping bed composition to include submerged vegetation. It is necessary to be able to
distinguish between sediments and submerged aquatic vegetation where coverage of the latter is
significant. In addition, given the importance that submerged vegetation serves as habitat for fish
and invertebrates (Riis and others, 2008), there is a need to quantitatively examine the spatial
distribution, diversity, and abundance of the relatively diverse aquatic plant community found in
Glen Canyon. We therefore need a reliable method with which to non-intrusively document the
distribution of submerged vegetation with a large spatial coverage. Such a method needs to be
able to: (1) remotely sense the water column and bed from a small boat; (2) distinguish
vegetation from substrate; and (3) be spatially referenced to enable repeat mapping for the
purposes of monitoring. Currently there are no standard methods with which to do this, however,
we propose that the use of the MBES in the Glen Canyon channel mapping effort in 2015 is an
ideal opportunity to overcome this technological shortfall, for the benefit of the long-term
ecological goals of studies of primary production in Glen Canyon, and advancements in acoustic
characterization of the composition of riverbeds in general for the purposes of habitat mapping as
well as a number of physical goals.

The second advancement we propose involves measuring the thickness, in addition to the
surface elevation, of sand on the river bed. We are currently able to report the change in
sediment storage (delta S) without knowing the total sediment storage (S) at either time. This has
important implications because we therefore do not know how much of S, delta S represents. If
delta S is massively negative in a given reach, we do not know how much more sediment would
need to be evacuated to completely deplete that reach. Measuring total sediment storage is a
daunting challenge because it requires measuring the depth of sediment to bedrock everywhere.
However, in recent years seismic frequency acoustic instruments have become more
sophisticated and available, opening the possibility of such measurements. Recent advances in
bed surface sediment classification means that we can focus sampling efforts over known areas
of sandy beds, making the problem of acoustic detection of sand thicknesses much more
tractable. Information on sand thicknesses might also be a vital component in designing alternate
sampling strategies for capturing the essential components of changes in sediment storage in a
given reach. In other words, using sand thicknesses to estimate total sand volumes in a given
reach might be critical in determining the return frequency to a given reach. It also provides
much needed context for reported changes in sediment storage, by providing the means to begin
to answer the question of what the proportion a reported sand storage change is of all sand stored
in a given reach.

Methods

It is not logistically feasible to map the entire river corridor in every segment. The goal of
this work is, therefore, to map approximately 80 percent of each segment between Glen Canyon
dam and RM 87 and approximately 50 percent of each segment between RM 87 and RM 225.
Although it is not possible to identify all the important sediment storage locations prior to
mapping, the effort is expected to include mapping of more than 90 percent of the large eddy
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storage locations upstream from RM 87 and at least 75 percent of those storage locations
downstream from RM 87. We place greater emphasis on monitoring the three upstream reaches,
because the most upstream reaches have greater sediment deficit and are, therefore, a greater risk
for long term sand depletion. We further expect that, because these reaches have larger sediment
deficit, storage changes are more likely to be spatially variable, requiring monitoring a greater
proportion of each mass-balance reach. Each year, one of the five sediment budgeting reaches
that are between 26 and 80 miles in length will be mapped such that each segment could be
mapped twice in 10 years.

Because about 90 percent of the sand and finer sediment that is available for redistribution by
dam operations is submerged (Hazel and others, 2006), the monitoring method must include
measurements of the bed of the river in eddies and pools. Data collection will combine
multibeam and singlebeam sonars, coupled with conventional topographic surveys for areas
above the water surface. These methods have been described by Hazel and others (2008) and
Kaplinski and others (2009; 2014) and were used extensively in monitoring the 2008 HFE (Hazel
and others, 2010). Similar methods are used to monitor channel changes on other large rivers,
including the Missouri River (Jacobson and others, 2009). The data will result in a high
resolution digital elevation model of the mapped segments for each mapping effort.

Upon completion of a repeat map of a segment, the maps (DEMs) will be compared to
compute the net change in the volume of sediment within the segment. These computations will
distinguish between fine and coarse sediment using recently developed acoustic sediment
classification algorithms (Buscombe and others, in review), between sediment stored in the
channel and eddies, and between sediment at high- and low-elevation. The methods of
Table 3. Long sediment budgeting segments for long-term monitoring of sediment storage.

Segment | River | Completed | Planned | Short Cross- Estimated Repeat
Miles | surveys surveys | reaches* | sections** | proportion of | Interval
reach
mapping will
cover
1 -15to | 2000 (cross- | 2015 1 20 80 percent ~10yr
0 sections
only)
2 Oto 2013 2016, 2 41 80 percent 3to6yr
30 2021
3 30to |2009, 2012 | 2018, 3 17 80 percent 3to6yr
61 2023
4 61to |2011, 2014 |2020 2 39 80 percent 3to6yr
87
5 87to |none 2019, 1 20 50 percent 5to 10yr
166 2024
6 166 to | none 2017, 2 8 50 percent 5to 10yr
225 2022

* The number of short reaches 2 to 5 km in length that were mapped at least once between 2000
and 2005 (Kaplinski and others, 2009).

** The number of cross-sections that were measured at least once between 1992 and 1999 (Flynn
and Hornewer, 2003).
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Buscombe and others (in review) uses MBES backscatter (echo strengths) to distinguish between
homogeneous sand, mixed sand and gravel, and homogeneous gravel (Fig. 10). These data are
collected in conjunction with soundings used to compute bathymetries; therefore no additional
data collection is required. The resulting maps of bed sediment substrates are as highly resolved
as the bathymetric maps. Methods for bed-texture classification will continue to be developed in
order for us to reliably distinguish between different substrate types (such as the relative
proportions of sand and gravel in small areas), in order to assess their relative mobility under a
range of flows.

One significant extension to the acoustic sediment classification methods of Buscombe and
others (in review) is in being able to distinguish between sediment and submerged vegetation.
We propose to use MBES backscatter data, collected as part of the Glen Canyon channel
mapping effort in 2015, in conjunction with physical samples and underwater video surveys, to
develop and test algorithms with which to reliably distinguish between sediments and vegetation.
In so doing, we will have also developed a means by which to make a quantitative assessment of
the spatial distribution and areal cover (m?) of submerged macrophytes, bryophytes, and
chlorophytes. Acoustics is, at least in theory, an ideal tool for mapping submerged aquatic
vegetation because it is not limited by water clarity or deep water, and provides a much greater
coverage, at higher resolution, in a fraction of the time compared with video surveys.

Ongoing analysis between sediment stored in the channel and eddies, and between sediment
at high- and low-elevation, will incorporate more sophisticated estimates of uncertainty (e.g.
Wheaton and others, 2010; Kaplinski and others, 2014) for which estimates of bed sediment
grain size will also be a crucial component. In addition to making comparisons between years for
which the entire segments are mapped, comparisons will also be made to earlier data were
available (Grams and others, 2013). This will include comparisons to data collected in short
reaches in 2000 to 2005, and data collected at monumented channel cross-sections (Table 3).
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Figure 10. Acoustic sediment classification at RM30, August 2013, using the methods of Buscombe and others (in review).
The resolution of classification is 25 cm?.

In 2016 and 2017 we will evaluate the use of sub-bottom, broadband low frequency
(modulated in sweeps ranging from a few hundred Hz to a few kilohertz) acoustic CHIRP
profilers to scope the feasibility of determining sand thicknesses below the bed. This would
involve testing low-broadband (known as ‘seismic’) frequency sonars, which penetrate the bed to
a much greater depth than the high-frequency sonars (singlebeam and multibeam echosounders)
used to map the elevation of the bed surface. The aim is to develop a reliable means with which
to estimate sand thicknesses below the bed surface, in order to better quantify the total volume of
sand stored in a reach. In recent years, our continuing experience and expertise in the use of
sonar mapping techniques has coincided with ongoing technological advances in sonar
technology and the increasing use of sonars for estimating the thicknesses of submerged
sediment deposits Frequency-modulated (FM, or CHIRP) sonars (Schock and others, 1989)
provide higher resolution (a few cm compared with tens of cm) sub-bottom acoustic profiles with
less signal noise compared with traditional low-frequency sonars, have been used successfully to
image subsurface stratigraphy within sedimentary deposits, typically up to 30m below the
surface (e.g. Zeiler and others, 2000; Lafferty and others, 2006). Both the rate of attenuation of
the echo strength with depth and the pattern of reflections revealed by concatenating subsequent
profiles can be used to discriminate between sediment types. There are several established
methods (e.g. LeBlanc and others, 1992; Kim and others, 2002; Schock, 2004; Rakotonarivo and
others, 2011). A number of different systems are available for rent. These sonars provide much
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greater resolution than previous generations of sub-bottom sonars, providing unparalleled detail
on the sedimentary sequences down to several tens of meters. We propose to use these systems
in areas of known sandy bed surfaces, and develop algorithms to detect sedimentary layers and
acoustic attenuations with depth, towards an eventual goal of reliably estimating sand
thicknesses.

Relation to Previous Work Plan

The approach in this work plan builds on the project from the FY13/14 work plan. The
reaches proposed for mapping in 2013 and 2014 (Table 2) were completed successfully and
those data are being processed according to schedule. The major reporting goal for the previous
work plan was to report on changes in storage for the reach between RM 30 and RM 61. A
preliminary report on this analysis was provided at the January 2014 reporting meeting and the
final analysis and reporting is in preparation with submission for review expected by September
2014. A major goal of the previous work plan was the development of automated methods for
bed material classification (FY13-14 Project Element A.2.2). This was needed to determine the
proportion of the river bed covered by sand and the proportion covered by other substrate, in
addition to the utility to other projects for habitat characterization. That project will be
successfully completed by the end of 2014 (Buscombe and others, in review) and is therefore not
included in this work plan. The methods developed in that project will be used in this project and
will continue to be refined and improved upon.

Outcomes and Products — FY15

e Report and maps for RM 0 to 30 (mapped in 2013) (lead author Kaplinski).

e Report and maps for eastern Grand Canyon (RM 61 to 87, mapped in 2011 and 2014)
(lead author Kaplinski).

e Report/journal article on geomorphic changes in eastern Grand Canyon, 2011 to 2014
(lead author Grams).

e Report on bed-sediment grain-size measurements using the eyeball system, 2000 —
present (lead author Tusso).

Outcomes and Products — FY16
e Report and maps for Glen Canyon (scheduled to be mapped in 2015) (lead author

Kaplinski).

e Report/journal article on geomorphic changes in Glen Canyon, 2000 to 2015 (lead author
Grams).

e Report/journal article on acoustic detection of submerged aquatic vegetation (lead author
Buscombe).

Outcomes and Products — FY17

e Presentation at annual reporting meeting.
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e Report and maps for upper Marble Canyon (scheduled to be repeat-mapped in 2016)
(lead author Kaplinski).

e Report/journal article on geomorphic changes in upper Marble Canyon, 2013 to 2016
(lead author Grams).

e Report/journal article on long-term trends at the sandbar monitoring sites (joint product
with 3.1.1 and 3.1.4) (lead author Hazel).

e Report/journal article on the use low frequency sonars to estimate sand thicknesses below
the surface (lead author Buscombe).

Project Flement 3.3. Characterizing, and Predictive Modeling, of Sandbar Response at Local and Reach Scales

Erich Mueller, Research Hydrologist, USGS, GCMRC
Mark Schmeeckle, Professor, Arizona State University
Daniel Buscombe, Research Geologist, USGS, GCMRC
Paul Grams, Research Hydrologist, USGS, GCMRC
Charles Yackulic, Research Statistician, USGS, GCMRC
David Varyu, Hydraulic Engineer, Bureau of Reclamation
Graduate Student

Objectives

1. Develop groupings of sandbars based on existing measurements of sandbar response and
the geometry of fan-eddy complexes. Grouping sandbars that function similarly will
allow us to use these groupings to model generalized eddy hydraulics and
morphodynamics (two-way feedbacks between morphology and flow) as part of
Objective 2 and document statistically the physical factors most important to different
sandbar behaviors for the empirical parametric model in Objective 3.

2. Continue the development and testing of a 3-dimensional large-eddy simulation (LES)
model for coupled streamflow, sediment transport, and sandbar morphodynamics in
eddies, and link the numerical LES modeling of eddies with large-scale statistical
characterization of eddies.

3. Develop a statistical model that links channel geometry with flow (driven by simple,
measurable physical parameters) and predicts average behavior of individual, or
groupings of, sandbars.

Hypotheses/Questions

1. What are the typical sandbar morphologies associated with specific fan, channel, and
eddy geometries? Can we develop groupings of bars from a synthesis of existing data sets
on sandbar form and dynamics? We hypothesize that different fan-channel-eddy
geometries are a primary driver of the observed differences in sandbar behavior in
response to different flows (section C.3., question 3).

2. Are differences in sandbar response driven by the topographic boundary conditions of a
given reach, or more strongly linked to flow and sediment supply boundary conditions?
We hypothesize that topography is at least as important as sediment concentration in
sandbar response to different flows. We will use a topographically flexible form of the 3-
dimensional LES model to assess the dominant controls among sites (section C.3.,
question 3).
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3. How can we parameterize metrics of sandbar size and change statistically or semi-
mechanistically to serve as the basis for a predictive model for average or aggregate
sandbar responses to future flows? Can we predict the response of individual bars, or
groupings of bars that behave similarly, using a comparable modeling approach? We
hypothesize that statistical approaches can be used to model sandbar response to different
flow scenarios with increasing sophistication given results from objectives 1 and 2
(section C.3., questions 2 and 3).

Rationale/Justification

Characterizing and predicting sandbar response to varying flow and sediment inputs over
long reaches or at individual sites, based on mechanistic or empirical models, has long been a
desired research and management goal. Continued advances in computational efficiency
combined with long-term data on sandbar and channel morphology collected as part of the
monitoring program, allows us to advance our understanding of eddy sandbar dynamics beyond
what has previously been achieved. The long-term monitoring data includes more than two
decades of sandbar measurements (Project Element 3.1.1), topographic measurements of the full
river channel for long reaches (Project Element 3.2), measurements of sandbar grain size (Project
Element 3.2), remote camera images (Project Element 3.1.1), remotely-sensed data of sandbar
distributions throughout the CRe (Project Element 3.1.2), and more than a decade of sediment
flux monitoring (Project 2).The work proposed in this project element is motivated by several
observations: (a) both immediate sandbar response to HFEs, and longer-term response to
intervening dam operations, differ among eddies, sometimes over very short distances where
discharge and sediment supply conditions are likely similar; (b) this difference in sandbar
response must result from spatial differences in the coupled hydraulic and sediment transport
processes that result in differing rates of erosion of, and/or deposition on, sandbars during
different discharges and sediment supply conditions; and (c) understanding differences in
sandbar responses may be made more tractable by generalizing responses into groupings of bars
based on fan, channel, and eddy geometries. The latter of these provides a basis for
understanding how much a change in river geometry influences sandbar depositional and
erosional processes. In this proposal, we approach this problem spatially by comparing measured
sandbar response to the characteristics of different fan-eddy complexes throughout the river
corridor.

Sandbars in Marble and Grand Canyon are formed primarily in zones of recirculating current
(eddies) downstream from channel constrictions created by debris fans at the mouths of tributary
drainages (Howard and Dolan, 1981; Schmidt, 1990; Schmidt and Graf; 1990; Melis, 1997). The
interaction between stream flow and channel topography is the dominant control on flow
hydraulics in rivers, and, in turn, the interaction of flow hydraulics with the bed sediment causes
sediment transport and patterns of erosion and deposition. Thus, the location of, and
morphodynamic changes to, eddy sandbars is strongly dictated by interactions of the river’s flow
with coarse-grained debris fan deposits. There is a wide range in eddy sandbar response to
different dam operations and to floods (Schmidt and Graf, 1990; Beus and others, 1992; Hazel
and others, 1999; Hazel and others, 2010; Schmidt and Grams, 2011). This variability may
reflect sampling design, differences in reach-scale sand supply, or a difference in hydraulic
characteristics among eddies. Recently, Grams and others (2013) showed that local variability in
sediment storage in short (2.7 — 4.7 km long) reaches is at least as large as the variability
between reaches in Marble Canyon. They conclude that, because sediment supply conditions are
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likely not changing appreciably over short reaches, local flow hydraulics are the dominant factor
causing differences in response. For example at some sites, sand storage increases with
discharge, and at others sand storage decreases with discharge (Fig. 11). There is no downstream
trend favoring one type of site behavior, and sites very near each other may show the opposite
correlation with discharge (Fig. 11).
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Figure 11. Left) Changes in observed total sand storage as a function of recent discharge for two of the long-term
monitoring sites. Right) Downstream trends in the correlation coefficient, R, of the discharge-sediment storage relations.
Positive (negative) values indicate increases (decreases) in sediment storage with discharge; closed (open) squares are
locations where the regression is (is not) significant.

The work of Grams and others (2013) and the results shown in Figure 11 suggest that local
differences in flow hydraulics are likely to be a dominant factor influencing how site-scale fine
sediment storage changes in response to changing discharge conditions, but do not link these
differences among sites directly to feedbacks between fan-eddy geometry and channel
hydraulics. Thus, the purpose of Objective 1 is to link the observed measurements of sandbar
change to topographic, hydraulic, or geomorphic metrics of the larger fan-eddy complexes,
which then can be used to develop groupings of eddy sandbars that are functionally similar.
Previous researchers have described several metrics of fan, channel, and eddy characteristics
(e.g. Schmidt, 1990; Schmidt and Graf, 1990; Melis, 1997; Hazel and others, 2010). For the
channel, these include the constriction ratio, expansion ratio, recirculation zone length,
constriction length or total length of the rapid, eddy size, stage change with discharge,
divergence angle or jet angle (Fig. 12), water surface slope, and changes in depth between the
constriction and expansion. Several other metrics describe the geometry of the fans impinging on
the channel, including fan spacing, fan shape, and fan height (Schmidt and Graf, 1990; Melis and
others, 1995; Melis, 1997). The size and occurrence of sandbars is also related to changes in
canyon width caused by changes in river-level bedrock (Schmidt and Graf, 1990). These changes
in canyon width often co-occur with changes in the characteristics and distribution of debris fans
impinging the flow of the river (Melis, 1997), and provide a framework for aggregating
individual site scale data (Schmidt and Grams, 2011). Preliminary results (P. Grams, unpublished
data) show that there is no simple correlation between measured changes in sandbar volume and
many of these parameters. Because previous attempts at grouping sandbar response have not
worked adequately, more robust statistical methods or new metrics are needed to define possible
empirical relationships that can be linked to river processes.
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Metrics of fan, channel, and eddy geometry or other hydrologic parameters that relate to
changes in sandbar size provide proxies for changes in flow hydraulics and sediment transport
processes in fan-eddy complexes. In Objective 2, we propose to link differences in topographic
boundary conditions to sandbar response using a large eddy simulation (LES) model; LES is a
mathematical technique that allows large-scale turbulence to be directly computed in numerical
hydrodynamic models. Work currently in progress (FY13-14 Project Element A.3) includes
development of a new 3-dimensional LES model for flow and sediment transport in eddies of the
Colorado River. The hydraulic (streamflow) component of the model has been validated
(Alvarez and others, 2013; Alvarez and others, in prep.). More recently, components that allow
for computation of sediment transport and bed morphodynamics have been added to the model.
The LES approach has revealed the importance of using both a three-dimensional and time-
dependent model in lateral separation eddies. The model shows that the difference in direction of
surface and near-bed flow vectors and low-frequency variation of the strength of the eddy
recirculation current are key features necessary to model the import and export of sediment from
sandbars. Work is in progress to use the validated flow model in a topographically-flexible form
to evaluate the effect of differences in channel geometry on temporal and spatial patterns of
sandbar deposition and erosion. From our empirical analysis relating sandbar form and change to
fan-channel-eddy geometry (Objective 1), we intend to develop groupings of sites that can be
modeled using the flexible form of the LES model. The LES modeling will therefore elucidate
the flow hydraulics and sediment transport processes important to different sandbar behaviors.

The last goal of this project is to develop a more generalized predictive model for average or
aggregate sandbar responses to future flows (Objective 3). This is a challenging goal for a river
corridor as long and varied as the Grand Canyon, thus progress is incremental, but would be of
great use for resource management. Previous efforts to model individual or aggregate sandbar
response have had mixed success. Models for streamflow and sediment transport for individual
eddies have been used to successfully evaluate the rate of sandbar deposition during high flows
(Wiele and others, 1999) or following tributary inputs (Wiele and others, 1996). More recently,
Wiele and others (2007) constructed a reach-averaged model for streamflow, sediment transport,
and sandbar response. This model used 1-dimensional flow and sediment transport relations to
predict downstream changes in sediment mass balance to drive sandbar erosion and deposition.
The processes of sandbar erosion and deposition were based on empirical relations with flow and
eddy properties derived from 2-dimensional model outputs from a subset of eddies. The model
results generally agreed with measurements of sand flux and suspended sediment grain size, but
consistently under-predicted the magnitudes of sandbar response, evaluated against that
measured at the long-term monitoring sites. An advantage of the approach used in the Wiele and
others (2007) model is that it is physically based. A disadvantage is that it does not provide a
means to predict the response of individual bars or groupings of bars that may be of interest to
managers. Another modeling approach was developed for the analyses of the LTEMP EIS
alternatives that is highly empirical and is parameterized with the observed sandbar volume data.
This approach matches the overall trend in the sandbar volume data series, but suffers from a
parameterization whose physical meaning is unclear, and seeks to model all sandbars as a single
representative sandbar for all of Marble Canyon.

While the approaches above address the problem from different perspectives, neither
approach allows for a prediction of the behavior of individual bars, nor groupings of similar bars,
to different flow and sediment supply scenarios. This simplification has been made because (1)
we lacked the information necessary to address variability among the many different sandbars
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and, (2) we lacked a reasonable means to extend modeling efforts to the many sandbars for
which no monitoring information was available. For example, Wiele and others (2007) used data
through 2004 in their model, and the availability of many new data sets in the subsequent decade
will allow us to develop a more data-driven model of sandbar response for either individual bars,
or groupings of similar bars. These data sets include suspended sediment monitoring
(http://www.gcmrc.gov/discharge_gw_sediment/), the Wright and others (2010) shifting rating
curve model of sand transport, bathymetric surveys of the channel bed (Kaplinski and others,
2014), surveys of sandbar volumes (Hazel and others, 2008), an extensive time series of remote
camera images of sandbar change (http://www.gcmrc.gov/gis/sandbartour2013/index.html), and
remotely sensed data from the entire CRe (Project Element 3.1.2). Furthermore, results from our
empirical analysis of sandbar groupings and from the three-dimension LES modeling will allow
for a more robust characterization of the functional form of process-response relationships
important to sandbar deposition and erosion. For example, can we use the long-term sandbar
surveys to develop robust relationships between sandbar volume and area, which could be used
to extend modeling efforts to sandbars that have only been characterized with aerial photos? Can
we improve functional relations between discharge or eddy characteristics and magnitudes of
sandbar erosion and deposition, building on the work of Wiele and others (1999, 2007)?

While a collection of sites have been monitored for almost 25 years, these represent only a
very limited subset of all sandbars which may not be representative of the dynamics of all bars
(hence Project Elements 3.1.2 and 3.1.3). Thus, if a parametric (data-driven) model is based on
the data from, but is designed to apply to more than these few sites, it must include some
provision for extrapolating to a larger number of sandbars without being overly sensitive to the
specifics of any given bar. What limits an ad hoc approach to this scaling is the diversity in
sandbar responses to the same flow and sediment conditions, owing to complex relationships
among sandbar morphology and streamflow, suspended sediment concentration, bed sediment
grain size, fixed channel geometry, and existing sandbar morphology. Objective 2 allows us to
address these different factors mechanistically using the LES model, while Objectives 1 and 3
will allow us to develop more sophisticated approaches using our growing body of information
to build a more generalized statistical or semi-mechanistic model of sandbar response to high
flows and intervening flows over event- to decadal-timescales, building on the work of previous
scientists. Objective 3 will include collaboration with Bureau of Reclamation staff that
developed the empirical model for the LTEMP EIS.

Methods

Objective 1:

In the first phase of our analysis, we will identify groupings of sandbars based on
morphological properties and temporal response to different flow regimes using the long-term
sandbar data set. As a first step, we will group those sandbars that exhibit similar discharge-to-
sandbar-volume relationships (Fig. 11); for example, those sites that show positive, neutral, or
negative relationships would form the initial groupings. We will also use a statistical clustering
(dimensionality reduction) approach on sandbar metrics such as volume, area, thickness, slope,
planform shape metrics, concavity, and grain size, and/or the persistence and time-derivatives of
these quantities to determine whether these metrics allow for additional groupings (or clusters) of
bars. Once we have established different bar groupings, we will use a statistical Analysis of
Variance (AnoVa) technique to determine which hydrologic or geomorphic metrics separate the
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groups. Many of these metrics (listed above) have already been determined for many of the fan-
eddy complexes that are part of the long-term sandbar data set (e.g. Schmidt and Graf, 1990;
Hazel and others, 2010), and we will formalize a database with these metrics for each sandbar
site. This will include defining these metrics where they do not exist, and developing new
metrics for each site. Previous researchers had only limited data on the topographic form of the
submerged portion of the channel bed, which must be an important control on flow hydraulics in
the eddy recirculation zone, and is a primary input into the LES model of Objective 2. Thus, new
metrics will include those developed from detailed measurements of the full river channel
topography over long reaches collected over the last decade and continuing in Project Element
3.2. For example, we can define metrics of topographic relief between pools and adjacent
recirculation eddies (Fig. 3.12a). Once we have a complete database of sandbar and fan-channel-
eddy metrics, we can analyze the data set systematically for statistically significant relationships.

For sites where the full reach channel mapping has been repeated, such as lower Marble
Canyon, we can assess whether the groupings developed from the long-term NAU sandbar
monitoring sites are appropriate for aggregating sandbar behavior in longer reaches. In addition,
Project Element 3.1.2 will provide a comprehensive “large eddy dataset” of sand area and
volume in 2002, 2009, and 2013 for 1300 eddies throughout the river corridor using remote
sensing; a base map of geomorphic deposit types, including debris fans, eddies, and sandbars,
will also be created. These data will initially be used to assess the representativeness of the NAU
sandbar sites, in terms of sandbar area and volume or changes in these quantities, for different
geomorphic reaches throughout the river corridor. Depending on the outcome of the sandbar
grouping analysis at the NAU sites, these data may also be used to extrapolate or validate these
groupings for long reaches based on fan, channel, or eddy characteristics and corresponding
sandbar characteristics.

The outcome of this objective will feed into the next objective, which is to investigate the
generalized flow hydraulics and sediment transport processes associated with the different
groupings of eddy sandbar types. We will relate differences in measured channel geometry
among sites to the identified sandbar groupings. We will then incorporate several generic
channel geometries into the LES model that are representative of the major sandbar groupings.
This will allow us to link the topographic boundary conditions (as determined by channel
geometry) to processes of erosion and deposition in eddies, and compare these results to the
observed changes in sandbar size and shape. Together, the results from Objectives 1 and 2 will
provide insight into the important physical processes and their functional forms for incorporation
into Objective 3.

Objective 2:

The goal of this effort is a physically-based numerical model capable of predicting sandbar
size (area and volume) and morphology (shape) given routinely measured or modeled
streamflow characteristics, suspended sediment supply, and sandbar configuration. Because of
the temporal and/or spatial resolution of the required inputs and high computational demands of
this model, it is not expected to be a suitable operational model for all sandbars in Grand
Canyon. Rather, it will be a tool to help understand the interactions amongst the suite of driving
variables and processes of sandbar response at selected sites, and will allow ranking of these
variables and processes by their relative importance. In order to generalize the model to
characteristic sites, we will use the data compilation and analysis in Objective 1. This
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information will then be used to refine a more generalized empirical or statistical model for
sandbar response applicable to all sandbars in Grand Canyon (Objective 3).

Large Eddy Simulation (LES) is a computationally intensive modeling technique in which
turbulence larger than the scale of the grid is directly calculated by the equations of fluid motion.
Current parallel algorithms employed on supercomputers are now able to perform simulations of
turbulence and suspended sediment transport on grid spacing of a meter or less when applied to
Grand Canyon fan-eddy complexes (Alvarez and Schmeeckle, 2013). The LES model developed
for Grand Canyon eddies simultaneously solves for the turbulent flow field and the suspended
sediment concentration field by solving the three-dimensional, time-dependent sediment
concentration continuity equation. The flow and suspended sediment has very recently been
coupled with a morphodynamic model based on the rate of erosion or deposition predicted by the
model. The morphodynamic model also utilizes a bed mixing depth model to evolve the grain
sizes available for transport from the bed.
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Figure 12. a) General topography of an eddy and b) geometric parameters influencing flow hydraulics.

Figure 12a shows general topographic features of a lateral recirculation eddy. Figure 12b
shows a subset of possible geometric parameters that may be found to be important in the
groupings determined by Objective 1. A generic grid will be formed and the geometric
parameters of each bar group from Objective 1 will be used to form a synthetic grid that
corresponds to each bar group. The LES flow and suspended sediment model will be conducted
on each bar group synthetic grid. We will focus attention on the key flow features for import and
export of sediment from the lateral eddy zone to test our Hypothesis/Question 2 that different
sandbar responses to similar sediment and water discharges are the result of specific topographic
boundary conditions.
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Objective 3:

We will use existing field and remotely sensed data sets, which include coupled (concurrent
and co-located) observations of sandbar response and hydrology, to develop a data-driven model
of sandbar response to HFEs and other flow regimes. This model will predict the generalized
response of a given sandbar (sandbar volume and/or area) and/or groups of similar bars
(Objective 1) given inputs of routinely measured or modeled flow and sediment parameters, and
measured or modeled (depending on availability at a given model time step) sandbar parameters.
The model will be empirical (as opposed to the mechanistic model of Objective 2), and
calibrated and validated with existing long-term sandbar monitoring data. The applicability of
the model beyond the monitoring data on which it is built will be evaluated using data from the
channel mapping projects (Project Element 3.2.), the remote sensing of sandbars (Project
Element 3.1.2.), the remote camera element of the sandbar monitoring program (Project Element
3.1.1), and the rapid survey project (3.1.3).

Our modeling approach is to begin simply, and incorporate complexity as results from
Objectives 1 and 2 allow us to refine our understanding of the key physical processes. First, we
will use an empirical statistical approach to model sandbar response for individual bars and for
groupings of bars (Objective 1). This work will proceed concurrently with Objective 1 in
collaboration with David Varyu of the BOR, who developed a generalized empirical model for
the average behavior of all sandbars in Marble Canyon for the LTEMP EIS. Our initial approach
will use a simple parametric model of individual or grouped sandbar response. Examples include
a multiple regression approach, a mixed-effects model, or a model based on statistical
unsupervised learning methods that is trained on the existing data set. The latter approach finds
parameters based on statistical principles such as minimizing variance, but which have
defensible physical meaning. Using results from Objectives 1 and 2, we will attempt to develop a
more sophisticated statistical model that is based on calibrated physical parameters derived from
physical principles and understanding and empirically-derived response rates. This approach
could include re-application of the Wiele and others (2007) approach using the new data sets
collected in the last decade if practicable in light of results from the preceding approaches. For
example, we can develop empirical relations between (1) eddy properties and rates of sandbar
erosion or deposition for different discharge conditions (e.g. Wiele and others, 2007), (2)
between sandbar volume or mass balance (erosion or deposition) and flow/sediment transport
parameters (e.g. Fig. 11), or (3) between sandbar mass balance and the morphological
characteristics of those bars in deficit, and those in surplus, over specific periods.

For Objectives 1 and 3, we intend to focus initially on lower Marble Canyon, where there is a
higher density of long-term monitoring sandbar sites, repeat bathymetric surveys from channel
mapping campaigns in 2009 and 2012, and a complete geomorphic base map of channel
characteristics and geomorphic units (P.E. Grams, unpublished data). We will then test the
applicability of applying the data-driven empirical model to upper Marble Canyon and different
segments of Grand Canyon. Field surveys in reaches outside of lower Marble Canyon, combined
with Canyon-wide remote sensing data, will allow us to document the longitudinal occurrence of
different eddy sandbar types, and provide a validation data set to test applicability of the model.
We also expect that the spatially rich, remotely-sensed data will be important for providing
insight into improving the approach described here for longer reaches or in other segments of the
CRe.
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Outcomes and Products — FY15

e Development of the sandbar groupings and database of fan-channel-eddy metrics
(Objective 1)

e Development and implementation of “flexible” version of LES model compared with
measured sandbar response in different sandbar groupings (Objectives 1 and 2)

Outcomes and Products — FY16

e Presentation at annual reporting meeting on results of linking the generalized sandbar
groupings (Objective 1) with the topographically-flexible LES model (Objective 2)

e Develop a simple statistical, parametric model of sandbar response to HFEs and
intervening flows (Objective 3)

e Report/journal article on generalized sandbar groupings from morphological
characteristics of the channel and bars and/or results from the “flexible” LES model (lead
author Mueller)

Outcomes and Products — FY17

e Presentation at annual reporting meeting integrating the statistical and LES modeling
approaches to understand spatial and temporal variations in sandbar dynamics

e Continue refining the parametric model (Objective 3), with the potential for developing a
semi-mechanistic model incorporating results from Objectives 1 and 2

e Report/journal article on statistical sandbar model to predict sandbar response using the
monitoring data set (lead author Mueller)

e Report/journal article on coupled flow and morphodynamic LES model of Grand Canyon
sandbars (lead author Schmeeckle)

Project Element 3.4. Connecting total sand transport, bed morphodynamics, and sand budgets in Grand
Canyon

Brandon McElroy, Assistant Professor, University of Wyoming
Daniel Buscombe, Research Geologist, USGS, GCMRC

Paul Grams, Research Hydrologist, USGS, GCMRC

David Rubin, Professor, University of California at Santa Cruz
David Topping, Research Hydrologist, USGS, GCMRC
Graduate Student

Obijectives

1. Carry out repeat high-resolution bathymetric and flow-field surveys over sand bedform
fields in select reaches, over a range of discharges, including a controlled flood (Wright
and Kaplinski, 2011) and flows associated with routine dam operations.

2. Use these data to estimate bedload and bed sand fluxes associated with the deformation
and migration of bedforms by applying, and modifying where necessary, existing
numerical techniques and theory.

3. Determine a bedload 'rating curve' which relates sand flux as bedload with routinely
measured flow and sediment quantities (discharge, or suspended sand flux, or both).
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4. Use the rating curve in conjunction with a discharge model to estimate a total bed-
material sand mass balance for Marble Canyon and eastern Grand Canyon (stations at
RM 30, RM 61, and RM 87), combining estimates of sand bedload flux with sand
suspended flux to enable estimation of total sand transport, system-wide and nearly
continuous in time.

5. Develop a conceptual 'bed state indicator' model relating bedforms in a given reach
classified by their morphology and sedimentology to the surplus or otherwise of sand in
the bed, and therefore the propensity of the bed in that reach to contribute sand for
sandbar building during controlled floods.

6. Examine the two-way feedbacks between evolving bedform fields and spatial
distributions of flow and sediment concentrations, in order to better understand the
potential time-varying importance of bedload sand flux. This is necessary to estimate the
representativeness of suspended sediment measurements for bed sand flux estimates at
discrete locations.

Questions / Hypotheses

1. What is the contribution of bedload to time-integrated sand flux in the Colorado River in
Grand Canyon? How does this vary with discharge, suspended sand load, hydraulic
geometry, and bed sediment grain size? We hypothesize that the fraction of sand moving
as bedload varies inversely with discharge above the suspension threshold (e.g. Maddock,
1976), positively with bend radius and channel width, and positively with grain size.
(relates to Section C.3, Question 6)

2. Does bedload flux scale with suspended sand flux? We hypothesize that (1) bedload sand
flux varies non-linearly with suspended sand flux, because the presence of bedforms
enhances local sediment suspension by adding form drag to total bed shear stress
(Einstein, 1950); and (2) the importance of incorrectly estimating bedload sand flux
increases at low discharges and transport stages. (relates to Section C.3, Question 6)

3. Can reach-scale estimates of sand flux and sediment mass balance improve with direct
quantification of the contribution of bedload transport, using routinely measured
quantities at gaging sites (discharge, suspended sediment concentration and grain size)?
We hypothesize that more robust parameterization of bedload flux will enable partial if
not complete accounting for discrepancies between morphologic and suspended sediment
based estimates of sand mass balance. (relates to Section C.3, Question 6)

4. Can geometric and sedimentologic characters of bedforms be used as a 'bed state'
indicator? What bedforms (if any) indicate sediment-starved beds, and what (if any)
represent significant stores of sand that could be re-mobilized during controlled floods to
build sandbars? We hypothesize that certain bedform shapes and grain sizes are
indicative of thin veneers of sand, and others indicate thick sand bed deposits. The use of
bedform classification (geometric characteristics and sedimentology) is common in field
and experimental settings to indicate the presence or otherwise of a starved sand bed. For
example, the existence of 'sand stripes' indicate relatively starved bed conditions (Grams
and Wilcock, 2007), as do dunes with coarse underlying sediment exposed in the troughs.
High amplitude dunes with more regular geometries indicate areas with a surplus of sand-
sized sediment. (relates to Section C.3, Questions 4 and 6)
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5. Do evolving bedform fields alter hydraulic conditions and suspended sediment
concentrations? We hypothesize that, for a given flow field and upstream suspended
sediment supply, an evolving bedform field alters the spatial distribution of total bed
shear stress sufficiently, through form drag, to alter the concentration and spatial
distribution of suspended sand. This is manifest as non-equilibrium responses in the
distribution of sand flux between bedload suspended load, calculated using Einstein’s
(1950) shear stress partitioning method with skin frictions estimated from known grain
sizes. (relates to Section C.3, Question 6)

Rationale/Justification

By measuring and parameterizing bedload sand flux (the rate of flow of the mass of sediment
per unit area), this project will contribute to the sediment monitoring program as an important
component of both flux-based and morphologic-based estimates of sand mass balance in Marble
and Grand Canyons (Grams and others, 2013). This project has the potential to substantially
improve estimates of mobile sand volumes that are available for sandbar construction during
controlled floods within a specific reach.

The method with the highest potential for spatially explicit estimates of bedload sand flux
over large areas (100s to 1000s of square meters) is through the time-evolution of bed
topography in entire pools (up to 1 km in length) captured at a time scale of hours to days. From
the pioneering work of Bagnold (1941) and Simons and others (1965), fluxes of bed sediment
have been directly tied to the migration of idealized triangular mobile bedforms. These early
techniques have been modified to suit application in large rivers (e.g. Mississippi River,
Nittrouer and others, 2008; Missouri River, Gaueman and Jacobson, 2007, and Abraham and
others, 2010) where bedforms are not idealized shapes, and where bedforms deform as they
migrate. McEIroy and Morhig (2009) proposed an extension to these methods that captures all
bed-sediment flux through analyzing the evolution of sand bedforms. This relatively new method
has not yet been systematically tested on numerous river systems, but there is some support for it
with existing data (McElroy and Abraham, 2010). The sediment monitoring and channel
mapping programs combine to provide a unique opportunity to carry out a robust test of existing
methods, by coupling spatially explicit measurements of bedform evolution with detailed
measurements of suspended bed sand fluxes. We propose to capitalize on the following recent
advances to connect suspended sand fluxes to bedload sand fluxes and, in combination, the sand
budget in Grand Canyon.

First, it is now possible to measure bathymetry using MBES with extremely high resolution
(cm), high accuracy (cm), and high precision (cm). Second, recent advances have been made in
estimating bed-sediment surface grain-size using MBES acoustic backscatter. Third, it is now
possible to measure and record the acoustic scattering signature of sediments suspended in the
water while mapping bathymetry (Hughes-Clarke, 2006), opening up the possibility of
quantifying spatial heterogeneity in suspended sediment concentrations (Jones, 2003; Simmons
and others, 2010). We are therefore close to being able to measure bathymetry, bed sediment
grain size and suspended sediment concentration simultaneously with the same instrument, and
with no additional field time. These advances will be applied to estimating bedload and bed load
sand flux using repeat surveys over bedform fields.

We know that not all sand in the Colorado River moves through Grand Canyon in
suspension; some near-bed transport occurs below the detection of acoustic suspended sediment
samplers. Current acoustic sediment monitoring (Project 2) captures the suspended sand flux but
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not the flux of sand that moves as bedload. Instead, bedload sand flux is estimated as the same
constant proportion of suspended sand flux at each gage station (Topping and others, 2010). The
percentage used (typically 5 percent; Fig. 13a) is an estimate based on limited field observations.
This practice is based on a study by Rubin and others (2001) who used measurements of bedform
wavelength made by rotating side-scan sonar in eddies, estimates of bedform height, and point
measurements of suspended sediment concentration to estimate that bedload was approximately
5 percent and 0.3 percent of total sand flux at the 61-mile and Grand Canyon gages, respectively.
This represents two point measurements over a 20-m circular section of channel bottom over 10-
20 hours during a discharge of about 20,000 ft*/s.

Based on those data, there are substantial uncertainties surrounding the present use of a
constant proportion of suspended sand flux as an estimate for bedload flux. For example, what
are the spatial variabilities of bedload flux? How do the controls and rates of bedload differ
between the main channel (not measured by Rubin and others, 2001) and eddies, which are
fundamentally different flow regimes? Is bedload flux always in phase with discharge and/or
suspended flux, or is there some time-lag or hysteresis effect in place due to the deformation
and/or migration of bedforms? What are the feedbacks between evolving bedform fields, and
fields of flow velocity and suspended sediment concentrations? What is the effect of bed
sediment grain size distribution on bedform movement and therefore bedload flux? Bedload sand
flux is not likely to be larger than ~10 percent of the suspended sand flux. However, variations
between ~1 percent and ~10 percent of the suspended flux are possible, both temporally and
between gages. These variations could significantly affect computed sand budgets. For example,
if bedload sand flux is ~1 percent at one station and ~10 percent at another station, this adds ~10
percent possible bias to the sand budget for the intervening river segment if bedload fluxes are
erroneously assumed to be equal at both stations. Using the sediment budget tool on the GCMRC
website (Lower Marble Canyon, May 2009 to May 2012) this could mean the difference of a
budget that is -800,000 metric tons with uncertainty range of -1,100,000 to -490,000 metric tons
to a budget that is -800,000 metric tons with uncertainty range of -1,700,000 to +100,000 metric
tons. The 10 percent potential bias in the bedload flux adds substantially to the uncertainty in the
estimated sand budget. Thus, until we have a better understanding of these processes, the
application of a universal linear relationship between suspended and bedload sand fluxes (Fig.
13a) will continue to add potentially substantial uncertainties to total sand fluxes in Grand
Canyon. We hypothesize that the proportion of total sand load moving as bedload varies with
flow strength (discharge; Fig. 13b).

a) Current assumption b) More realistic assumption?
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Figure 13. Schematic of how the relative proportions of bed material load (total load minus wash load) change with
increasing flow strength. Two scenarios are presented: (a) represents the current assumption that bedload is a constant
proportion of bed material load; and (b) depicts the new hypothesis to be tested in this study that the proportion of bed
material load moving as bedload is a function of flow strength.
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One of the goals that we propose is to significantly expand the dataset on which the
conclusions of Rubin and others (2001) are based. Primarily this includes: (1) measuring
bedform geometry (wavelengths and heights) more accurately (using MBES rather than sidescan
sonar), over a larger area, and in both the main channel and eddies; (2) observing the evolution
of that geometry over a greater range of flow conditions and at sites which are specifically tied
into the existing suspended sediment monitoring program; (3) measuring the surface grain size of
sand comprising the bedforms; and (4) using recent theoretical understanding and computational
advances in estimating bedload flux from high-resolution bathymetries (McElroy and Mohrig,
2009).

We will integrate our field measurements with ongoing work to maximize the utility of the
project. Primary connections will be made with two other projects, namely (1) suspended
sediment monitoring, and (2) acoustic bed sediment classification. Underwater video has
revealed the existence of gravel troughs between sand bedforms, as well as small dunes in mixed
sand-gravel substrates. In addition, there is anecdotal evidence dunes composed entirely of
gravel exist on the bed of the Colorado River in Grand Canyon. Using MBES acoustic
backscatter, Buscombe and others (in review) have developed methods which will allow us to
distinguish bedforms between different substrate types (homogeneous sand, mixed sand and
gravel, and homogeneous gravel).

Methods

This study will be achieved primarily using repeat MBES and ADCP surveys. The MBES
will provide bathymetric maps, as well as maps of surface bed sediment type at the same
resolution, and full water column backscatter measurements for visualizing the 3D suspended
sediment field. The ADCP will provide measurements of flow velocity fields. Repeat mapping of
the riverbed using MBES has been shown to be able to capture the migration and deformation of
sand dunes over short time scales (hours to days) during a controlled flood (Wright and
Kaplinski, 2011; also Fig. 14). The MBES system currently in use allows better resolution of the
bed morphology, therefore a smaller threshold of change detection. We anticipate that capturing
the same degree of mobility under regular flows from normal dam operations would take several
days to a week.
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Figure 14. Evolution of the bed at Eminence during the 2008 HFE (data from Wright and Kaplinski, 2011) showing
significant bed deformation and migration of bedforms over the timescale of hours to days.

In year 1, we propose to conduct this work in the pool immediately upstream from the water
and sediment gaging station at RM 61, upstream from the confluence with the Little Colorado
River and within Natal Origins Reach 4. In order to maximize the efficiency of the fieldwork,
and minimize costs, this work will be conducted in conjunction with a Natal Origins field trip.
This site has been mapped using MBES-derived bathymetry in May 2009, May 2012, August
2013, and May 2014. A well-developed bedform field is present (Fig. 15). We propose to map
the same bedform fields repeatedly as many times as possible during a week, in conjunction with
ADCP measurements along multiple transects, which have been shown to adequately
characterize the near-bed velocity flow field responsible for mobilizing and transporting
sediment as bedload under varying discharges. This intensive repeat mapping and sampling of an
entire ~1 mile reach, near an existing long-term gaging site, and during multiple days with a
range of flows, is the best strategy for compiling enough data to answer the suite of scientific
questions posed above. Bedload fluxes will be estimated by applying to the MBES-derived data
a suite of existing techniques, principally the migration of bedforms based on the Exner equation
(Simons and others, 1965); cross-correlation of bedform crest locations (Engel and Lau, 1980;
Duffy and Hughes-Clarke, 2005) and a hybrid method which purports to quantify both flux
associated with bedform migration and bedform deformation (changes in shape) (McElroy and
Mohrig, 2009).
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Flgure 15. Bathymetry (measured in May 2014) of the sediment gagmg pool at RM61 Repeat surveys of thls area (in May
2009, May 2012, and August 2013) have revealed an active and consistently well-developed dune field.

Bed sediment grain size will be estimated using the techniques of Buscombe and others (in
review) using the MBES acoustic backscatter data (Fig. 10). The goal of connecting to this work
is to allow for bedload fluxes to be determined as a function of bed sediment type. For example,
distinguishing between sand and gravel dunes is important so migrating gravel dunes do not
contribute to the sand mass balance. The relative proportions of mobile sand and lag coarse
deposits in an entire dune field would be estimated by extrapolating from the areal proportion of
those two sediment fractions at the surface, as measured using acoustic techniques. It will also
provide insight into bed condition as a function of bed sediment transport. In addition, high-
resolution observations of bed sediment type are required to meet Objective 5 (bed state indicator
model). Similarly, we will connect to ongoing efforts to monitor suspended sand loads (e.g.
Topping and others, 2010). The major goal of this connection is to elucidate the extent to which
sand is exchanged between bedload and suspended load volumes within and between individual
flow events, within and between individual reaches, and at scales from individual bedforms to
those relevant for calculating bed sand load.

We also propose to collect full water-column imaging from MBES at discrete locations
above dunes in conjunction with both physical samples of suspended sediment and the 15-minute
acoustic suspended sediment time-series at the gauging station at RM 61. This creates the
possibility of calibrating MBES acoustic backscatter for suspended sediment concentration,
making possible the mapping, in 3D, of the time-integrated field (spatially static) of suspended
sediment, using the methods detailed in Jones (2003) and Simmons and others, (2010). Such
information is a requirement of Objective 6 and enables us to answer questions related to the
interaction of an evolving bedform field with a spatially non-uniform flow and sediment field,
and the representativeness of suspended sediment measurements at discrete locations.

One of the outcomes of this project will be a test of the hypotheses described above. In doing
so, we will generate a bedload sediment rating curve for the Colorado River in Grand Canyon
based on routinely measured quantities (discharge and suspended sediment). This will lead to an
informed methodology to account for bedload in sediment management operations and possibly
to better understanding of the interaction between sandbars and bed load during low discharges.
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We anticipate at least two major scientific products and at least one major management
product. In addition, yearly reports and presentations at national-scale conferences will be
produced. One scientific manuscript will deal exclusively with bed load fluxes through the Grand
Canyon and its physical controlling factors. The second will focus on the relations between bed
load and suspended load, and it will include a treatment of Grand Canyon sediment budgets
including bedload. Finally, we will produce a document that makes recommendations for if and
how to further incorporate bedload with sediment monitoring in the canyon.

Outcomes and Products

e Journal article on relation between bedload and suspended sediment load in the Colorado
River (lead author Graduate Student).

Project Flement 3.5. Contro/ Network and Survey Support
Keith Kohl, Surveyor, USGS, GCMRC

Objectives

Ensure that all data collected in scientific investigations are correctly and consistently
referenced to the National Spatial Reference System (NSRS) for reliable use in Geographical
Information Systems (GIS).

Rationale/Justification

The overarching goal of this project element is to develop a sound process for establishing,
maintaining, and verifying survey control in support of long-term monitoring within the CRE.
Toward this end, GCMRC requires a control network and survey procedures that will yield
reliable and consistent results now, while allowing for advances in theory and technology in the
future. Importantly, the procedures must withstand changes in personnel that will inevitably
occur over the life of the CRe monitoring programs.

An accurate geodetic control network is required to support nearly every aspect of this
project as well as most other GCMRC monitoring projects. The purpose of the control network is
to ensure that spatial data acquired on all projects are collected with accurate and repeatable
spatial reference. The control network is essential to enable comparison among data sets
collected by different methods and ensure that spatially referenced observations are repeatable
and that all data are documented and archived appropriately. Projects that are directly dependent
on the control network include this project, all other projects that use system-wide airborne
remote sensing, archeological site monitoring, and vegetation monitoring. The remote sensing
work is particularly dependent on accurate control operations, without which image data could
not be compared accurately with ground-based measurements.

The control network is the set of monumented and documented reference points
(benchmarks) that exist along the river corridor and on the rim together with the collection of
observations that determine the relative and absolute positions of those points. Those points
serve as the basis for referencing all ground- and air-based monitoring observations. Currently,
the control network includes more than 7,000 GPS observations and more than 2,000 optical
observations that determine the precise location of more than 1,300 benchmarks in the river
corridor and on the canyon rim. This project includes work in three broad categories: (1) building
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the control network, (2) direct support of research and monitoring activities, and (3) storage and
archival of the control database.

Combining conventional measurements (which reference gravity) with GPS measurements
(which reference a geocentric ellipsoid) requires the reduction of field measurements to the
ellipse. Variations of mass density will affect local gravity, deflection of the vertical, zenith
angle measurements, and height determination. High-resolution geoid models set out to define
these relationships. Identifying these interactions within the CRE is critical since diverse methods
are used to determine positions, including remote sensing, conventional ground-based optical
methods, Global Positioning System (GPS), and bathymetric surveys.

Combining the results of these various methods to derive a consistent set of coordinates
requires a detailed knowledge of how these coordinates are derived, as well as the accuracy of
the derivation. Coordinates, datum descriptions, and accuracy results are provided in a format
compatible with Federal Geographic Data Committee (FGDC) delivery standards.

Proposed Work: Control Network

Primary tasks of building the control network include making GPS observations at new and
existing benchmarks, and linking conventional traverses between the GPS monuments to
determine positions and ellipsoid heights. Most segments of the river corridor now have a
sufficient number of control points to support monitoring activities.

Determining accurate elevations requires addressing the difference that exists between
ellipsoid heights, which are determined by GPS observations, and orthometric elevations (i.e.
NAVDA88), which can be determined only by gravity measurements or precise leveling. The
deviation between ellipsoid height and orthometric height is modeled in a hybrid geoid model
(Geoid12a) which combines GPS observations, gravity and optical leveling. The deviation can
be as large as 10 cm over a distance of 1 km and affects our ability to determine river slope and
develop longitudinal profiles. This, in turn, affects the accuracy of streamflow models. The
challenge of determining accurate elevations in rugged topography is a major focus of the
National Geodetic Survey (NGS). We have been encouraging the NGS to conduct a campaign of
gravity measurements for the region; however, due to the remote location, low population, and
difficult access, the geoid model in Marble and Grand Canyons is improving much slower than
in high—-use, populated areas.

We have made progress with these challenges by incorporating existing leveling
measurements into the control network. In FY13-14 this involved the publication in the NGS
database of 1046 newly adjusted NAVD 88 benchmarks throughout Grand Canyon
WWW.NQs.noaa.gov/cgi-bin/ds_proj.prl, Survey Project ID: L27947). In FY'15, these data will be
analyzed to compare GPS observations with historical leveling observations to better define the
relation between GPS heights and orthometric heights and enable more accurate measurements
of elevation.

Additional leveling information is available in Glen Canyon, including a published level line
with NAVD88 orthometric heights determined from differential leveling done in 1923 and
adjusted by the NGS in 1992. In FY'16, we will perform an analysis of the leveling data and
evaluate height differences between previous and current control networks in Glen Canyon. The
data provides an excellent opportunity to test the performance of both the hybrid geoid
(Geoid12a) and the gravimetric geoid (USGG2012) in a steep canyon environment. Information
gleaned from this study will be used to estimate elevation accuracies throughout the CRE.
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A longitudinal profile study of the Colorado River through Glen, Marble, and Grand
Canyons is scheduled for FY17. The study will use all available data to define the Colorado
River water surface with accurate geodetic positions and elevations. Conventional traverse
measurements will be used to evaluate geoid performance.

Proposed Work: Support of Research and Monitoring Projects

The two major projects that require survey support in 2015-2017 are the sandbar (Project
Element 3.1) and sediment storage (Project Element 3.2) project elements and Project 4. The
sandbar and sediment storage project elements described here rely on the accurate positions of
hundreds of monuments to link measurements and confirm proper equipment setup and
calibration. The topographic and bathymetric surfaces share the same datum and are referenced
to the same monuments and coordinates as the remotely sensed data. The control network also
supports remote sensing by determining the positions of well-defined points from independent
sources of higher accuracy. This allows scientists and managers means to assess positional
accuracy of data, maps, and products.

The scope of this survey support project element is to assist other GCMRC projects with
survey knowledge, control infrastructure and equipment as need arises. The expertise of the
survey staff is used in many data collection efforts including collecting, processing, and
delivering reference base station data for overflight missions and supporting Streamflow, Water
Quality, and Sediment Transport project (Project 2), and the Vegetation Monitoring project
(Project 11). GNSS basestations are published (bluebooked) within the National Geodetic Survey
Integrated Database (NGSIDB) (National Geodetic Survey, 2012). The budget for personnel
time required for the collection of field data and processing for specific projects is incorporated
in each individual project element.

Storage, Archival, and Documentation of the Control Network Database

The control network data are stored in a Microsoft Access database that is linked with the
GCMRC GIS database. The survey staff works with GIS staff to maintain and update the
database as needed.

Outcomes and Products — FY2015

e Control network adjustment for RM 0 to 30 (contributes to product in Project 3.2).

e Control network adjustment for eastern Grand Canyon (contributes to product in Project
3.2).

e Updates to the National Geodetic Survey Integrated Database (NGSIDB) of all available
Height Modernization and Benchmark stations
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Outcomes and Products — FY2016

e Control network adjustment for Glen Canyon (contributes to product in Project 3.2).
e Report/journal article on combining GPS observations and historical leveling data for
more accurate elevations and updated geoid models (lead author Kohl).

Outcomes and Products — FY2017

e Control network adjustment for upper Marble Canyon (contributes to product in Project
3.2).

e Report/journal article on heights, control networks and datum changes in Glen Canyon,
1923 to 2015 (lead author Kohl).

D.3 Personnel and Collaborations

The project lead is Paul Grams. Daniel Buscombe is a post-doctoral fellow and Research
Geologist with specialization in bed-texture characterization using underwater imaging and
acoustics. Erich Mueller is a post-doctoral fellow and Research Hydrologist with specialization
in geomorphology and sediment transport. Joel Sankey is a Research Geologist and remote
sensing expert. Keith Kohl is the control network specialist and surveyor. Support is provided by
Robert Ross and Robert Tusso who are term hydrologists, and Thomas Gushue who is the
GCMRC GIS Coordinator. Ted Melis is a Physical Scientist with expertise in hillslope and
debris flow process and linkages between physical science and ecology. David Topping is aa
research hydrologist with GCMRC, and the Project 2 lead. Mike Yard is a Fishery Biologist with
GCMRC. The GCMRC staff has management responsibility for the entire project and share
responsibility for data collection, analysis, and reporting. Joseph E. Hazel, Jr, and Matt Kaplinski
of Northern Arizona University are long-term collaborators on sandbar and sediment storage
monitoring. David Rubin is a former USGS employee and long-time collaborator on sediment
transport dynamics, currently serving as a Research Professor, University of California at Santa
Cruz. Joe Wheaton is an Assistant Professor at Utah State University and an expert in collecting,
processing, and analyzing digital elevation models. Brandon McElroy is an Assistant Professor at
the University of Wyoming and an expert in bed form migration and bedload transport in sand-
bedded rivers. Mark Schmeeckle is an Associate Professor at Arizona State University and an
expert in fluid mechanics and computational modeling. David Varyu is a hydraulic engineer at
the BOR Technical Service Center with expertise in hydraulic and sediment transport modeling.
Robert Weber is a photogrammetrist with Pinnacle Mapping Technologies, Inc. Graduate
students will work on the Rapid Survey project (3.1.3.), modeling project (3.3), and bedload
project (3.4).

D.4 Deliverables

See “Outcomes and Products” listed by project element, above.
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E. Productivity from Past Work (during FY 13—14)

E.1. Data Products

Website showing repeat photographs showing effects of Fall 2012 HFE:
http://www.gcmrc.gov/gis/sandbartour2012/index.html?

Website showing repeat photographs showing effects of Fall 2013 HFE:
http://www.gcmrc.gov/gis/sandbartour2013/index.html?

Sandbar Monitoring Data: Sandbar topographic surveys and campsite surveys conducted fall
2012 and 2013. Reported at Annual Reporting Meetings and provided to Reclamation for
inclusion in LTEMP analysis. Website to serve data is in development.

Sediment Storage Data (Channel Mapping): Data collected in 2013 for topographic/bathymetric
map of RM 0 to 30: processing is nearly complete.

E.2. Completed Publications

Alvarez L.V, Schmeeckle M.W. 2013. “Erosion of River Sandbars by Diurnal Stage Fluctuations
in the Colorado River in Marble and Grand canyons: Full-Scale Laboratory Experiments”.
River Research and Applications, 29: 839-854. doi:10.1002/rra.2576.

Buscombe, D., 2013, Transferable Wavelet Method for Grain Size-Distribution from Images of
Sediment Surfaces and Thin Sections, and Other Natural Granular Patterns. Sedimentology,
60: 1709-1732.

Davis, P.A., 2013, Natural-color and color-infrared image mosaics of the Colorado River
corridor in Arizona derived from the May 2009 airborne image collection, U.S. Geological
Survey Data Series 780.

Draut, A.E. and Rubin, D.R., 2013, Assessing grain-size correspondence between flow and
deposits of controlled floods in the Colorado River, USA: Journal of Sedimentary Research
83 (11), 962-973.

Grams P. E., 2013, A sand budget for Marble Canyon, Arizona--implications for long-term
monitoring of sand storage change, U.S. Geological Survey Fact Sheet 2013-3074, 4 p.,
http://pubs.usgs.gov/fs/2013/3074/.

Grams P. E., D. J. Topping, J. C. Schmidt, J. E. Hazel Jr., and M. Kaplinski (2013), Linking
morphodynamic response with sediment mass balance on the Colorado River in Marble
Canyon: Issues of scale, geomorphic setting, and sampling design, J. Geophys. Res. Earth
Surf., 118, 361-381, doi:10.1002/jgrf.20050.
http://onlinelibrary.wiley.com/doi/10.1002/jgrf.20050/full

Grams, P. E., and P. R. Wilcock (2013), Transport of fine sediment over a coarse, immobile river
bed, Journal of Geophysical Research: Earth Surface
http://onlinelibrary.wiley.com/doi/10.1002/2013JF002925/abstract.

Kaplinski, M., Hazel, J.E., Jr., Grams, P.E., Davis, P.A., 2014, Monitoring fine-sediment volume
in the Colorado River ecosystem, Arizona—Construction and analysis of digital elevation
models: U.S. Geological Survey Open-File Report 2014-1052, 29 p.,
http://dx.doi.org/10.3133/0fr20141052.

Kennedy, T. A., C. B. Yackulic, W. F. Cross, P. E. Grams, M. D. Yard, and A. J. Copp (2014),
The relation between invertebrate drift and two primary controls, discharge and benthic
densities, in a large regulated river, Freshwater Biology, 59(3), 557-572.
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Mueller, E.R., Grams, P.E., Schmidt, J.C., Alexander, J.S., Hazel Jr., J.E., and Kaplinski, M.,
accepted with revisions, The influence of controlled floods on fine sediment storage in debris
fan affected canyons of the Colorado River basin. Geomorphology.

Ross, R., and Grams, P.E., 2013, Nearshore thermal gradients of the Colorado River near the
Little Colorado River confluence, Grand Canyon National Park, Arizona, 2010: U.S.
Geological Survey Open-File Report 2013-1013, 65 p. (Available at
http://pubs.usgs.gov/of/2013/1013/.)

Ross, R.P., and Vernieu, W.S., 2013, Nearshore Temperature Findings for the Colorado River in
Grand Canyon, Arizona—Possible Implications for Native Fish: U.S. Geological Survey Fact
Sheet 2013-3104, 4 p., http://dx.doi.org/10.3133/fs20133104.

E.3. Publications in progress

Alvarez L.V, Schmeeckle M.W., Grams P., in prep., The Mechanics of Turbulent Flow in
Lateral Separation Zones: Field Scale Detached Eddy Simulation Model, Water Resources
Research.

Buscombe, D., Grams, P.E., Kaplinski, M.A., in review, Characterizing riverbed sediment using
high-frequency acoustics 1: Spectral properties of scattering. Intended for Journal of
Geophysical Research - Earth Surface.

Buscombe, D., Grams, P.E., Kaplinski, M.A., in review, Characterizing riverbed sediment using
high-frequency acoustics 2: Scattering properties of Colorado River bed sediment in Marble
and Grand Canyons. Intended for Journal of Geophysical Research - Earth Surface.

Buscombe, D., Rubin, D.M., Lacy, J.R., Storlazzi, C., Hatcher, G., Chezar, H., Wyland, R., and
Sherwood, C., accepted for publication, Autonomous bed-sediment imaging-systems for
revealing temporal variability of grain size. Limnology and Oceanography: Methods.

Buscombe, D., and others, in prep., Mapping sandbar topography in Marble Canyon, AZ, using
time-lapse imagery during controlled floods, Earth Surface Processes and Landforms.

Davis, P.A., Kohl, K.A., and Gushue, T.M., in prep., Evaluation of Airborne ADS40
Photogrammetric Digital Surface Models for Monitoring the Colorado River Corridor below
Glen Canyon Dam, Arizona.

Grams, P.E. and others, in prep., A comprehensive sand budget for the Colorado River in Marble
Canyon, Arizona: 2009-2012, Earth Surface Processes and Landforms.

Gushue, T., and others, in preparation, Photogrammetric methods for processing 1984 historical
images.

Hadley, D.R. and Grams, P.E., in prep., Geomorphology and vegetation change at sandbar
campsites along the Colorado River, Marble and Grand Canyons, AZ: River Research and
Applications.

Hadley, D.R., Grams, P.E., and Parnell, R., in prep., Geomorphology and vegetation change at
sandbar campsites along the Colorado River, Marble and Grand Canyons, AZ: U.S.
Geological Survey Open-file Report.

Hazel, J.E., Jr., Kaplinski, M., Parnell, R., Grams, P., Ross, R., Hamill, D., and Kohl, K., in
prep., Sandbar Monitoring at Selected Sites in Colorado River in Marble and Grand
Canyons, Arizona, 1990-2013: U.S. Geological Survey Scientific Investigations Report.

Hazel, J.E., and others, in preparation, Extending sandbar monitoring back in time using
photogrammetry, digital terrain extraction and orthorectification of historical aerial imagery,
Grand Canyon.
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Kaplinski, M., Hazel, J.E., Jr., Parnell, R., Hadley, D., and Grams, P.E., in review, Colorado
River Campsite Monitoring, 1998 — 2012, Grand Canyon National Park, Arizona: US.
Geological Survey Open-file Report.

Kaplinski and others, in prep., Monitoring fine-sediment volume in the Colorado River
ecosystem, Arizona: Topographic and bathymetric maps of the Colorado River.

Ross, R.P. and Grams, P.E., Changes in Sandbar Area from Remote Sensing: 2002-2009, in
prep., U.S. Geological Survey Open-file Report.

Rubin, Topping, Grams, Tusso, Schmidt, Buscombe, Melis, and Wright, in prep., What sediment
grain size reveals about suspended-sediment transport in the Colorado River in Grand
Canyon.

Sankey, J.B., Ralston, B.E., Grams, P.E., Schmidt, J.C., Cagney, L.E., in review, Colorado River,
vegetation, and climate: five decades of spatio-temporal dynamics in the Grand Canyon with
river regulation.

Tusso, R., and others, in prep., Bed-sediment grain size in selected monitoring reaches of the
Colorado River in Grand Canyon: 2009-2012, U.S. Geological Survey Open-file Report.

E.4. Presentations at GCDAMP meetings

Buscombe, D. and others, Where is the sand? Using multibeam sonar to map sediment type in
Marble Canyon: poster presentation at January 2014 Annual Reporting Meeting.

Grams, P.E. and others, Sand in Marble, Glen, and Grand Canyons: status and trends, oral
presentation at January 2014 Annual Reporting Meeting.

Grams, P.E. and others, Sandbar Monitoring for November 2012 Controlled Flood: oral
presentation at January 2013 Annual Reporting Meeting.

Gushue, T. and others, Extending sandbar monitoring back in time using photogrammetry,
digital terrain extraction and orthorectification of historical aerial imagery, Grand Canyon,
AZ: poster presentation at January 2014 Annual Reporting Meeting.

Hadley, D.R. and others, Geomorphologic and vegetation analysis at Colorado River campsites,
Marble and Grand Canyons, AZ: poster presentation at January 2014 Annual Reporting
Meeting.

Kaplinski, M. and others, Constructing a Morphologic Sediment Budget, With Uncertainties, for
a 50-km Segment of the Colorado River in Grand Canyon: poster presentation at January
2014 Annual Reporting Meeting.

Mueller, E.R. and others, The effect of controlled floods on decadal-scale changes in channel
morphology and fine sediment storage in debris fan-affected river canyons: poster
presentation at January 2014 Annual Reporting Meeting.

Ross, R.P. and Grams, P.E., Using remote sensing to determine sandbar area from 1935-2009
within select reaches, Marble and Grand Canyons, AZ: poster presentation at January 2014
Annual Reporting Meeting.

Tusso, R. and Mueller, E.R., Effects of High Flow Events on sandbars along the Colorado River,
Grand Canyon: poster presentation at January 2014 Annual Reporting Meeting.

E.5. Presentations at professional meetings

Alvarez L.V, Schmeeckle M.W. 2013. "Numerical Model of Turbulence, Sediment Transport,
and Sediment Cover in a Large Cayon-Bound River". Presentation Type: Oral Presentation.
Abstract ID: 1813508.. Final Paper Number: EP24B-07. American Geophysical Union, 2013
Fall Meeting, San Francisco, CA.

153



Alvarez L.V, Schmeeckle M.W. 2013. Numerical Model of Turbulence and Sediment Transport
in Lateral Recirculation Zones Along the Colorado River in Grand Canyon. Presentation
Type: Poster. 2013 CSDMS (Community Surface Dynamics Modeling System), Boulder,
CO.

Alvarez L.V, Schmeeckle M.W. 2012. “Laboratory and numerical modeling of sandbar bank
erosion, application to diurnal stage variations in Grand Canyon”. Presentation Type: Oral
Presentation. American Association of Geographers, 2012 Meeting, New York city, NY.

Buscombe, D., Grams, P.E., Kaplinski, M.A. 2013 Acoustic Scattering by an Heterogeneous
River Bed: Relationship to Bathymetry and Implications for Sediment Classification using
Multibeam Echosounder Data. American Geophysical Union Fall Meeting, San Francisco,
Dec 2013

Grams. P.E., Buscombe, D., Hazel, J.E., Kaplinski, M.A., and Topping, D.J. (2013)
Reconciliation of Flux-based and Morphologic-based Sediment Budgets. American
Geophysical Union Fall Meeting, San Francisco, Dec 2013.

Kaplinski, M.A., Hazel, J.E., Grams. P.E., Buscombe, D., Hadley, D., and Kohl. K. (2013)
Constructing a morphologic sediment budget, with uncertainties, for a 50-km segment of the
Colorado River in Grand Canyon. American Geophysical Union Fall Meeting, San
Francisco, Dec 2013.

Mueller, E.R., Grams, P.E., and Schmidt, J.C. (2013) The effect of controlled floods on decadal-
scale changes in channel morphology and fine sediment storage in a debris-fan affected river
canyon. Abstract EP33C-0923 presented at 2013 Fall Meeting, AGU, San Francisco, CA, 9-
13 Dec.

Rubin, Topping, Grams, Tusso, Schmidt, Buscombe, Melis, and Wright, 2014, What sediment
grain size reveals about suspended-sediment transport in the Colorado River in Grand
Canyon: International Conference on the Status and Future of the World*s Large Rivers, in
press.

F. References

Abraham D., Kuhnle, R., and Odgaard, A. J., 2011, Validation of bed load transport
measurements with time sequenced bathymetric data: ASCE Journal of Hydraulic
Engineering, v. 137, p. 723-728.

Bagnold, R.A., 1941, The physics of blown sand and desert dunes (1973, 4th ed.): London,
Methuen, 265 p.

Beus, S.S., David, J.N., Lojko, F.B., and Stevens, L.E., 1992 Colorado River investigations XI,
report submitted to Grand Canyon National Park: Northern Arizona University and National
Park Service, available from U.S. Geological Survey, Grand Canyon Monitoring and
Research Center, Flagstaff, AZ., 175 p.

Beus, S.S., Avery, C.C., Stevens, L., Cluer, B., Kaplinski, M., Anderson, P., Bennett, J., Brod,
C., Hazel, J., Gonzales, M., Hayes, H., Protiva, F., and Courson, J., 1992, The influence of
variable discharge regimes on Colorado River sand bars below Glen Canyon Dam (chap. 6),
in Beus, S.S., and Avery, C.C., Principal investigators, 1992, The influence of variable
discharge regimes on Colorado River sand bars below Glen Canyon Dam—final report:
Bureau of Reclamation, Glen Canyon Environmental Studies, National Park Service,
cooperative agreement no. CA 8006-8-0002 with Northern Arizona University, 62 p.

Blondel, P., and Gomez Sichi, O., 2009, Textural analyses of multibeam sonar imagery from
Stanton Banks, Northern Ireland continental shelf: Applied Acoustics, v. 70, p. 1288-1297.

154



Black, M., Carbonneau, P., Church, M., and Warburton, J., 2013, Mapping sub-pixel fluvial
grain sizes with hyperspatial imagery: Sedimentology, v. 61, p. 691-711.

Blank, B.L., 2000, Application of digital photogrammetry to monitoring sand bar change in
Marble Canyon, AZ: Utah State University, Honors Thesis.

Bogle, R., Velasco, M., and Vogel, J., 2012, An automated digital imaging system for
environmental monitoring applications: U.S. Geological Survey Open-File Report 2012-
1271, 18 p.

Brown, C.J., and Blondel, P., 2009, Developments in the application of multibeam sonar
backscatter for seafloor habitat mapping: Applied Acoustics, v. 70, p. 1242-1247.

Brown, C.J., Smith, S.J., Lawton, P., and Anderson, J.T., 2011, Benthic habitat mapping--a
review of progress towards improved understanding of the spatial ecology of the seafloor
using acoustic techniques: Estuarine, Coastal and Shelf Science, v. 92, p. 502-520.

Buscombe, D., and Rubin, D.M., 2012, Advances in the simulation and automated measurement
of well-sorted granular material, part 2--Direct measures of particle properties: Journal of
Geophysical Research, v. 117, F02002.

Buscombe, D., Rubin, D.M., and Warrick, J.A., 2010, Universal approximation of grain size
from images of non-cohesive sediment: Journal of Geophysical Research --Earth Surface
115, F02015.

Cooley, M.E., Aldridge, B.N., and Euler, R.C., 1977, Effects of the catastrophic flood in
December 1966, North rim area, eastern Grand Canyon, Arizona: U.S. Geological Survey
Professional Paper 980, p. 43.

Davis, P.A, Staid, M., Plescia, J.B., and Johnson, J.R., 2002, Evaluation of airborne image data
for mapping riparian vegetation within the Grand Canyon: U.S. Geological Survey Open-File
Report 02-470, 65 p.

Davis, P.A., 2012, Airborne digital-image data for monitoring the Colorado River corridor below
Glen Canyon Dam, Arizona, 2009 — Image-mosaic production and comparison with 2002
and 2005 image mosaics: U.S. Geological Survey Open-File Report 2012-1139, 82 p.

Dolan, R., Howard, A., and Gallenson, A., 1974, Man's impact on the Colorado River in the
Grand Canyon: American Scientist, v. 62, p. 393-401.

Duffy, G.P., and Hughes-Clarke, J.E., 2005, Application of spatial cross correlation to detection
of migration of submarine sand dunes: Journal of Geophysical Research, v.110, F04S12.

Einstein, H.A., 1950, The bedload function for sediment transportation in open channels:
Technical Bulletin 1026, U.S. Department of Agriculture, Soil Conservation Service,
Washington, D.C.

Engel, P., and Lau, Y.L., 1980, Computation of bedload using bathymetric data: Journal of the
Hydraulics Division, v. 106, 369-380.

Flynn, M.E., and Hornewer, N.J., 2003, Variations in sand storage measured at monumented
cross sections in the Colorado River between Glen Canyon Dam and Lava Falls Rapid,
Northern Arizona, 1992-99: U.S. Geological Survey Water-Resources Investigations Report
03-4104, 39 p.

Fonseca, L., Brown, C., Calder, B., Mayer, L., and Rzhanov, Y., 2009, Angular range analysis of
acoustic themes from Stanton Banks, Ireland--a link between visual interpretation and
multibeam echosounder angular signatures: Applied Acoustics, v. 70, p. 1298-1304.

Fonstad, M.A., Dietrich, J.T., Courville, B.C., Jensen, J.L. and Carbonneau, P.E., 2013,
Topographic structure from motion--a new development in photogrammetric measurement:
Earth Surface Processes and Landforms, v. 38, p.421-430.

155



Gaueman, D., and Jacobson, R., 2007. Field assessment of alternative bed-load transport
estimators: Journal of Hydraulic Engineering, v. 133, p. 1319-1328.

Grams, P.E., Hazel, J.E., Schmidt, J.C., Kaplinski, M., Wright, S.A., Topping, D.J., and Melis,
T.S., 2010, Geomorphic response of sandbars to the March 2008 high-flow experiment on
the Colorado River downstream from Glen Canyon Dam, in Hydrology and sedimentation
for a changing future; existing and emerging issues (Joint Federal Interagency Conference
2010--Federal Interagency Hydrologic Modeling, 4th, and Federal Interagency
Sedimentation, 9th), Las Vegas, Nev., June 27- July 1, 2010, Proceedings: Proceedings of the
Federal Interagency Sedimentation Conferences, U.S. Subcommittee on Sedimentation, CD-
ROM.

Grams, P.E., and Wilcock, P.R., 2007, Equilibrium entrainment of fine sediment over a coarse
immobile bed: Water Resources Research, v. 43, p. W10420,
http://www.agu.org/pubs/crossref/2007/2006WR005129.shtml.

Grams P.E., 2013, A sand budget for Marble Canyon, Arizona--implications for long-term
monitoring of sand storage change, U.S. Geological Survey Fact Sheet 2013-3074, 4 p.,
http://pubs.usgs.gov/fs/2013/3074/.

Griffiths, P.G., Webb, R.H., and Melis, T.S., 2004, Frequency and initiation of debris flows in
Grand Canyon, Arizona: Journal of Geophysical Research, v.109, F04002.

Hazel, J.E., Jr., Grams, P.E., Schmidt, J.C., and Kaplinski, M., 2010, Sandbar response in Marble
and Grand Canyons, Arizona, following the 2008 high-flow experiment on the Colorado
River: U.S. Geological Survey Scientific Investigations Report 2010-5015, 52 p.,
http://pubs.usgs.gov/sir/2010/5015/.

Hazel, J.E., Jr., Kaplinski, M., Parnell, R.A., Kohl, K., and Schmidt, J.C., 2008, Monitoring fine-
grained sediment in the Colorado River ecosystem, Arizona--control network and
conventional survey techniques: U.S. Geological Survey Open-File Report 2008-1276, 15 p.,
http://pubs.usgs.gov/of/2008/1276/.

Hazel, J.E., Jr., Kaplinski, M., Parnell, R., Kohl, K., and Topping, D.J., 2006, Stage-discharge
relations for the Colorado River in Glen, Marble, and Grand Canyons, Arizona, 1990-2005:
U.S. Geological Survey Open-File Report 2006-1243, 7 p.,
http://pubs.usgs.gov/o0f/2006/1243/pdf/of06-1243 508.pdf.

Hazel, J.E., Jr., Kaplinski, M., Parnell, R., Manone, M., and Dale, A., 1999, Topographic and
bathymetric changes at thirty-three long-term study sites, in Webb, R.H., Schmidt, J.C.,
Marzolf, G.R., and Valdez, R.A., eds., The 1996 controlled flood in Grand Canyon:
Washington, D.C., American Geophysical Union, Geophysical Monograph 110, p. 161-184.

Hazel, J.E., Jr., Kaplinski, M., Parnell, R., Grams, P., Ross, R., Hamill, D., and Kohl, K., in
preparation, Sandbar monitoring at selected sites in Colorado River in Marble and Grand
Canyons, Arizona, 1990-2013: U.S. Geological Survey Scientific Investigations Report.

Hereford, R., 1996, Map showing surficial geology and geomorphology of the Palisades Creek
area, Grand Canyon National Park, Arizona: U.S. Geological Survey Miscellaneous
Investigations Map 1-2499, scale 1:2,000, 26 p.

Hereford, R., Burke, K.J., and Thompson, K.S., 2000, Map showing Quaternary geology and
geomorphology of the Granite Park area, Grand Canyon National Park, Arizona: U.S.
Geological Survey Miscellaneous Investigations Map 1-2662, scale 1:2,000.

Howard, A.D., 1975, Establishment of benchmark study sites along the Colorado River in Grand
Canyon National Park for monitoring of beach erosion caused by natural forces and human
impact, p. 14.

156


http://www.agu.org/pubs/crossref/2007/2006WR005129.shtml
http://pubs.usgs.gov/fs/2013/3074/
http://pubs.usgs.gov/sir/2010/5015/
http://pubs.usgs.gov/of/2008/1276/
http://pubs.usgs.gov/of/2006/1243/pdf/of06-1243_508.pdf

Howard, A., and Dolan, R., 1981, Geomorphology of the Colorado River in the Grand Canyon:
Journal of Geology, v. 89, no. 3, p. 269-298.

Jacobson, R.B., Johnson, H.E., 111, and Dietsch, B.J., 2009, Hydrodynamic simulations of
physical aquatic habitat availability for pallid sturgeon in the lower Missouri River, at
Yankton, South Dakota, Kenslers Bend, Nebraska, Little Sioux, lowa, and Miami, Missouri,
2006-07: U.S. Geological Survey Scientific Investigations Report 2009-5058, 67 p.

Jackson, R., Winebrenner, D.P., and Ishimaru, A., 1986, Application of the composite roughness
model to high-frequency bottom backscattering: Journal of the Acoustic Society of America,
v. 79, p. 1410-1422.

James, M.R., and Robson, S., 2012, Straightforward reconstruction of 3D surfaces and
topography with a camera--accuracy and geoscience application: Journal of Geophysical
Research, v. 117, F03017.

Jones, C.D., 2003, Water-column measurements of hydrothermal vent flow and particulate
concentration using multibeam sonar: Journal of the Acoustical Society of America, v. 114,
p. 2300-2301.

Kaplinski, M., Hazel, J.E., Jr., and Parnell, R., 2010, Colorado River campsite monitoring, 1998-
2006, Grand Canyon National Park, Arizona, in Melis, T.S., Hamill, J.F., Bennett, G.E.,
Coggins, L.G., Jr., Grams, P.E., Kennedy, T.A., Kubly, D.M., and Ralston, B.E., eds.,
Proceedings of the Colorado River Basin Science and Resource Management Symposium,
November 18-20, 2008, Scottsdale, Arizona: U.S. Geological Survey Scientific
Investigations Report 2010-5135, 275-284 p., http://pubs.usgs.gov/sir/2010/5135/.

Kaplinski, M., Hazel, J.E., Jr., Parnell, R., Breedlove, M.J., Kohl, K., and Gonzales, M.F., 2009,
Monitoring fine-sediment volume in the Colorado River ecosystem, Arizona--bathymetric
survey techniques: U.S. Geological Survey Open-File Report 2009-1207, 33 p.,
http://pubs.usgs.gov/o0f/2009/1207/0f2009-1207.pdf.

Kaplinski, M., Hazel, J.E., Jr., Grams, P.E., and Davis, P.A., 2014, Monitoring fine-sediment
volume in the Colorado River ecosystem, Arizona--construction and analysis of digital
elevation models: U.S. Geological Survey Open-File Report 2014-1052, 29 p.,
http://dx.doi.org/10.3133/0fr20141052.

Kieffer, S.W., 1985, The 1983 hydraulic jump in Crystal Rapid--implications for river-running
and geomorphic evolution in the Grand Canyon: The Journal of Geology, v. 93, no. 4, p. 385-
406.

Kim, H-J., Chang, J-K., Jou, H-T., Park, G-T., Suk., B-C., and Kim., K.Y., 2002, Seabed
classification from acoustic profiling data using the similarity index: Journal of the
Acoustical Society of America, v. 111, p. 794-799.

Kruse, F.A., Lefkoff, A.B., Boardman, J.B., Heidebrecht, K.B., Shapiro, A.T., Barloom, P.J., and
Goetz, A.F.H., 1993, The spectral image processing System (SIPS)-- Interactive visualization
and analysis of imaging spectrometer data: Remote Sensing of Environment, v. 44, p. 145-
163.

Lafferty, B., Quinn, R., and Breen, C., 2006, A side-scan sonar and high-resolution chirp sub-
bottom profile study of the natural and anthropogenic sedimentary record of Lower Lough
Erne, northwestern Ireland: Journal of Archaeological Science, v. 33, p. 756-766.

Lamarche, G., Lurton, X., Verdier, A.L., and Augustin, J.M., 2011, Quantitative characterisation
of seafloor substrate and bedforms using advanced processing of multibeam backscatter--
application to Cook Strait New Zealand: Continental Shelf Research, v. 31, p. S93-S109.

157


http://pubs.usgs.gov/sir/2010/5135/
http://pubs.usgs.gov/of/2009/1207/of2009-1207.pdf
http://dx.doi.org/10.3133/ofr20141052

LeBlanc, L.R., Mayer, L., Rufino, M., Schock, S.G., and King, J., 1992, Marine sediment
classification using the chirp sonar: Journal of the Acoustical Society of America, v. 91, p.
107-115.

Logan, B., Nelson, J., McDonald, R., and Wright, S., 2010, Mechanics and modeling of flow
sediment transport and morphologic change in riverine lateral separation zones, in Hydrology
and sedimentation for a changing future; existing and emerging issues (Joint Federal
Interagency Conference 2010--Federal Interagency Hydrologic Modeling, 4th, and Federal
Interagency Sedimentation, 9th), Las Vegas, Nev., June 27- July 1, Proceedings.

Maddock, T., 1976, Equations for resistance to flow and sediment transport in alluvial channels:
Water Resources Research, v. 12, p. 11-21.

Magirl, C.F.N., Webb, R., and Griffiths, P., 2008, Modeling water-surface elevations and virtual
shorelines for the Colorado River in Grand Canyon, Arizona: U.S.Geological Survey
Scientific Investigations Report 2008-5075, 32 p.

McElroy B., and Abraham, D., 2011, Quantifying bed load and bed material load from repeat
bathymetric surveys: Report to FISP Technical Committee on work completed.

McElroy, B., and Mohrig, D. 2009, Nature of deformation of sandy bed forms: Journal of
Geophysical Research, v. 114, no. FOOA04.

Melis, T.S., Webb, R.H., Griffiths, P.G., and Wise, T.W., 1995, Magnitude and frequency data
for historic debris flows in Grand Canyon National Park and vicinity, Arizona: U.S.
Geological Survey Water Resources Investigations Report 94-4214, 285 p.

Melis, T.S., 1997, Geomorphology of debris flows and alluvial fans in Grand Canyon National
Park and their influence on the Colorado River below Glen Canyon Dam, Arizona:
University of Arizona, Tucson, Ph.D. dissertation, 490 p.

Nittrouer, J., Allison, M., Mohrig, D., and Campanella, R., 2008. Bedform transport rates for the
lowermost Mississippi River: Journal of Geophysical Research, v. 113, no. FO3004.

O’Brien, L.E., Coleman, A., Blank, B.L., Grams, P.E., and Schmidt, J.C., 2000, Testing the
application of digital photogrammetry to monitor topographic changes in sandbars in the
Colorado River ecosystem--final report: U.S. Geological Survey, Grand Canyon Monitoring
and Research Center, cooperative agreement 1425-98-FC-40-22640, 59 p.

Rakotonarivo, S., Legris, M., Desmare, R., Sessarego, J-P., Bourillet, J-F., 2011, Forward
modeling of marine sediment characterization using chirp sonars: Geophysics, v. 76, p. T91-
T99.

Ralston, B.E., Davis, P.A., Weber, R.M., and Rundall, J.M., 2008, A vegetation database for the
Colorado River ecosystem from Glen Canyon Dam to the western boundary of Grand
Canyon National Park, Arizona: U.S. Geological Survey Open-File Report 2008-1216, 37 p.

Randle, T.J., and Pemberton, E.L., 1987, Results and analysis of STARS modeling efforts of the
Colorado River in Grand Canyon: Washington, D.C., U.S. Department of the Interior,
Bureau of Reclamation, NTIS report no. PB88-183421/AS.

Rubin, D.M., Chezar, H., Harney, J.N., Topping, D.J., Melis, T.S., and Sherwood, C.R., 2007,
Underwater microscope for measuring spatial and temporal changes in bed-sediment grain
size: Sedimentary Geology, v. 202, no. 3, p. 402-408,
http://dx.doi.org/10.1016/j.sedge0.2007.03.020.

Rubin, D.M., Tate, G.B., Topping, D.J., and Anima, R.A., 2001, Use of rotating side-scan sonar
to measure bedload, in Seventh Federal Interagency Sedimentation Conference, Reno, Nev.,
March 25-29, 2001, Proceedings: Subcommittee on Sedimentation, v. 1, p. 111-139 to 111-143.

158


http://dx.doi.org/10.1016/j.sedgeo.2007.03.020.

Rubin, D.M., Topping, D.J., Schmidt, J.C., Hazel, J., Kaplinski, M., and Melis, T.S., 2002,
Recent sediment studies refute Glen Canyon Dam hypothesis: Eos Transactions, American
Geophysical Union, v. 83, no. 25, p. 273, p. 277-278.

Rubin, D.M., and Topping, D.J., 2001, Quantifying the relative importance of flow regulation
and grain size regulation of suspended sediment transport alpha and tracking changes in grain
size of bed sediment beta: Water Resources Research, v. 37, no. 1, p. 133-146.

Schmidt, J.C., 1999, Summary and synthesis of geomorphic studies conducted during the 1996
controlled flood in Grand Canyon, in Webb, R.H., Schmidt, J.C., Marzolf, G.R., and Valdez,
R.A., eds., The controlled flood in Grand Canyon: Washington, D.C., American Geophysical
Union, Geophysical Monograph Series, v. 110, p. 329-341.

Schmidt, J.C., and Rubin, D.M., 1995, Regulated streamflow, fine-grained deposits, and
effective discharge in canyons with abundant debris fans, in Costa, J.E., Miller, A.J., Potter,
K.W., and Wilcock, P.R., eds., Natural and Anthropogenic Influences in Fluvial
Geomorphology, Geophysical Monograph Series, vol. 89: Washington, D.C., AGU, p. 177-
195.

Schmidt, J.C., 1990, Recirculating flow and sedimentation in the Colorado River in Grand
Canyon, Arizona: The Journal of Geology, v. 98, no. 5, p. 709-724.

Schmidt, J.C., and Graf, J.B., 1990, Aggradation and degradation of alluvial sand deposits, 1965
to 1986, Colorado River, Grand Canyon National Park, Arizona: U.S. Geological Survey
Professional Paper 1493, 74 p.

Schmidt, J.C., Grams, P.E., and Leschin, M.F., 1999, Variation and magnitude of deposition and
erosion in three long-term (8-12 km) reaches as determined by photographic analyses, in
Webb, R.H., Schmidt, J.C., Marzolf, G.R., and Valdez, R.A., eds., The controlled flood in
Grand Canyon: Washington, D.C., American Geophysical Union, Geophysical Monograph
Series, v. 110, p. 185-204.

Schmidt, J.C., Topping, D.J., Grams, P.E., and Hazel, J.E., Jr., 2004, System-wide changes in the
distribution of fine sediment in the Colorado River corridor between Glen Canyon Dam and
Bright Angel Creek, Arizona--final report: Logan, Utah, submitted to U.S. Geological
Survey, Grand Canyon Monitoring and Research Center, cooperative agreement no. 1425-
98-FC-40-22640, 107 p.,
http://www.gcmrc.gov/library/reports/Physical/Fine_Sed/Schmidt2004.pdf.

Schmidt, J.C., and Grams, P.E., 2011, The high flows — physical science results, in Melis, T.S.
(ed.), Effects of three high-flow experiments on the Colorado River ecosystem downstream
from Glen Canyon Dam, Arizona: U.S. Geological Survey Circular 1366, p. 53-92.

Schock, S.G., 2004, A method for estimating the physical and acoustic properties of the sea bed
using chirp sonar data: IEEE Journal of Oceanic Engineering, v. 29, p.1200-1217.

Schock, S.G., LeBlanc, L.R., and Mayer, L.A., 1989, Chirp subbottom profiler for quantitative
sediment analysis: Geophysics, v. 54, p. 445-450,
http://library.seg.org/doi/pdf/10.1190/1.1442670.

Simmons, S.M., Parsons, D.R., Best, J.L., Orfeo, O., Lane, S.N., Kostaschuk, R., Hardy, R.J.,
West, G., Malzone, C., Marcus, J., and Pocwiardowski, P., 2010, Monitoring suspended
sediment dynamics using MBES: Journal of Hydraulic Engineering, v. 136, no. 1, p. 45-49.

Simons, D.B, Richardson, E.V., Nordin, C.F, Jr., 1965, Bedload equation for ripples and dunes:
U.S. Geological Survey Professional Paper 462-H, http://pubs.usgs.gov/pp/0462h/report.pdf.

Topping, D.J., Rubin, D.M., Grams, P.E., Griffiths, R.E., Sabol, T.A., Voichick, N., Tusso, R.B.,
Vanaman, K.M., and McDonald, R.R., 2010, Sediment transport during three controlled-

159


http://www.gcmrc.gov/library/reports/Physical/Fine_Sed/Schmidt2004.pdf

flood experiments on the Colorado River downstream from Glen Canyon Dam, with
implications for eddy-sandbar deposition in Grand Canyon National Park: U.S. Geological
Survey Open-File Report 2010-1128, 111 p., http://pubs.usgs.gov/of/2010/1128/.

Topping, D.J., Wright, S.A., Rubin, D.M., and Melis, T.S., 2007, Draft report to the technical
work group of the Glen Canyon Dam Adaptive Management Program--recommended
protocols for core monitoring of sediment within the Colorado River Ecosystem below Glen
Canyon Dam, part IV--developing a scientifically based long-term monitoring plan for the
GCDAMP: U.S. Geological Survey, Grand Canyon Monitoring and Research Center,
Flagstaff, Ariz., 34 p.

Topping, D.J., Rubin, D.M., Schmidt, J.C., Hazel, J.E., Jr., Melis, T.S., Wright, S.A., Kaplinski,
M., Draut, A.E., and Breedlove, M.J., 2006, Comparison of sediment-transport and bar-
response results from the 1996 and 2004 controlled-flood experiments on the Colorado River
in Grand Canyon, in Federal Interagency Sedimentation Conference, 8th, Reno, Nev., April
2-6, 2006, Proceedings: p. 171-179 (CD-ROM).

Topping, D.J., Rubin, D.M., and Vierra, L.E., Jr., 2000, Colorado River sediment transport 1.
Natural sediment supply limitation and the influence of Glen Canyon Dam: Water Resources
Research, v. 36, p. 515-542.

U.S. Geological Survey, 2006, Strategic science plan to support the Glen Canyon Dam Adaptive
Management Program, fiscal years 2007-11: Grand Canyon Monitoring and Research Center
in cooperation with the Glen Canyon Dam Adaptive Management Program, 11 p.,
www.usbr.gov/uc/rm/amp/amwag/mtgs/06dec05/Attach_07b.pdf.

Webb, R.H., Griffiths, P.G., Melis, T.S., and Hartley, D.R., 2000, Sediment delivery by ungaged
tributaries of the Colorado River in Grand Canyon: U.S. Geological Survey Water-Resources
Investigations Report 00—4055, 67 p.,
http://www.gcmrc.gov/library/reports/physical/coarse_sed_webb/wrir2000_00-4055s.pdf.

Westoby, M.J., J. Brasington, N.F. Glasser, M.J. Hambrey, J.M. Reynolds, ‘Structure-from-
motion’ photogrammetry--a low-cost, effective tool for geoscience applications:
Geomorphology, v. 179, p. 300-314, http://dx.doi.org/10.1016/j.geomorph.2012.08.021.

Wiele, S.M., Wilcock, P.R., and Grams, P.E., 2007, Reach-averaged sediment routing model of a
canyon river: Water Resources Research, v. 43, no. W02425, p. 1-16,
http://www.agu.org/journals/wr/wr0702/2005WR004824/.

Wiele, S.M., and Griffin, E.R., 1998, Modifications to a one-dimensional model of unsteady
flow in the Colorado River through Grand Canyon, Arizona: U.S. Geological Survey Water-
Resources Investigations Report 97-4046, 17 p.

Wiele, S.M., and Smith, J.D., 1996, A reach-averaged model of diurnal discharge wave
propagation down the Colorado River through the Grand Canyon: Water Resources
Research, v. 32, no. 5, p. 1375-1386.

Wiele, S.M., Graf, J.B., and Smith, J.D., 1996, Sand deposition in the Colorado River in the
Grand Canyon from flooding of the Little Colorado River: Water Resources Research, v. 32,
p. 3579-3596.

Wiele, S.M., Andrews, E.D., and Griffin, E.R., 1999, The effect of sand concentration on
depositional rate, magnitude, and location in the Colorado River below the Little Colorado
River, in Webb, R.H., Schmidt, J.C., Marzolf, G.R., and Valdez, R.A., eds., The controlled
flood in Grand Canyon: Washington, D.C., American Geophysical Union, Geophysical
Monograph Series, v. 110, p. 131-145.

160


http://pubs.usgs.gov/of/2010/1128/
http://www.usbr.gov/uc/rm/amp/amwg/mtgs/06dec05/Attach_07b.pdf
http://www.agu.org/journals/wr/wr0702/2005WR004824/

Wright, S.A., and Grams, P.E., 2010, Evaluation of water year 2011 Glen Canyon Dam flow
release scenarios on downstream sand storage along the Colorado River in Arizona: U.S.
Geological Survey Open-File Report 2010-1133, 19 p., http://pubs.usgs.gov/of/2010/1133/.

Wright, S.A., and Kaplinski, M., 2011, Flow structures and sandbar dynamics in a canyon river
during a controlled flood, Colorado River, Arizona: Journal of Geophysical Research, v. 116,
no. F01019, p. 15, http://www.agu.org/pubs/crossref/2011/2009JF001442.shtml.

Wright, S.A., Topping, D.J., Rubin, D.M., and Melis, T.S., 2010a, An approach for modeling
sediment budgets in supply-limited rivers: Water Resources Research, v. 46, no. W10538, p.
1-18, http://www.agu.org/pubs/crossref/2010/2009WR008600.shtml.

Wright, S.A., Topping, D.J., Rubin, D.M., and Melis, T.S., 2010, Modeling long-term sediment
budgets in supply-limited rivers, in Hydrology and sedimentation for a changing future;
existing and emerging issues (Joint Federal Interagency Conference 2010--Federal
Interagency Hydrologic Modeling, 4th, and Federal Interagency Sedimentation, 9th), Las
Vegas, Nev., June 27- July 1, Proceedings.

Wright, S.A., Schmidt, J.C., Melis, T.S., Topping, D.J., and Rubin, D.M., 2008, Is there enough
sand? Evaluating the fate of Grand Canyon sandbars: Geological Society of America Today,
v. 18, no. 8, p. 4-10, http://www.geosociety.org/gsatoday/archive/18/8/pdf/i1052-5173-18-8-
4.pdf.

Wright, S.A., Melis, T.S., Topping, D.J., and Rubin, D.M., 2005, Influence of Glen Canyon Dam
operations on downstream sand resources of the Colorado River in Grand Canyon, in Gloss,
S.P., Lovich, J.E., and Melis, T.S., eds., The state of the Colorado River ecosystem in Grand
Canyon: U.S. Geological Survey Circular 1282, p. 17-31.

Zeiler, M., Schulz-Ohlberg, J., and Figge, K., 2000, Mobile sand deposits and shoreface
dynamics in the inner German Bight (North Sea): Marine Geology, v. 170, 363-380.

161


http://pubs.usgs.gov/of/2010/1133/
http://www.agu.org/pubs/crossref/2010/2009WR008600.shtml
http://www.geosociety.org/gsatoday/archive/18/8/pdf/i1052-5173-18-8-4.pdf
http://www.geosociety.org/gsatoday/archive/18/8/pdf/i1052-5173-18-8-4.pdf

G. Budget

Monitoring Research
o° 1] > | 0
ES_|_wsE | E|® |
©® - 9o|® £|lo © ‘@B o
sS=S88 | 5| |E
wnls 3 g E" 2| E 8 S =] .
2|8 20lg §le | S|gzEF &
Elgxgla g2 2] o |2 2e s % Coop-
FlEW (o |89 £ |2 3w & & . o , Travel & Operating e USGS USGS/SBSC
Qla T oSBT 8 €8 = Lo 2 Project Description Salaries .. Logistics erators Total
se 2P 298 522X Training Expenses Coop-erators Burden
EE O ¥|® gla 9 G | :a'g GO—J- (non-USGS)
8-—:2-3'5:\;) 2|9 Sl g £
£ 9 T|E §c ®» 2 £
255823 |38 |E
a 3 2~ £l o |9 o0
S © Sla o |o [0
Y3 E g s |g
FY15
3 Sandbars and Sediment
Storage Dynamics
Monitoring sandbars using
X X 3.1.1 | topographic surveys and remote [ Grams et al. $106,000 $2,000 $4,000 $26,600 $156,100 $48,000 $26,400 $369,100
cameras
Monitoring sand bars and
X X 3.1.2 | shorelines above 8000 ft*/s by | Sankey et al. $103,500 S0 S0 S0 S0 S0 $16,200 $119,700
remote sensing
Surveying with a camera: rapid
topographic surveys with digital Wheaton et
X 313 images using structure-from- al. $18,700 S0 S0 S0 $20,000 S0 $3,500 $42,200
motion (SFM) photogrammetry
Analysis of historical images at
X 3.14 selected monitoring sites Hazel et al. $16,000 S0 S0 S0 $68,400 S0 $4,600 $89,000
X X 3.2 Sediment storage monitoring Grams et al. $163,700 $2,000[ $27,000 $29,700 $196,100 S0 $40,700 $459,200
Characterizing, and predictive
X 3.3 |modeling, of sand bar response at| Mueller et al. $64,700 S0 N S0 $25,000 S0 $10,900 $100,600
local and reach scales
Connecting bed material
transport, bed morphodynamics,
X 34 and sand budgets in Grand McElroy et al. S0 S0 S0 S0 $35,000 S0 $1,100 $36,100
Canyon
x| x 35 | Control ”e;‘?’;;zft”d””ey Kohl $77,100 $1,900| $15,000 $0 %0 so|  $14,700 $108,700

162



Monitoring Research
T o > |+
TE | JE | E|E
® — 9|® £|8 s |3 S
c 8 5|8 58 t |3 c =
W2 SEE2E | 2123 |28
= e 0= o 7] o
9|8 0 O|® £g < ;3@.2
E‘E&;gg>>38w:;'§ COOP
2 2 ] -
Zlgwlc |EE £ |85 we & . . . Travel & |Operating - USGS USGS/SBSC
Qla T o|S ST 8 €18 =g 8 2 Project Description Salaries .. Logistics erators Total
e 2222 f S |loleE B Training Expenses Coop-erators | Burden
g £ ° [T olacl g|Eg ® £ 2 (non-USGS)
Sl sy | »|E (P
6% c|5 2|s £ 15 |
2B oo 25 >(a [T ¢
a3 Z|- g5 o |@ £
S ®© = a |o
23 E |2|=
FY16
3 Sandbars and Sediment
Storage Dynamics
Monitoring sandbars using
X X 3.1.1 | topographic surveys and remote [ Grams et al. $109,100 $2,000 $4,000 $27,900 $156,100 $20,000 $35,200 $354,300
cameras
Monitoring sand bars and
X X 3.1.2 | shorelines above 8000 ft*/s by | Sankey et al. $107,200 S0 S0 S0 S0 S0 $22,900 $130,100
remote sensing
Surveying with a camera: rapid
topographic surveys with digital Wheaton et
X 3.13 images using structure-from- al. $43,000 S0 S0 S0 $20,000 S0 $9,800 $72,800
motion (SFM) photogrammetry
Analysis of historical images at
X 3.14 selected monitoring sites Hazel et al. $16,300 S0 S0 S0 $68,400 S0 $5,500 $90,200
X X 3.2 Sediment storage monitoring | Grams et al. $167,000 $2,000] $27,000] $64,500| $196,100 S0 $61,400 $518,000
Characterizing, and predictive
X 3.3 |modeling, of sand bar response at| Mueller et al. $67,500 S0 S0 S0 $25,000 S0 $15,100 $107,600
local and reach scales
Connecting bed material
transport, bed morphodynamics,
X 34 and sand budgets in Grand McElroy et al. S0 S0 S0 S0 $35,000 S0 $1,100 $36,100
Canyon
x| x 35 | Conrel ”e:r’:gzri"d“'"ey Kohl $79,400 $1,900|  $15,000 $0 $0 0| $20,500 $116,800

*The budget request for 2016 is 93% of the total Fiscal Year budget described here. Specific reductions in project budgets will be made at the discretion of the

Principle Investigator.

163




Monitoring Research
T o > |+
ES_|_ws | E|®
sczfE |5 |. 5
S S £ 2 5le 5| ¢ £ &
wnls 8 ol=> 2| E o |3 w 9
28 o O|® €4 < 28 9| &
#‘Ea.:ggza?,ﬁw-:.;-‘s Coop-
2 qE’ wflo |8 G &€ S Slw € § i L . Travel & |Operating . P USGS USGS/SBSC
Sls T oS ST 8 €3 2e 7 2 Project Description Salaries L Logistics erators Total
sw 22225 s|(loEs Y g Training Expenses Coop-erators Burden
g £ °%E[Eolascl g|Esg ® £ 2 (non-USGS)
Ol SZ|IEEY | w|z |g8 &
5= £|§ 2|s £ |5 € c
2 % 9ol3 2o 3|32 [F ¢
a2 2Z2(F ¢|l5 o |@ £
S © - o |
23 E |z |=
FY17
3 Sandbars and Sediment
Storage Dynamics
Monitoring sandbars using
X X 3.1.1 | topographic surveys and remote | Grams et al. $114,200 $2,000 $4,000 $29,100 $156,100 $20,000 $45,600 $371,000
cameras
Monitoring sand bars and
X X 3.1.2 | shorelines above 8000 ft*/s by | Sankey et al. $110,300 S0 S0 S0 S0 S0 $30,200 $140,500
remote sensing
Surveying with a camera: rapid
topographic surveys with digital Wheaton et
X 3.13 images using structure-from- al. $44,500 S0 S0 S0 $20,000 S0 $12,800 $77,300
motion (SFM) photogrammetry
Analysis of historical images at
X 3.14 selected monitoring sites Hazel et al. $15,900 S0 SO S0 $68,400 S0 $6,400 $90,700
X X 3.2 Sediment storage monitoring Grams et al. $174,700 $2,000{ $27,000 $66,700 $196,100 S0 $79,900 $546,400
Characterizing, and predictive
X 3.3 [modeling, of sand bar response at| Mueller et al. $71,000 S0 Nl S0 $25,000 S0 $20,200 $116,200
local and reach scales
Connecting bed material
transport, bed morphodynamics,
X 34 and sand budgets in Grand McElroy et al. $0 $0 $0 $0 $35,000 S0 $1,100 $36,100
Canyon
x| x 35 | Control ”e:l‘f;;s;”dsuwey Kohl $81,000 $1,900| $15,000 $0 $0 so|  $26,800 $124,700

**The budget request for 2017 is 95% of the total Fiscal Year budget described here
Principle Investigator.

164

. Specific reductions in project budgets will be made at the discretion of the




Monitoring: Core activities
Monitoring: Supports implementation and evaluation of HFE Protocol and Non-Native Fish Control
Research: Technical and analytical innovations in monitoring

Project 4. Connectivity along the fluvial-aeolian-hillslope
continuum: quantifying the relative importance of river-
related factors that influence upland geomorphology and

archaeological site stability

Initial Estimate: FY15: $185,600; FY16: $412,900; FY17: $404,700
GCDAMP Funding: FY15: $185,600; FY16: $384,000; FY17: $384,500
Other BoR Funding: FY15: $150,000; FY16: $150,000; FY17: $186,000

A. Investigators

Joel Sankey, Research Geologist, U.S. Geological Survey, Grand Canyon Monitoring and
Research Center

Amy East (formerly Amy Draut), Research Geologist, U.S. Geological Survey, Pacific Coastal
and Marine Science Center

Helen Fairley, Research Specialist, U.S. Geological Survey, Grand Canyon Monitoring and
Research Center

Joshua Caster, Geographer, U.S. Geological Survey, Grand Canyon Monitoring and Research
Center

B. Project Summary

The rate and magnitude of wind transport of sand from active channel sandbars to higher
elevation valley margins potentially affects the stability of archaeological sites and the
characteristics of other cultural and natural resources. The degree to which valley margin areas
are affected by upslope wind redistribution of sand is called “connectivity”. Connectivity is
affected by several factors including the sand source as well as physical and vegetative barriers
to sand transport. The primary hypothesis of this project is that high degrees of connectivity lead
to potentially greater archaeological site stability.

This project is responsive to recommendations from stakeholders in the Glen Canyon Dam
Adaptive Management Program. The Bureau of Reclamation, the National Park Service, and the
tribes, collectively have identified the need for science that will improve understanding of how
cultural resources are linked to modern river processes. This project proposal is composed of two
integrated elements; the first (4.1) is a research element, and the second (4.2) is a monitoring
element. The research element (4.1) consists of three sub-elements that are landscape scale
analyses that will examine the connectivity between attributes of the active channel and
geomorphic processes and patterns at higher elevations (above the 45,000 ft®/s stage) at several
temporal and geographic scales. In the monitoring element (4.2), a year (2015) will be invested
to develop and draft a long-term monitoring plan to evaluate if and how much the interactions
between fluvial, aeolian, and hillslope processes affect the condition of cultural resource sites in

165



the Colorado River corridor. The monitoring plan will be drafted by USGS scientists with close
collaboration from tribes, National Park Service, and Bureau of Reclamation. The monitoring
plan will be implemented in years 2 and 3 (2016 and 2017, respectively) of the triennial work-
plan effort.

C. Background

C.1. Scientific Background

The environmental processes and factors that contribute to the current condition of cultural
resources in the CRe are complex. Because the vast majority of archaeological sites in the CRe
are situated well above the elevation reached by 25,000 ft*/s river flows (Sondossi and Fairley, in
revision), effects of dam operations on cultural sites are mainly indirect and manifest themselves
through diffuse effects to the larger terrestrial ecosystem (Fairley and others, 1994; Fairley and
Sondossi, 2010). The 1995 Environmental Impact Statement on the Operations of Glen Canyon
Dam (USDI 1995) identified 336 sites in Grand, Marble, and Glen Canyons that were directly or
indirectly affected by dam operations. These archaeological sites are situated in or on Holocene
fine-sediment fluvial deposits derived from the Colorado River that were formed either before or
after completion of Glen Canyon Dam (GCD).

Interest in the potential of dam operations to affect erosion rates at cultural resource sites in
the CRe dates back to the early 1980s, when NPS archaeologists observed an increase in the
amount and severity of gullying at archaeological sites (Hereford and others, 1991; Fairley,
2003). This topic was also identified by the Hopi Tribe as an important issue, because these
processes influenced the Hopi’s perspective on whether mitigation of potential dam effects to
archaeological sites would, or would not, be appropriate to undertake (L. Kuwanwisiwma,
personal communication, 1990, to H. Fairley). In 1989, a decision by the Department of Interior
to undertake research on the downstream effects of Glen Canyon Dam resulted in the initiation
of several studies focused on mapping the geomorphic context of archaeological resources and
the geomorphic processes acting on those resources (Hereford and others, 1991, 1993, 1996;
Lucchitta, 1991). This initial phase of research led to the publication of several detailed surficial
geology maps that emphasized the distribution of Holocene deposits in areas of high cultural
resource density, plus several reports documenting changes in the post-dam environment
(Hereford and others, 1993, 1996; Hereford, Burke and Thompson, 1998, 2000a, 2000b;
Lucchitta, 1991).

Subsequent work (e.g., Draut and others, 2005, 2010; Draut and Rubin, 2008; Collins and
others, 2008, 2009, 2012; Draut 2012) has collectively indicated that a post-dam reduction in
fine sediment supply (Topping and others, 2003) contributed to a reduction in active channel
sandbars that are available for transport to high elevation sand deposits where archaeological
sites are often located (Draut, 2012). This same phenomenon appears to have also reduced the
resilience of the upland landscape to weather-induced erosional impacts, as illustrated, for
example, by the fact that locations with less high elevation sand have greater prevalence of
gullies (Sankey and Draut, 2014). Draut (2012) and Draut and Rubin (2008) proposed that the
upland sand deposits in the river corridor can be broadly grouped into those with modern sand
supply by wind from river sandbars (modern-fluvial-sourced sand deposits, hereafter referred to
as MFS) and those that have not received sand in post-dam time, and received their most recent
major sediment replenishment from deposits associated with the 1921 flood of 170,000 ft*/s
(relict-fluvial-sourced deposits, hereafter referred to as RFS; Draut, 2012). Available evidence
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indicates that sediment supply limitation and lack of large floods, in conjunction with increased
biological soil crust cover, has further reduced mobility of high-elevation sand deposits, with
multiple interacting effects to surface erosion processes in and adjacent to archaeological sites
and associated Holocene deposits (Draut, 2012). Work conducted in 2013 and 2014 (Project J of
the FY 13/14 Biennial Work Plan) described the extent to which aeolian sand provides a
protective cover to the ground surface of archaeological sites, and even infills — with potential to
mitigate — eroding gullies within and adjacent to archaeological sites (Sankey and Draut, 2014;
Collins and others, in review). Very recent work has also qualitatively described the role, in
many locations, of riparian vegetation that produces a barrier to the onshore and upslope
transport by wind of MFS aeolian sand (East, 2014). Riparian vegetation can thus segregate the
general category of MFS landscapes into additional categories that reflect the varying degrees to
which sites receive modern sand resupply based on whether vegetation impedes aeolian transport
of sand from a fluvial sandbar to an archaeological site.

Recent work has quantified the long-term trend of the lowering and encroachment of riparian
vegetation into the former active channel in response to decreased flood magnitude and duration
(Sankey and others, in review). During the same post-dam timeframe, periods of increases and
decreases in xeric (upland, desert) vegetation have occurred at higher stage-elevations in
response to regional climate and episodes of drought (Sankey and others, in review). While
environmental factors, including fluvial sources of aeolian sand and riparian vegetation, have
been identified previously (Draut, 2012; Collins and others, in review) as important controls on
connectivity along the fluvial-aeolian-hillslope continuum, the relative prevalence and
importance of many of these controls have not been explicitly tested over large geographic extent
or multi-temporal scales. We define connectivity (Merriam, 1984) as the “degree to which a
landscape facilitates or impedes movement among resource patches” (Taylor and others, 1993),
and focus specifically on the potential for movement of sand by wind between active channel
sandbars to higher elevation sand landscapes. Potentially important controls on connectivity
include: upwind sand bars that are resupplied by controlled floods (administratively referred to
as High Flow Experiments or HFES); alternative sediment sources including tributary
channels/mouths, bare sediment surfaces on terrace risers, campsites and other high user impact
areas; vegetation (either barriers positioned between fluvial sand bars and upland areas or cover
of formerly open sand [source] areas); and, topographic barriers such as rock outcrops and
debris fans.

In addition to the recent work conducted at landscape scales that has identified some of the
important controls on connectivity along the fluvial-aeolian-hillslope continuum, site-specific
monitoring has identified that many archaeological sites are dominated by erosion processes
caused by discrete runoff erosion events that can lower the ground surface several centimeters
over areas as large as tens to hundreds of square meters (Collins and others, 2012; Collins and
others, in review). In addition to aeolian influx of fluvial sediment, potentially important controls
on site erosion also include proposed mitigation treatments such as the installation of check dams
that might control expansion and propagation of gullies. Possible vegetation treatments that
remove or reduce dense vegetation barriers also might be employed to promote aeolian transport
of fluvially sourced sand to higher elevations. Defoliation of tamarisk caused by the recent
spread of the tamarisk beetle (Diorhabda carinulata) is also a contemporary environmental
factor that might increase the potential for aeolian sand transport through vegetation barriers, and
may have effects similar to vegetation removal treatments.
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Most recent small spatial scale monitoring work in Grand Canyon has been conducted with
terrestrial (ground-based) lidar remote sensing. Collins and Kayen (2006) first demonstrated
lidar’s potential utility for documenting topographic and vegetation change in the CRe. A phased
program of research and development was initiated between 2006 and 2010 towards
implementation of a long-term core-monitoring program (Fairley and others, 2007). The first
phase of this project (Phase I) began in spring 2006 and initially focused on completing a
comprehensive assessment of the geomorphic and archaeological attributes of 232 river corridor
sites (O’Brien and Pederson, 2009a) to characterize the range of variability in these
archaeological sites and to aid in the selection of an appropriate sample for a future pilot
monitoring program (Vance and Smiley, 2011). Phase | involved testing a variety of survey
techniques, including terrestrial lidar, as potential tools for measuring change in resource
condition (Collins and others, 2008).

The applicability and utility of monitoring archaeological sites using terrestrial lidar was
subsequently demonstrated at 13 sites in Grand Canyon (e.g., Collins and others, 2008, 2009,
2012). Collins and others, (2008) showed that terrestrial lidar technology could be used to collect
data as accurate as or better than previously evaluated total station topographic surveys, while
minimizing impacts to the sites being monitored; total station techniques had been previously
evaluated as a potential monitoring approach (Leap and others, 2000). Several criticisms of the
total station method that led to the investigation of lidar as an alternative tool included the fact
that total station surveys often resulted in significant impacts (e.g., trampling) to sites, and the
resolution and measurement error in repeated surveys was potentially greater than the amount of
change targeted for detection. The work of Collins and others, (2008) documented that entire site
areas could be monitored with lidar with minimal impact. Initially, Collins and others (2009)
documented surface-elevation changes greater than 8 cm at 6 of 9 sites monitored between
September 2006 and September 2007. Since these initial field studies, advances in lidar
technology have resulted in laser scanning devices with greater accuracy and new software with
improved potential to measure small-scale (centimeter-level) topographic change (Collins and
others, 2012). Incorporating these advances, Collins and others (2012) collected multiple
comparable lidar data sets at 11 sites during a 5-year period. This effort demonstrated that (1)
land surface change of ~ 5 cm could be reliably and accurately detected over large areas, and (2)
it is possible to link observed changes to specific geomorphic processes. There is a finite limit to
the sample size of sites that can be surveyed with lidar at this level of detail in a single
monitoring effort, due to logistics. Therefore the question persists of how to most appropriately
extrapolate from an inherently small set of detailed lidar measurements to the large population of
archaeological sites.

Work completed in 2013 and 2014 incorporated additional lidar surveys into a synthesis of
more than 5 years of surface-elevation data and change detection at archaeological sites in Grand
Canyon and sought to link measured landscape changes to meteorological conditions (Collins
and others, January 28, 2014 GCMRC Annual Reporting Meeting, and Collins and others, in
review). Key findings of this work were that erosion dominates the landscape response at most
sites, in large part because high intensity, runoff producing storms that sometimes induce erosion
and gullying are relatively common within Grand Canyon. Precipitation records from the past
century indicate that storms comparable to those that induce significant overland flow occur
during years of average and wet conditions. Erosion-inducing storms occur at individual sites
with frequencies that range from approximately once per year to once per decade, and results
suggest that such storms occur at a majority of sites at least once every 2-3 years. The synthesis
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also identified the influx of aeolian sand — and specifically the infilling of individual gullies by
aeolian sand — as a key landscape process that can mitigate erosion and the formation and
propagation of gullies.

Change detection with lidar surveys identifies magnitude of topographic change and type of
change, whether net erosion or deposition. However, it is also important to understand whether
detected changes represent progressive or potentially reversing geomorphic change. Hillslope
erosion and gullying in valley margins of the canyon are viewed as geomorphically progressive
changes that in archaeological sites can result in net erosion in time. The key geomorphic process
identified to date with potential to reverse this progressive change is influx of aeolian sand.
Collins and others (2012, in review) have attributed changes detected with lidar surveys to one of
several types of geomorphic change that are either runoff erosion, runoff deposition, aeolian
erosion, or aeolian deposition. From the magnitude of changes attributed to each of these types
of geomorphic change, it is possible to infer the degree of progressive vs. potentially reversing
geomorphologic change at an individual site or sample of sites. However, it is still difficult to
accurately extrapolate these observations to a more general understanding of the relative degree
of progressive vs. reversing geomorphic processes for the population of archaeological sites,
without a framework, such as an archaeological site classification system, for doing so.

In conjunction with the work in 2013 and 2014 that was conducted at landscape scales
(Sankey and Draut, 2014) and site-specific scales (Collins and others, in review) and that
quantified the importance of aeolian influx to gullied archaeological sites, additional novel work
developed a system for classifying archaeological sites based on the degree to which the sites
could potentially receive windblown sand from recent controlled floods (East, 2014). The
classification of additional archaeological sites is currently ongoing and is anticipated to be
completed in 2014 for sites within Grand Canyon National Park. All river-corridor
archaeological sites will be classified based on an evaluation of geographic position relative to
visible recent flood-sediment deposits, measured or inferred local prevailing wind directions, and
identification of any potential barriers to aeolian sand transport between flood deposits and
archaeological sites. The classification system identifies whether a site’s geomorphic context
includes river-derived sediment—either fluvial, aeolian, or both. The system also identifies
whether barriers exist that could limit the aeolian transport of upwind fluvial sediment by wind
to archaeological site(s). There are 5 types of sites included in the classification:

Type 1: Sites with an adjacent, upwind fluvial sediment deposit formed by a recent high
flow, and no evident barriers that would hinder aeolian sand transport from the flood
deposit toward the archaeological site.

Type 2: Sites with an upwind sediment deposit formed by a recent flood, but with a
barrier separating the flood deposit from the archaeological site. These barriers were
interpreted to potentially limit aeolian sand transport from the fluvial deposit toward the
archaeological site. Such barriers may not entirely eliminate sand movement from fluvial
deposit to archaeological site, but are interpreted as likely to inhibit aeolian sand
transport.
2a: Vegetation barrier present (may be riparian or higher-elevation, non-riparian
upland vegetation).
2b: Topographic barrier present (most often a tributary channel, but in several
cases a steep bedrock cliff or large boulders).
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2c: Both vegetation and topographic barriers present.

Type 3: Sites at which a recent flood did not deposit sediment upwind of site, even
though flood water had been present at an upwind location relative to the archaeological
site (where an upwind shoreline exists for a recent controlled flood).

Type 4: Sites at which there is no upwind shoreline that could allow deposition from a
recent controlled flood, but whose geomorphic context does involve river-derived sand
deposited by pre-dam floods.

Type 5: Sites in the river corridor whose geomorphic context is not dependent on
Colorado River-derived sand, such as those situated on bedrock or talus.

The classification of all archaeological sites within the river corridor of Grand Canyon
National Park will be completed in 2014 and presented in the final report of “Project J” of the
2013 and 2014 GCMRC biennial workplan. One purpose of completing the classification for all
river corridor sites within Grand Canyon National Park is to answer the question of “what
proportion of sites in the river corridor are affected by river-derived sand and potentially receive
windblown sand from recent controlled floods?”. A summary of the classification of a subset of
the sites within Grand Canyon National Park is provided in Figure 1 (previously presented by
Sankey and others, and Fairley and others, January 28, 2014 GCMRC Annual Reporting
Meeting). While Figure 1 only pertains to a subset of all sites (197 sites had already been
classified as of winter 2014 when Figure 1 was generated), it does indicate that a substantial
number of river corridor sites (e.g., those classified as types 1 or 2) are linked to modern river
processes with potential to receive windblown sand from recent controlled floods.

For the purposes of this proposal, we have considered the recent synthesis of 5 years of
monitoring surface-elevation changes at 13 archaeological sites in Grand Canyon (Collins and
others, in review) in the context of the site classification system (Figure 2). We note that this
evaluation presently includes only a limited sample size which can lead to large uncertainties in
estimates (e.g., note the large standard errors for many of the mean volume change bars plotted
in Figure 2), and that increasing the number of sites available for such evaluations is one of the
goals of the work we propose herein. Some of the largest surface elevation changes attributed to
rainfall events — and including erosion and deposition by aeolian and overland flow transport —
occurred at sites classified as type 1. Upwind fluvial sediment deposits formed by recent
controlled flood(s) occur at these type 1 sites, and there were no barriers to hinder aeolian sand
transport from the flood deposit toward the archaeological sites. However, fewer than half of
these type 1 sites (two of the five type 1 sites; Figure 2) exhibited measureable aeolian deposition
during the period of analysis. Moreover, a majority of the sites for which detailed data are
available (8 of the 13 total sites), encompassing a variety of classes, had measurable aeolian
erosion (deflation). Thus, interpretation of the site-specific surface elevation changes in the
context of the archaeological site classification suggests that most sites of all classes are likely
not transport limited with respect to aeolian processes (i.e., wind energy is often sufficient for
transport). However, apparently even the most favorably positioned sites (e.g., type 1) with
respect to fluvial sources of aeolian sand can still be lacking in either sediment source and/or
possibly the right temporal and spatial interaction of wind energy and sediment availability to
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cause net long-term deposition and improve the chance of archaeological-site preservation in
place.

Clearly, the classification system developed in 2013 and 2014, and the actual classification of
archaeological sites, creates an important framework that should be further evaluated as a guide
for future monitoring and research efforts. In particular, the classification provides scientists and
managers with hypotheses that can be tested concerning the expected future landscape response
of individual archaeological sites relative to dam operations and high flow events. The
classification also promotes hypothesis testing concerning the future landscape response of
individual sites to the potentially interacting effects of dam operation and high flow events with
contemporary and possible future mitigation efforts such as erosion control check dams and
riparian vegetation reduction treatments.
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Figure 1. Summary of archaeological site classifications completed as of winter 2014 for a subset of Grand Canyon National
Park river-corridor sites (previously presented by Sankey and others, and Fairley and others, January 28, 2014 GCMRC Annual
Reporting Meeting). Note that the classification of all river-corridor archaeological sites within Grand Canyon National Park (>
350 sites) will be completed in 2014 and presented in the final report of “Project J” of the 2013 and 2014 GCMRC biennial
workplan.
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of the mean for n sites.

C.2. Management Background

Project 4 has been designed to be responsive to the goals of the GCDAMP, the monitoring
requirements of the Grand Canyon Protection Act, the recommendations of the 2000 PEP
(Doelle, 2000) and the 2007 Legacy Monitoring Data review panel (Kintigh and others, 2007).
Project 4 has also been designed to be responsive to the needs of DOI agencies related to
compliance with Section 106 and Section 110 of the National Historic Preservation Act for
assessing effects of dam operations and effectiveness of experimental management actions such
as HFEs, as well as the effectiveness of other non-flow management actions that may be initiated
in the future to achieve the management goals for in situ preservation of archaeological sites.

When BOR decided to modify operations at Glen Canyon Dam in the early 1980s in order to
increase peaking power generation, they initiated a series of environmental discussions and
studies that led to development of an EIS and Record of Decision under the National
Environmental Policy Act (USDOI 1995, 1996) and a programmatic agreement (PA) under the
National Historic Preservation Act, all three of which included provisions to continue monitoring
and researching effects of dam operations on archaeological sites and other cultural resources.
Prior to these events, Grand Canyon National Park (GCNP) archeologists had been monitoring
cultural sites in the river corridor since the late 1970s, using a monitoring approach that was
designed to document the presence or absence of visitor use impacts and other types of threats
and disturbances (Kintigh and others, 2007). These threats and disturbances included
observations about erosion that potentially compromised the integrity of cultural sites. The NPS
monitoring approach was subsequently incorporated as the interim approach for monitoring dam
effects under the PA. This approach relied on assigning sites by categorical monitoring criteria.
Observations of change were supplemented with repeat photographs of impacted areas, and maps
were drawn to show locations of specific impacts. Monitoring was performed to meet the Park’s
compliance obligations under Section 110 of the National Historic Preservation Act (NHPA), to
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meet the section 106 requirements of BOR, and to identify sites that might require excavation or
other forms of treatment to preserve their cultural, historic, and scientific values. The current
NPS monitoring approach, which was developed by the Grand Canyon Cultural Resource
Program in 2011 (Dierker and Brennan, 2011), has peer-reviewed monitoring protocols and
mitigation protocols that guide monitoring and treatment activities in the park. The current NPS
protocols supersede and improve monitoring efforts as prescribed under the Archeological Sites
Information System (ASMIS).

In 2000, a cultural resources Protocol Evaluation Panel (PEP) recommended redesigning the
PA monitoring program to focus more specifically on monitoring the effects of dam operations
and evaluating the efficacy of erosion control efforts (Doelle, 2000). Although effects of dam
operations were not specifically defined by the PEP, it is clear from the context of discussion in
the PEP report that effects of dam operations were thought to be changes in the physical
condition of archaeological sites that result from the direct inundation of sites and increases in
rates of erosion that result from sediment supply limitations due to the presence and operation of
Glen Canyon Dam. Although the PEP criticized the “overly narrow focus, adoption, and
reliance on the *base-level’ hypothesis developed by Hereford et al.”, geomorphologists on the
panel recognized that “dam operations must contribute to the spatial and temporal variability in
rates of erosion of deposits along the river corridor” to some unknown degree. They also noted
that the hypothesis that aeolian influx of river-derived sand can affect rates of erosion of deposits
along the river corridor, as proposed by Thompson and Potochnik (2000), “had not been
adequately tested” and that “broader research on the topic would be useful.” Thus, the PEP felt
that it was important to structure the future monitoring program to distinguish and track the
effects of dam operations separately from other non-dam-related impacts that can also affect
cultural site condition, such as social trailing and artifact loss due to visitation. Specifically, the
PEP recommended that the monitoring activities of the NPS and GCMRC should be integrated
and refocused to: (1) evaluate the effectiveness of long-term management strategies (including
treatments designed to control/minimize dam-related erosion) and (2) evaluate effects of
different flow regimes on archaeological sites and other cultural resources such as Traditional
Cultural Properties (TCPs). The PEP noted that “monitoring should be designed and organized to
serve as the basis for periodic quantitative evaluations of the effect of dam operations,
effectiveness of erosion control methods, and development of treatment plans”. These
recommendations were later echoed and further refined by the members of the legacy monitoring
review committee (Kintigh and others, 2007), who emphasized the need for “unpacking the
concept of site condition” to distinguish dam-related effects from other sources of impacts to
cultural sites and for developing an explicit model to describe our understanding of how dam
operations affect site condition, and then design a monitoring protocol that could explicitly test
and evaluate the model.

Throughout the history of the GCDAMP, there has been ongoing discussion and considerable
debate about the need for monitoring programs in general and what purpose(s) monitoring is
supposed to serve. In general terms, monitoring can serve a broad variety of purposes (Hellawell,
1991):

e To assess the effectiveness of policy or legislation;

e To comply with regulatory requirements (performance or audit function); and,
e To detect incipient change (“early warning system”).
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Noon (2003) proposed an additional reason: to “assess the value and temporal (or spatial)
trend of those indicators that characterize the state of an ecological system”. In the GCDAMP
generally, and in the cultural program arena specifically, all of these reasons have been cited as
driving the need for monitoring (GCDAMP, 2003). Additionally, there is concern with meeting
legal mandates, such as those identified in the Grand Canyon Protection Act (GCPA), which
calls for “long term monitoring programs and activities that will ensure that Glen Canyon Dam is
operated in a manner consistent with that of Section 1802.” Section 1802 requires that the dam
be operated in such a manner as to “protect, mitigate adverse impacts to, and improve the values
for which Grand Canyon National Park and Glen Canyon National Recreation Area were
established including, but not limited to natural and cultural resources and visitor use.” In
addition, there are legal obligations embedded within the National Historic Preservation Act
(NHPA) that require federal agencies to consider effects of their actions on cultural resources
(NHPA, Section 106) and also for the responsible land manager to identify, evaluate, and protect
historic properties under their care (NHPA, Section 110). While monitoring is not specifically
required for compliance with NHPA, monitoring is routinely implemented as a component of
Section 106 compliance programs to assess effects of management actions or to evaluate the
effectiveness of mitigation measures.

In the 2003 Strategic Plan (GCDAMP, 2003), GCDAMP stakeholders distinguished two
monitoring categories: “Core Monitoring” and “Effects Monitoring”. The GCDAMP developed
the following definition of core monitoring:

Core monitoring consists of consistent, long-term, repeated measurements using set
protocols and is designed to establish status and trends in meeting specific management
objectives. Core monitoring is implemented on a fixed schedule regardless of variable
factors or circumstances (e.g., water year, experimental flows, temperature control,
stocking strategy, non-native control, etc.) affecting target species.

Effects monitoring, on the other hand, was defined as:

... the collection of data associated with an experiment performed under the Record of
Decision, an unanticipated event, or other management action. Changes in resource
conditions measured by effects monitoring generally will be short-term responses. The
purpose of effects monitoring is to supplement the fixed schedule and variables collected
under core monitoring. This will both increase the understanding of the resource status
and trends and provide a research opportunity to discover the effect of the experiment or
management action.

The project described here will implement monitoring protocols to address both “core
monitoring information needs” (CMINs) and “effects information needs” (EINs) for cultural
sites in Glen and Grand Canyons. The highest priority CMIN for historic properties, as revised
by the Cultural Resource Ad Hoc Group (CRAHG) and adopted by the Science Planning Group
(SPG) of the GCDAMP in the fall of 2005, is:

e CMIN 11.1.1 (SPG revised). Determine the condition and integrity of prehistoric and
historic sites in the CRe through tracking rates of erosion, visitor impacts, and other
relevant variables. Determine the condition and integrity of TCPs in the CRe.

175



In 2007, an expert panel reviewed the previous PA monitoring protocols and existing NPS
monitoring data and developed recommendations for potentially incorporating these “legacy”
monitoring data into future monitoring programs for the GCDAMP (Kintigh and others, 2007).
Among several recommendations, the panel recommended that the monitoring program be
redesigned to “unpack” the concept of site condition and separate out the factors affecting site
condition that are potentially dam-related from those that are not (Wood and Johnson, 1978;
Wildesen, 1982; Jones, 2007). The panel suggested that data from historical photographs might
be productively mined in the future to evaluate changes that have already occurred to the sites
through time. In addition, the reviewers suggested exploring the use of lidar technology as a tool
for measuring and tracking ongoing surface changes at archaeological sites that are potentially
linked to dam operations. At the same time, the panel recommended developing a model
reflecting current understanding of how dam operations affect archaeological site condition, and
to use the monitoring program to evaluate whether model predictions conform to monitoring
results. The current proposal incorporates all of these recommendations.

This project is designed to address two primary Strategic Science Questions (SSQs)
identified in the 2007 Monitoring and Research Plan (GCMRC, 2007):

e SSQ 2-1. Do dam-controlled flows affect (increase or decrease) rates of erosion and
vegetation growth at archaeological sites and TCP sites in the CRE, and if so, how?

e SSQ 2-4. How effective are various treatments (e.g., experimental flows, check dams,
vegetation management, etc.) in slowing rates of erosion at archaeological sites over the
long term?

A monitoring program is also essential for determining whether management actions
designed to stabilize or improve site conditions are working as intended. Therefore, this project
also directly addresses EIN 11.1 (formerly CMIN 11.1.2 of the GCDAMP Strategic Plan,
subsequently re-designated by CRAHG/SPG as EIN 11.1):

e EIN 11.1. Determine the efficacy of treatments for mitigation of adverse effects to
historic properties.

Additionally, this project addresses a general GCDAMP research information need
(formerly identified as CMIN 11.1.4 in the 2001 GCDAMP Strategic Plan):

How effective is monitoring, what are the appropriate strategies to capture change
at an archaeological site — qualitative, quantitative?

The desired future conditions (DFCs) for archaeological sites articulated by AMP
stakeholders and DOl management agencies identify preservation in place as the desired goal for
archaeological sites