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PREFACE

Large river systems are valuable national resources that provide numerous
benefits to travel, shipping, recreation, and fish and wildlife. However,
efforts to expand one of the uses frequently come in direct conflict with one
or more of the others. The Upper Mississippi River System (UMRS) provides all
of these benefits, and is heavily used. Development of a navigation system
with numerous locks and dams has provided a rapid, efficient route for
commerce to and from the Gulf of Mexico. In recent years, pressures have
grown for increased navigation and for further development of UMRS for
industrial uses. Managers of fish and wildlife resources and
environmentalists have become alarmed about the potential adverse effects that
such development may have on the ecosystem.

This guide attempts to bring together all scientific data that are
available on techniques that have been or can be used to offset or reduce the
impacts of development and maintenance of UMRS or other large river systems.
Decision makers are thus provided an objective description of options now at
their disposal when they attempt to weigh the merits or defects associated
with a particular action.

A prepublication version of the present document was prepared by the U.S.
Fish and Wildlife Service, National Fishery Research Laboratory, La Crosse,
Wisconsin, under a contract (No. 809-305) from the Upper Mississippi River
Basin Commission as part of the Comprehensive Master Plan for the Management

of the Upper Mississippi River System.

iii






ACKNOWLEDGMENTS

The concept of a guide to mitigation and enhancement techniques was
developed within the Environmental Subteam (later the Environmental Work Team)
of the Upper Mississippi River Basin Commission. It was primarily the ideas
and concerns of D. Kennedy (Wisconsin Department of Natural Resources,

La Crosse) that ultimately led to the project and eventual product. We
gratefully acknowledge the contributions of Kennedy, along with those of J. L.
Rasmussen (U.S. Fish and Wildlife Service, Rock Island, Illinois) and the work
of team members in setting objectives, defining the scope, and evaluating
approaches and formats. We greatly appreciated their assistance.

We thank the following persons for their contributions to this document:
W. B. Bickerstaff, U.S. Fish and Wildlife Service, Arizona Cooperative Fishery
Research Unit, Tucson Arizona, for abstracts of pertinent literature; E-P.
Multer, U.S. Fish and Wildlife Service, Columbia National Fisheries Research
Laboratory, Columbia, Missouri, for her searches of computerized data bases;
C. J. Hornung, U.S. Fish and Wildlife Service, National Fishery Research
Laboratory, La Crosse, Wisconsin, for her secretarial and technical assistance
in the preparation of the manuscript; the reviewers who edited this document,
evaluated the techniques, and added wvaluable information--particularly F. P.
Meyer and D. C. Hales, of the La Crosse National Fishery Research Laboratory;
and the many colleagues and others who contributed information and data for
our use, namely M. Abbruzze, Donnelley Environmental Services, Inc., Lanta,
Florida; W. Bertrand, Illinois Department of Conservation, Aledo; L. H.
Fredrickson, University of Missouri-Columbia; C. Fuller, Terrafix Erosion
Control Products, Inc., West Palm Beach, Florida; D. Gebken, Wisconsin
Department of Natural Resources, Madison; L. George and C. E. Korschgen, U.S.
Fish and Wildlife Service, Northern Prairie Wildlife Research Center,
La Crosse Field Station, La Crosse, Wisconsin; D. Kennedy, Wisconsin
Department of Natural Resources, La Crosse; L. Kowalski, U.S. Army Corps of
Engineers, St. Paul District, St. Paul, Minnesota; L. Marking, U.S. Fish and
Wildlife Service, National Fishery Research Laboratory, La Crosse, Wisconsin;
A. F. McDougald, Construction Techniques, Inc., Cleveland, Ohio; J. R. Niemi
and C. Strauser, U.S. Army Corps of Engineers, St. Louis District, St. Louis,
Missouri; C. H. Pennington and F. D. Shields, Jr., U.S. Army Waterways
Experiment Station, Vicksburg, Mississippi; J. W. Robinson, Missouri
Department of Conservation, Columbia; J. Thomas, Minnesota Department of
Transportation, St. Paul; and D. Urich, Missouri Department of Conservation,
Jefferson City.






Preface . .

TABLE OF CONTENTS

Acknowledgments « « s s @ & « & ¥ & & ¥ & & W S & ¥ F & © & @
Table of Contents . o o « « o o o o o o o o o s s s o o s » @
List: of Tables: « v = © ¢« # o w 6 5w ® 8 5 ® w % % § & & & % &
List of Figures . « & & ¢ & 5 @ o # = » & & @ & 5 % & & @ % &

Abstract .

Part s
Part II.
Part III.
Part Iv.
Chapter
Chapter

Introduction to mitigation philosophy,
regulations, and techniques . « .« « « &« + ¢ & &
Background of the Comprehensive Master Plan
for the Management of the Upper Mississippi

Riyer System s +« s & % » s @ % & % & & & © = & @

Methodology for assessing the impacts of man's
activities on fish and wildlife resources . . .
Summary of the effects of navigation, and of the
construction, operation, and maintenance of
a navigation channel on the Upper Mississippi
River System « « o o ¢ s 2 o o o ¢ s s o s » o o
1. Construction, operation, and maintenance
of a navigation channel on the Upper
Mississippl River System . ¢« ¢ ¢ ¢ o o o &
l.1. Clearing and snagging . . . « « « &
1.2. Channel enlargement, dredging,
and disposal of dredged material . .
l1.2.1. Physical effects . . . . .
1.2.2, Chemical effects . . . . .
1.2.3. Biological effects . . . .
1.3. Locks and dams « « « ¢« « o « o ¢ o &

1.3.1. Physical effects . . . « o

1.3.2. Chemical effects . . . . .

1.3.3. Biological effects . . .

1.4. River training structures . . . .
l.4.1. Physical effects . . . . .

1.4.2, Chemical effects . . . . .

1.4.3. Biological effects . . . .

1.5. Bank stabilization . « « « ¢« ¢« ¢ .« &

1.6. Flood protection levees . . « « « &

1.7. Water level regulation . . . « « . &

2. Adverse effects related to boat traffic . .

2.1. Physical and chemical effects of boat

traffde « = 5 @ o« s @ &« & 4 w8 9
2.1.1. Effects of boat waves . . .
2.1.2. Drawdown effects . . . . .
2.1.3. Effects related to pressure

velocity changes . . « . &«

Biological effects of boat traffic .

Pollution caused by boat traffic . .

Winter navigation . . ¢ « o & « o &

[WCI SR )
.
W
L

vii

Page
iii

vii
XV
xviii
xxiii

13

14
15

17
19
20
20
21
22
24
25
26
28
30
31
33
35
37
40

40
40
42

42
46
48
50



Part V.
Chapter 3.
Chapter 4.
Chapter 5.
Chapter 6.

Bank stabilization techniques . . . . .

Processes of erosion . « ¢« ¢« « + &

3.1.
3.2,
33

3.4.

Riprap
4,1,
4.2,
4.3.
4.4,
4454

Other
Sl
Seds

6.3.
6.4.
6.5

Currents « « a © = = 2 u = =
Wave action . « & o ¢ o o
Slope failure . . . ¢« ¢ «

3u3+1s Piping « « s & » @
3.3.2. Flow slides . . . .
3.3.3. Sloughing . + . . .

Summary of preventive measure
erosion . . . o . 0 e 0 .
revetments « « « o s o o o o
Situation to be mitigated or
Description of techniques .
Impacts on the environment .
Costs & = » » o « s ® » & »
Evaluation for use on UMRS
revetments and bulkheads . .
Situation to be mitigated or
Description of techniques .

5.2.1. Cellular concrete gr
5.2.2. Articulated concrete
mattresses . . o o
9:2.3. Enviroblex . « » =
S5¢2+sb« Polypods « » « = w
5245« Gablons « « s & w «
5.2.6. Sand- or concrete-fi
synthetic revetments
5.2.7. Used=-tire revetments
5.2.8., Bulkheads . . . . .

52w Ds
Impacts on the environment .
Costs % & @ % & ® & & & » @
Evaluation for use on UMRS .
training structures . . . . .
Situation to be mitigated or
Owlale GEOLHAE o o 2 o w &
6.1.2. Wind dams and dikes
Description of techniques .

6.2.1. Stone wing dams 5
6.2.2, Timber pile dikes
6.2.3 Jacks % ow @ W W
6:2.4. Fences =« . s « & =«
6.2.5. Tree retards . . .
6.2.6. Timber cribs . . .
6.2.7. Sand-filled syntheti
6.2.8. Miscellaneous river

structures , . .
Impacts on the environment .
COBER v w v » o % & w 5 5 &
Evaluation for use on UMRS .

viii

s against

enhanced

enhanced

ids g @

lled

* o . . .

Miscellaneous revetments . .

enhanced

¢ bags .
training

52
54
54
57
64
66
66
67

67
71
3!
72
79
81
82
84
84
84
85

87
88
91
93

99
102
105
106
107
109
112
114
114
114
115
116
116
118
120
122
124
124
124

127
127
132
133



Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

7.

8.

9.

10'

11.

12.

13.

Introduction to fixed and floating
breakwater StTUCLUTES « o o o o o o « o o « &
Fixed breakwater structures . . . « « « o o &
8.1. Situation to be mitigated or enhanced
8.2. Description of techniques . . . . . .
8.2.1. Rock breakwaters . . . .
8.2.2. Concrete breakwaters . . . .
8.2.3. Steel breakwaters . . . . . .
.2.4, Sand-filled synthetic
gandbags « s &« « % ® & ¥ + .
8.2.5., Miscellaneous fixed
breakwaters « « o o o « &
8.3. Impacts on the environment . . . . « «
8iboy Costs s o w & » & © = s & ® ¥ B @
8.5. Evaluation for use on UMRS e % & @ @ e
Floating breakwater structures . « . « « « &
9.1, Situation to be mitigated or enhanced
9.2, Description of techniques . . . . . .
9.2.1. Single prism breakwaters . .
9.2,2, Raft breakwaters . .« « + o« o
9,2.3. Catamaran breakwaters . . . .
9.2,4, A-frame breakwaters . . . .
9.2.5. Flexible breakwaters . . . .
9.2.5.1. Hovering breakwaters
9.2.5.2. Floating tire
breakwaters . . . .
9.2,6., Tethered float breakwaters .
9.2.7. Miscellaneous floating
breakwaters « « o« « ¢ » o s o
9.3. Impacts on the environment . . . . . .
9.4, COSES 4 & o o o » o o & 2 B B el
9.5. Evaluation for use on UMRS o8 oW ow W w
Introduction to measures for reducing soil
instability or hydrostatic pressures . . . .
Vegetation « « s & &« = 5 « s s & & » ® » =«
11.1. Situation to be mitigated or enhanced
11.2. Description of techniques . . . . . .
11.3. Impacts on the environment . . . . . .
Ilsbds ©osts o 5 o « & % & @« %« o & % % & % ®
11.5. Evaluation for use on UMRS . . . . . .
Chemical soil stabilizers . . . . o oW owow o
12,1. Situation to be mitigated or enhanced
12.2. Description of techniques . . . . . .
12.3. Impacts on the environment . . . . . .
12,4, COSES '« o & & o o o o & v 50w ow ow W
12.5. Evaluation for use on UMRS @ B @ W& ®
Erosion—-control mattings . « « « « o « o o« &
13.1. Situation to be mitigated or enhanced
13.2, Description of techniques . . . . . .
13.3. Impacts on the environment . . . . .
13.4., COBEE . o o o 9 = » & 4 % & & o &

ix

135
139
139
139
139
141
141

142

142
143
144
144
146
146
146
146
147
148
149
151
151

153
158

159
161
164
165

167
169
169
170
177
178
182
184
184
184
186
186
186
188
188
188
190
190



Part

Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

VI.
Chapter

14.

15.

16.

17.

18.

19.

20'

13.5. Evaluation for use on UMRS . . . . « . .
Filter fabrics .« « ¢ ¢ o ¢ o o o o o o « o o &
14.1. Situation to be mitigated or enhanced .
14.2. Description of techniques . . . « « . .
14.3. Impacts on the environment . « « « « o &
1B« COBES « o o » & w © & o o 3 & 4 & & & @
14.5. Evaluation for use on UMRS . . . . . . .
Hydraulic wells or drains « « « ¢« ¢ ¢ « ¢ o &
15.1. Situation to be mitigated or enhanced .
15.2. Description of techniques . . . « . . .
15.3. Impacts on the environment . . « « « « &
IS4y TCOBEE o w o 5 6 = & & 8 @& & & & b ® & &
15.5. Evaluation for use on UMRS . . . « . . .
Miscellaneous soil stabilizers or hydrostatic
pressure relief devices « « ¢ o ¢ ¢ ¢ ¢« o o o &
Island creation . o« ¢ o« ¢ ¢ o o o ¢ o o o ¢ o
17.1. Situation to be mitigated or enhanced .
17.2. Description of techniques . . . « ¢« ¢ .
17.3. Impacts on the environment . . . . . « .
I7:4: ©Costes = s & « « @ w 6 5 & & & & 0 = = @
17.5. Evaluation for use on UMRS . . « « ¢« « &
Berm creation and beach enrichment . . . . . .
18.1. Situation to be mitigated or enhanced .
18.2. Description of techniques . . . . . . .
18.3. Impacts on the environment . . « « o« o .
184« CostS v v« @ # & 6 w 5 6 @ u & 5 & & 6 ®
18.5. Evaluation for use on UMRS . . . . . . .
Water level control . « ¢ ¢ o o o o o s ¢ o o &
19.1. Situation to be mitigated or enhanced .
19.2. Description of technique . . . . . . . .
19.3. Impacts on the environment . . . . . . .
19:4. GoSES % 5 © % ©« & & @« 5 s ® © § @
19.5. Evaluation for use on UMRS . . . . « .+ .
Regulation of boat traffic . . . ¢« « « « ¢« « &
20.1. Situation to be mitigated or enhanced .
20.2. Description of techniques . . . « + .« .
20.3. Impacts on the environment . . . . .

20.4. COBES w 2 o o « % © & 5 % % & 6 ® % © ®
20.5. Evaluation for use on UMRS . . « « « « .

Dredging and disposal of dredged material . . . . .

21.

Dredges, dredging methods, and disposal of
dredged material . . o & ¢ ¢ 4 ¢ ¢ 0 o 0 o o .
21.1. Situation to be mitigated or enhanced .
21.2. Description of techniques . . . . . . .
21.2.1. Dredges and dredging methods .
21.2.2. Disposal of dredged material .
21.3. Impacts on the environment . « o« + » «
Z1.be LOBEE « o s % » s » u % 2 & « % & & s &
21.5. Evaluation for use on UMRS . . . . . . .

191
192
192
192
194
195
195
196
196
196
197
197
197

198
200
200
200
202
203
204
206
206
206
209
211
212
213
213
213
215
215
216
217
217
218
221
222
222
224

225
225
226
226
227
229
230
231



Part VII.
Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

Fishery management techniques . . . . .

22,

Figh ALtTACLOTS o » o « = & o » & @
22.1. Situation to be mitigated or
22,2, Description of techniques .
22.3. Impacts on the environment .
22,4, COSEE & » o o « o # & & &
22.5., Evaluation for use on UMRS .
Spawning structures . . « « ¢ o o o
23.1. Situation to be mitigated or
23.2. Description of techniques .
23.3. Impacts on the environment .
234 COSES & w « 5 o 5 % & « & @
23.5. Evaluation for use on UMRS .
Nursery ponds, coves, and marshes .
24,1, Situation to be mitigated or
24,2, Description of techniques .

24,2,1., Nursery ponds . . .

24.2.2, Nursery coves . . .

24,2.3. Nursery marshes . .
24.3., Impacts on the environment .
2hlbe COBEB 4 o v % o 5 s w & = &
24.5. Evaluation for use on UMRS .
Fish screens and barriers . . . . .
25.1, Situation to be mitigated or
25.2. Description of techniques .

25.2,1, Fish screens . . .

25.2,2. Fish barriers . . .
25.3. Impacts on the environment .
25,84 COBEE » o w's woi o @ & & @
25.5. Evaluation for use on UMRS .
Fish passage .« « ¢« o« ¢ o o ¢ & o o
26.1. Situation to be mitigated or
26.2. Description of techniques .

26.2.1., Fishways . . . « .

26.2.2. Fish locks and lifts

enhanced

L] L ] . L] L]
enhanced
L] e L] L] L]

26.2.3. Modified or improved culverts

26.3. Impacts on the environment .
26.8s Costs & « s & w.5 & & 5 3 %
26.5. Evaluation for use on UMRS .
Water control structures . . . . .
27.1. Situation to be mitigated or
27.2. Description of techniques
27.2.1. Skimming weirs and
penstocks . . . . &
27.2.2. Energy dissipators
27.2.3. Reregulating dams .

enhanced

27.2.4. Side channel modification

structures .« « + &
27.3. Impacts on the environment .
278s COSEE o & s o % u o = & &
27.5. Ewaluation for use on UMRS .

xi

233
234
234
235
240
241
242
244
244
244
247
248
249
250
250
250
251
251
253
253
254
255
256
256
257
257
265
267
267
268
269
269
270
270
273
275
277
277
278
280
280
282

282
282
284

284
285
286
287



Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

28.

29.

30.

31.

32.

33.

Management of water levels and flows

28.1. Situation to be mitigated or
28.,2. Description of techniques .

28.2.1. Management of water

28.2.2. Management of water
28.3. Impacts on the environment .
28.4. COSES &« o o o o o o & s e s
28.5. Evaluation for use on UMRS .

Wing dam modification . . « « « .+ .

29.1. Situation to be mitigated or
29.2. Description of techniques .
29.3. Impacts on the environment .
29:8: CoSt8 & & o o« »  » & » = o
29,5, Evaluation for use on UMRS .

Side channel modification . « « « &

30.1. Situation to be mitigated or
30.2. Description of techniques .
30.3. Impacts on the environment .
30:%:. Costs8 v s w » & © w » = o s
30.5. Evaluation for use on UMRS .,

Aeration techniques . . . . . . . .

31.1. Situation to be mitigated or enhanced
31.2. Description of techniques . .« « « o
31.2.1. Destratification . . + « « &
31.2.2. Hypolimnetic
aeration and oxygenation . .
31.2.3. Supplemental instream aeration
31.3. Impacts on the environment . . « . +
Fletde Cost8 o v ¢ 9 @ 5 & 8 5 & ¢« 6 5 & & &
31.5. Evaluation for use on UMRS . . . . . .
Control of nuisance aquatic plants . . . . .
32,1, Situation to be mitigated or enhanced
32.2. Description of techniques . . . . . .
32,2.1. Chemical control . . « . + &«
32.2.2. Biological control . . . . .
32.2.3. Mechanical control . . . . .
32.2.4. Habitat manipulation . . . .
32.2.5. Integrated pest management ,
32.3. Impacts on the environment . . « . . .
32,3.1., Chemical control . « « + « &
32.3.2. PBlological econtrfel .« « o « »
32.3.3. Mechanical control . . . . .
32,3.4, Habitat manipulation . . . .
B2:%s COBET o 5 9 v 56 8 ® % ® % 4.5 © v 5 =
32.5. Evaluation for use on UMRS . . . . . .
Manipulation of fish populations . . « . « .
33.1. Situation to be mitigated or enhanced
33.2. Description of techniques . . . . . .

33.2.1. Fishing regulations
33.2.2. Mechanical control
33.2.3. Drawdowns . . . .« .

xii

enhanced
levels .
flows . .

288
288
290
290
292
295
296
297
299
299
300
304
310
310
312
312
313
315
315
317
318
318
319
319

324
329
331
334
337
340
340
342
342
347
348
349
352
353
353
354
354
355
357
358
363
363
365
365
366
367



333
33.4.
33'5.

33.2.4. Chemical control . . o« « « &
33.2.5. Integrated pest management .
33:2:6s Stocking . s & o » # & 5 @
Impacts on the environment . . . . . .
COBES & w o & ® &« &5 w o & % & & & & &
Evaluation for use on UMRS . . . . . .

Part VIII. Wildlife management techniques . . « « ¢ ¢« ¢« « o« &
Artificial nest structures . « « « o & o o &

Chapter 34.

Chapter 35.

Chapter 36.

Chapter 37.

Chapter 38.

34.1.
34.2.

34.3.
34.4.,
34.5.
Island
35. 1.
35:2.

35.3.
35.4.
35.5.

Situation to be mitigated or enhanced
Description of techniques . . . . . .
34+2.1c NeBt Doxes s w « v « & @ &
34,2,2, Nest baskets « o « o o « o &
34.2,3: Platforms « s « « » % o « © oo
Impacts on the environment . . . . . .
Costs 5 4 & o % & ¥ & & & & & & & &
Evaluation for use on UMRS . . . . . .
creation or development . . . « . + &
Situation to be mitigated or enhanced
Description of techniques . . . . . .
35.2.1. Dredged material islands . .
35.2.2. Waterfowl nesting islands . .
Impact on the environment . . . . . .
COBEE » % & & » w & & ® w & » & % = @
Evaluation for use on UMRS . . . . . .

Marsh creation or development . « o « o« « + &

36.1.
36.2.

36.3.
36.4.
36.5.

Situation to be mitigated or enhanced
Description of techniques . . . . . .
36.2.1ls Potholes . « o o o« = » o »
36.2.2. Level ditching . . « =« » » =
36.2.3. Impoundments . « « o o « o o
36.2.4. Marsh creation with dredged
material o » o ® w8 0 w o @
Impacts on the environment . . . . . &
Costs & % o » o % & s o & & o » & & &
Evaluation for use on UMRS . . . . . .

Greentree reservoirs and mast management . .

37.1.
37.2.
37.3.
37.4.
37+ 5.

Situation to be mitigated or enhanced
Description of techniques . . . . . .
Impacts on the environment . . . . « &
Cogts s ¢ + v 5 4« @ 8§ & ¥ s & ¥ % 4
Evaluation for use on UMRS . . . . . .

Vegetation control . « ¢ o ¢ o ¢ o o o o o o

38.1.
38.2.

38.3.

Situation to be mitigated or enhanced
Description of techniques . . . . . .
38.2.1. Chemical control . . « . . &
38.2.2. Mechanical control . . . . .
38.2.3. Biological control . . . . .
38.2.4. Water level fluctuation . . .
38245 BUEDINE @ 5 6 o « 3 o » 2 o @
Impacts on the environment . . . « . &
38.3.1. Chemical control . . . . . &

xiii

368
372
373
374
376
377
378
379
379
379
379
382
383
386
387
388
390
390
390
390
395
397
398
399
401
401
401
401
405
407

408
412
414
417
418
418
419
423
424
425
426
426
426
427
436
438
439
440
443
443



Chapter 39.

Chapter 40.

Part IX.
Part X.
Part XI.
Part XII.
Part XIII.

38.4.
38.5.

39.1.
39.2.

39. 3.
39.4.
39.5.

40.1.
40.2.

40.3.
40.4.
40.5.
Summary . .
References
Glossary .

38.3.2. Mechanical control
38.3.3. Biological control

38.3.4. Water level fluctuation . . .

38.3.5. Burning . . . . .
Costs8 & s v & % ® ® & @ @
Evaluation for use on UMRS

Water level control « « ¢« ¢« o o &

Situation to be mitigated o
Description of techniques
39.2.1. Dikes and levees
39.2.2. Spillways and wate
control structures
39.2.3. Drawdowns . « .« .
Impacts on the environment
COBEE s % v = & 2 % 2 = »
Evaluation for use on UMRS

Revegetation . « « ¢« ¢ ¢ ¢ o o« &

Situation to be mitigated o
Description of techniques

°
r

r

r

enhanced

e o o o o

level

. L] * * L)
enhanced

40.2.1., Selection of plant species .

40.2.2. Site preparation
40.2.3. Planting of stock

propagules . . .
Impacts on the environment
Cost8 & s s & = % =
Evaluation for use on UMRS

e o o o o e e e o ° e o o
. ¢ o o o o o o o o e o o

L] e o e o L] e o o e o o o

Common and scientific names « « ¢ o« o &
Subject dndexX o« o » o « « o o © w6 ¢ © @

xiv

or

e o o o o

444
444
445
445
446
447
450
450
450
450

455
464
468
471
473
475
475
475
476
479

481
489
491
493
495
522
655
678
690



TABLE

10

11

12

13

14

15

LIST OF TABLES

Maximum height (feet) of waves generated by vessels of
different types moving through water 35-40 ft deep at
a constant speed of 10 knots . ¢ ¢« o ¢ ¢ o o ¢ o o o o

Construction costs (per linear foot) for tire mattress
protection structures (revet mattress with eight
modulars) at Rogers City, Michigan, summer 1976 . . . .

Costs (1977) of some methods of site preparation . . .

Cost analysis (1977) of revegetation treatments for
erosion control « « s v « & ®» w 3 5 ® W B & @B # H @

A comparison of costs (dollars per acre) of inundation
zone seeding techniques . . ¢« o ¢ o ¢ o & o o ¢ ¢ o o &

Costs of moving dredged material . « ¢« ¢« & o o o o o &

Construction costs for artificial reefs in Smith
Mountain Lake, Virginia . « « o s % o 5 « @ &« = » s s 4

Cost of walleye fry stocking compared with amortized
cost of new improved spawning shoal, based on observed
production of walleye fry on improved shoal, Lake
Osakis, Minnesota o « s o o » o o s 2 o 5 o 2 o o » o

Man-days of labor required for building barrier nets at
Lake Tyler East and Lake Jacksonville, Texas, 1975 . .

Summary of lake volumes and pumping data for
destratification of four eastern Ohio lakes . . « « « &

Cost comparisons of three proposed hypolimnetic
aeration and oxygenation systems for San Vicente
Reservolir,; California . + « s « 5 « v = % » &« # = & = e

Costs (thousands of dollars, in 1978) of mechanical
surface and diffusion aeration systems . « « ¢« ¢ « o &

Manufacturers and selected specifications of weed
harvesting equipment . ¢ « o« ¢ o o ¢ o ¢ o o o o o o

Selected references on the influence of drawdowns
on aquatic plant species .« ¢ ¢ ¢ ¢ ¢ ¢ o ¢ o o 0 o o

Typical harvesting budget calculation sheet for
mechanical control of aquatic vegetation .« « « ¢« « o &

XV

PAGE

62

111

179

180

181

231

242

249

255

322

337

338

350

351

359



Tables (cont.)

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Budget for rehabilitation of Marion Millpond,
Wis Cons in L] L] . L) L] L & L] L] L] L] L L] L] L] L] L] . L] L] @ L]

Summary of manpower, basic equipment, and costs for
nutrient inactivation by chemical precipitation . . .

Guidelines for operation of disposal areas . . « « &

Construction equipment needed for habitat
deve lopment . L] L] L] L] L] L] L] L] L] (] L d . L] L] ° L] L] L] . L]

Dimensions of potholes blasted with ammonium
nitrate ° L] L) L] L) L] L] L] L] Ll . . L) L] L] L) L] L] L] L] L] L]

Volume and costs of experimental potholes blasted
with charges of ammonium nitrate and fuel oil (ANFO)

Relation of cost and surface area of 84 potholes,
based on size of charge of ammonium nitrate and fuel
oi 1 (ANFO ) L] L] L] L] L] L] L] L] * L] ° L] ° L] L] L] Ll L] L] L] L]

Dimensions and construction costs of level ditches
constructed on State-owned areas in Wisconsin . . . .

Probable effects of water resource developments on
lowlands and on wood duck habitat « « ¢ « o o« o o « &

Costs of various cattail control methods in Utah in
the mid—1960's ® ® e o e o o 6 © o © © o © o o e ° o

Controlled burning costs for areas of various sizes on
the Mead Wildlife Area, Wisconsin, April 1961 and

1962 L] ° e o o o e o o e o o © o o© o o o & o 5 o o o

Average dimensions and costs of dikes on Wisconsin
wildlife ateas « « w o = w o o © = % 5 ® @ @ @ . @ 8

Size and costs of "tin whistle" spillway structures
used on Wisconsin wildlife areas . « « ¢« ¢ o o o o &

Comparison of advantages and disadvantages of
propagules obtained from different sources (nursery or
natural stand) or of different types (seeds, tubers,
rootstocks, cuttings, sprigs, seedlings, or
ELanSplants) » o« = % « & & » ¥ o W b oE W B & B % & @

Some suppliers of aquatic and marsh plants in 1973 .

xvi

360

361

393

394

404

415

415

416

418

447

448

472

472

483

484



Tables (cont.)

31 Estimated labor required for various steps in
vegetation establishment . . ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o ¢ o o 492

32 Costs (not including seed) for wetland farming
operations in Wisconsin . . « ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢« o & o « 493

xvii



FIGURE

10

11

12

13

LIST OF FIGURES

PAGE

The Upper Mississippi River navigation system includes
all or parts of the Upper Mississippi, Illinois,
Minnesota, St. Croix, Black, and Kaskaskia rivers.
Encircled numbers show location of locks and dams

1_27 e © e o o o e o © o o o o e e © o ° o o o°o o o o o 6

Variation of velocity and sediment load with depth
below water surface . o . ¢ ¢ o ¢ ¢ ¢ o o o o o o o o 57

Significant wave height as a function of wind velocity
and effective fetch .« o 4 o o o o s & s o s & s o« & & 59

Wave energy (Hn?) as a function of distance from the

sailing line and vessel speed (Froude number) for a

cruiser model moving through shallow water (prototype

depth = 5.5 FE) « = ¢ o o % o @ o @ 5 o b o @ & » 5 61

Angle of repose of riprap in terms of mean size and
shape of Stone « « ¢ ¢ o« o ¢ o o o o o « o o o o o o o 74

Recommended side slopes of trapezoidal channels in
terms of riprap angle of repose . ¢ « ¢ ¢ o« o o o o o 74

Enviroblox on a test site in a major barge canal in
comparison to an eroding riprapped revetment.

Vegetation is shown established on the Enviroblox . . 89

Polypods, precast concrete shapes for use in
protecting shores and banks .« « ¢ o o o o o o o o o & 92

Quadripods protecting the toe and cap of a stone
bDEcakWater s o « o % & & & ® ® & » w & & & % & 5 & » 3 93

Rock-filled gabion revetment construction. Filter
fabric or graded granular filter may be required
between the foundation and gabions « « « ¢ ¢ « & & « & 94

Counterfort detail for gabion placement . . « o« o« o & 96

Terraced tube revetment. The filter fabric was sewn
to the tubes at the point indicated . . . ¢« ¢« « ¢« « & 100

Tire mattress at Rogers City, Michigan, with offshore
modiles vented ¢ o « = o 5 o ® ¢« 2 % % s > @ & © ® > 104

xviii



Figures (cont.)

14

15

16

17
18

19

20
21

22

23

24

25

26

27

28

Timber or concrete crib bulkhead. Stones may be
placed in the crib to provide habitat for aquatic
organisms « « ¢ ¢ 4 & ¢ & s 6 6 6 6 6 s 8 s s 0 s s

Stone wing dam, showing construction details . . . .
Timber pile dike configurations including a single
row of timber piles with a wire fence (upper panel),
a double row of timber piles filled with rocks
surrounded by a wood fence (center panel), and a
cluster of timber piles (lower panel) . . . . . . .

Jacks, showing diagrams for a typical tetrahedron
(left panel) and a Kellner jack (right panel) . . .

Typical section and installation of fences . . . . .
Tree retards protect the bank by slowing the current
and accumulating debris. The submerged branches

provide cover for fish « « s o s « o s % o s = o & @
Typical section and installation of timber cribs . .

Diagram of a rock breakwater . « ¢« « ¢ ¢ ¢ ¢ o o o o

Diagram of a Harris floating breakwater shown with
the mooring arrangement and wave rider buoys . . . .

Diagram of a "Seabreaker" floating breakwater . . .

Typical catamaran breakwater design with the basic
plan (upper panel) and cross section (lower panel) .

Prototype of an A-frame breakwater structure . . . .

Floating tire breakwater with side view of bundle of
18 tires in the water (upper panel), top view of same
bundle as it is constructed on land (center panel),
and top view of the same bundle ready for attachment

to other bundles (lower panel) « « ¢ « o « o o o s o &

Shore protection mat of used tires and connecting
bridle L) L] L] . L] L] L L] . L] L] . L] L] . L] L . L] L] . L]

Cross-sectional view of a tethered float
DreakWater & o « = o o 9 @ v o o & s 3 ®» » & o & & 4

xix

106

117

119

120

123

125

126

140

148

149

150

151

154

155

159



Figures (cont.)

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Drawings of an offset breakwater structure showing

top view (upper panel), front view (lower left),
and side view (lower right).

inches

Cross sections of airfoil or hydrofoill breakwater

units.

0.2 in the upper panel and 0.l in the lower panel

Example of possible placement for wave—control

All dimensions are in

The h/c (height-to-chord or thickness) is

islands in Weaver Bottoms, UMR .

Schematic section (upper panel) and plan view (lower
panel) of a perched beach, constructed of sand-filled

bags .

Schematic section of a Beach Prism installation which
has just started to accrete sand

Diagram of a Wisconsin log crib for use as a fish

attractor

Temporary nursery cove barrier used on Lake Tyler
1975

East and Lake Jacksonville, Texas,

Schematic of a Mark VII horizontal traveling

screen

Functional components of the louver diverter, which is
designed to guide fish to a bypass system

3

The Hell's Gate paired vertical slot fish baffle .

Schematic plan of a typical Borland fish lock

Cross section of spillway with deflector or flip-lip

A vortex tube sediment trap illustrating the

ejection of sediment through the flow in the tube . .

Graph and synopsis of a typical water level
manipulation plan for a warmwater reservoir

Information flow for the habitat analysis approach in

.

which the Physical Habitat Simulation System (PHABSIM)

is used

.

Regions of reduced flow velocity between stone

dikes

XX

.

161

162

205

208

209

237

252

261

266

272

274

283

285

293

295

299



Figures (cont.)

45

46

47

48

49

50

51

52

53

54

35

56

57

58

59

King's vanes with curved wing (upper panel) and
reverse wing (lower panel) « « o ¢ o o ¢ o o o o o o

Enclosed pool dike, a modification of a wing dam on
the Missotrd RIVEE ¢ » o « .0 o & » 2 3 © & & # & &

Chute dike, a modification of a wing dam on the
Missouri River L] L] L] . L L] . L] L] Ll L] L] L] L] L] L] L] . . L

L-head dike, a modification of a wing dam on the
MISSOUL] RIiVEY o o o = & # o @ » & @ o & & & o » % @ a

Decision-making process and criteria designed by the
Side Channel Work Group to facilitate recommendations
for opening side channels . . « ¢« ¢ o ¢ o & o o o o &

Design of pump, pontoon, and motor used for
destratification of four small lakes in eastern

OhiO ° e o o . . ° o o ° o . e o o o o o . e o o . . .

Destratification system installed at El Capitan
Reservolr; California + o v v % o« & & & ¢ & & @ % @ &

Hypolimnetic aerator design used in Mirror Lake,
Wisconsin L] L] L] L] L] L) L] L] L L] . . L] B L] . L] . L . . L4

U-tube hypolimnion aeration . « « o« o« ¢ o o o o o o &
Outlet structure on Twin Valley Lake, Wisconsin . . .

Side stream oxygenation system developed by Hoskings
et al. (1977) that maintained 4 ppm dissolved oxygen
in the Houston Ship Channel . . . « ¢ &« ¢ o o o ¢ o &

The decision-making process for consideration
of artificial aeration as a lake restoration
BEChilgue w o o o w o 0 & © 5 & & 3 © % & 8.6 & & ‘& @

Processing methods for aquatic vegetation . . . . « &

Diagrams representing theoretical fish populations
(underfished, planned cropping, and overfished)
superimposed on segmented triangles representing the
first six year classes of fish populations reduced
(spaced) on a 50% mortality rate « « « o o o o o o o &

"Beaver Pipe,"” a device used to control water levels
in beaver ponds « ¢« o o o s ® s & s o o 8 6 5 s & & 9

xx1i

303

307

308

308

314

321

323

326

327

330

332

335

356

367

409



Figures (cont.)

60

61

62

63

64

65

66

67

Different types of marsh containment and protection
S truct ures * L] L) . L] L] L] L] L L] . L] L] L] L] . L L] L] L] L]

Typical levees used for water retention: homogenous
fi1ll embankment (upper panel), clay core embankment
(center panel), and diaphragm embankment (lower

panel) « & & @« @ w % @ @ ¥ B owmw ® B e w5 A B K 5 @

Straight drop spillway water control structure in
which stoplogs and sheet piling were used . . . . .

Profile of an ogee spillway . « o o o ¢ o o o o o &

Combination of an overflow tube and gated tube in a
dike for water level control « . « ¢« ¢ ¢ o ¢ ¢ & & &

Modified drop inlet spillway in which a half-section
of pipe riser with stoplogs was used « « « « o o« o« &

Tin whistle spillway with a vertical riser tube that
is connected to a horizontal intake and discharge
tube. Stoplogs in the vertical tube forces water
from the impoundment to rise and spill over the
SLOPIOEE 2 o o ¢ o & © % & & 5 o @ » % & « 5 & B ¥ ©

Sketches of typical freshwater marshes near lakes or
ponds (upper panel) and rivers (lower panel) in
eastern and interior United States, showing plant
associations that usually occur in these marshes . .

xxii

411

452

456

457

459

460

461

488



Mitigation and Enhancement Techniques
for the Upper Mississippi River System
and Other Large River Systems

by

Rosalie A. Schnick, John M. Morton, Jeffrey C. Mochalski,
and Jonathan T. Beall

U.S. Fish and Wildlife Service
National Fishery Research Laboratory
P.O. Box 818
2630 Fanta Reed Road
La Crosse, Wisconsin 54601

ABSTRACT

Extensive information is provided on techniques that can reduce or
eliminate the negative impact of man's activities (particularly those related
to navigation) on large river systems, with special reference to the Upper
Mississippi River. These techniques should help resource managers who are
concerned with such river systems to establish sound environmental programs.

Discussions of each technique or group of techniques include (1)
situation to be mitigated or enhanced; (2) description of technique; (3)
impacts on the environment; (4) costs; and (5) evaluation for use on the
Upper Mississippi River System. The techniques are divided into four primary
categories: Bank Stabilization Techniques, Dredging and Disposal of Dredged
Material, Fishery Management Techniques, and Wildlife Management Techniques.
Because techniques have been grouped by function, rather than by structure,
some structures are discussed in several contexts. For example, gabions are
discussed for use in revetments, river training structures, and breakwaters.

The measures covered under Bank Stabilization Techniques include the use
of riprap revetments, other revetments, bulkheads, river training structures,
breakwater structures, chemical soil stabilizers, erosion-control mattings,
and filter fabrics; the planting of vegetation; the creation of islands; the
creation of berms or enrichment of beaches; and the control of water level and
boat traffice. The discussions of Dredging and the Disposal of Dredged
Material consider dredges, dredging methods, and disposal of dredged material.
The following subjects are considered under Fishery Management Techniques:
fish attractors; spawning structures; nursery ponds, coves, and marshes; fish

xxiii



screens and barriers; fish passage; water control structures; management of
water levels and flows; wing dam modification; side channel modification;
aeration techniques; control of nuisance aquatic plants; and manipulation of
fish populations. Wildlife Management Techniques include treatments of
artificial nest structures, island creation or development, marsh creation or
development, greentree reservoirs and mast management, vegetation control,
water level control, and revegetation.
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PART I. INTRODUCTION TO MITIGATION PHILOSOPHY, REGULATIONS, AND TECHNIQUES

Concern over the environmental impacts of man's activities began to grow
in the 1950's and increased tremendously in the 1970's. During this period
much federal legislation was enacted to protect the environment, the major
piece being the National Environmental Policy Act (NEPA) of 1969 (Library of
Congress 1977). For the first time all United States Federal agencies were
mandated by law to protect environmental quality in all of their activities
and programs. Furthermore, all Federal agencies were to develop environmental
assessment procedures that could be used, along with economic and technical
considerations, in any program or activity. All agencies were required by
NEPA to avoid, or to minimize by restoration or enhancement, any adverse
impacts their actions might have on environmental quality. NEPA directed
that, to the fullest extent possible, impact analyses and mitigation
recommendations by the U.S. Fish and Wildlife Service (FWS) be incorporated
into any draft environmental impact statements (Library of Congress 1977).

The Fish and Wildlife Coordination Act of 1958 (Library of Congress 1977)
authorized FWS to investigate "all proposed Federal undertakings and
non-Federal actions proposed under Federal permit or license which would
impound, divert, deepen, or otherwise control or modify a stream or other body
of water and to make mitigation and enhancement recommendations to the
involved Federal agency" (emphas1s added FWS 1980d). "The Secretary of the
Interior was directed to make recommendations "as specific as is practicable
with respect to features recommended for wildlife conservation and
development, lands to be utilized or acquired for such purposes, the results
expected, and shall describe the damage to wildlife attributable to the
project and the measures proposed for mitigating or compensating for these
damages" (Library of Congress 1977). In addition, all Federal agencies must
give full consideration to wildlife in all projects. Wildlife and wildlife
resources are defined as birds, fishes, mammals, and all other classes of wild
animals and all types of aquatic and terrestrial vegetation on which wildlife
is dependent. A special section was written into the Act addressing the
maintenance of adequate water levels in the Upper Mississippi River (UMR).
The Act requires that the U.S. Army Corps of Engineers "give full
consideration and recognition to the needs of fish and other wildlife
resources and their habitat dependent on such waters, without increasing
additional liability to the Government, and, to the maximum extent possible
without causing damage to levee and drainage districts, adjacent railroads and
highways, farm lands, and dam structures, shall generally operate and maintain
pool levels as though navigation was carried on throughout the year" (Library
of Congress 1977).

To develop the mitigation recommendations and impact analysis required in
the Fish and Wildlife Coordination Act, FWS needed an internal document that
stated its policies. The mitigation policy of FWS began to evolve in the
early 1970's with a position paper related to losses of fish and wildlife
habitat as a result of federal water resource developments and activities



affecting navigable waters and wetlands. This paper was general, and did not
provide enough guidance for making decisions. As a result of issuance of
Executive Orders on the Protection of Wetlands and Floodplain Management (U.S.
President Executive Order 1977a, 1977b) and the expanding development of
energy resources, the need to develop an overall policy to mitigate impacts of
projects involving fish and wildlife became more critical. Consequently, FWS
developed a formal mitigation policy, which addresses (1) the levels of and
priorities for mitigation, (2) the techniques for impact analysis, and (3)
selection among mitigation tools. Although the policy addresses impacts to
fish and wildlife, habitat, and its uses, the primary purpose of the policy
focuses on recommendations related to losses in habitat value. The policy
adopted the definition of mitigation developed by the President's Council on
Environmental Quality in the NEPA regulations, which included the following
measures (Jahn 1979; FWS 1981a):

1. Avoiding the impact altogether by not taking a certain action or
parts of an action.

2. Minimizing impacts by limiting the degree or magnitude of the
action and its implementation.

3. Rectifying the impacts by repairing, rehabilitating, or
restoring the affected environment.

4. Reducing or eliminating the impact over time by preservation and
maintenance operations during the life of the action.

5. Compensating for the impact by replacing or providing substitute
resources or environments.

This policy allows Federal agencies to anticipate recommendations by FWS and
to plan for measures to mitigate impacts or enhance natural resources in the
area of the proposed action (FWS 198la).

In this guide we have used the definitions, principles, and regulations
of the Fish and Wildlife Coordination Act and the U.S. Fish and Wildlife
Service Mitigation Policy in identifying techniques and measures for enhancing
environmental resources and mitigating the impact of navigation and related
activities on the fish and wildlife resources of the Upper Mississippi River
System (UMRS) and other large river systems. These techniques can then be
used by resource managers to reduce the impacts of present and future
operation and maintenance of a navigation channel, of industrial and urban
development, and of natural processes--especially sedimentation.

Mitigation, as it relates to this guide, is defined to include the first
four kinds of measures. Compensatory actions or techniques are excluded. The
provision for substitute resources is a mitigation technique in the sense that
a certain area can be improved or reclaimed. Certainly, land could be
acquired in compensation for other land on large river systems, but the



emphasis in this document is on management or mitigation techniques that can
be applied directly to an existing environmental resource. An ad hoc panel of
the Upper Mississippi River Conservation Committee (UMRCC) recognized this
actuality for UMRS in the following statement:

"Many of the mitigation/enhancement techniques described in the
handbook, particularly management techniques, necessitate the
purchase of lands adjacent to the UMRS. The lands with greatest
potential for management to enhance fish and wildlife are the levee
and drainage districts. These areas were historically floodplain
lands which are currently farmed. The levees and water control make
this possible. While many economic benefits are realized, levee and
drainage districts also result in detriments to the environment

(loss of flood storage capacity, loss of fish and wildlife habitat,
increased sedimentation from agricultural runoff, toxicity from
pesticides and herbicides in agricultural runoff). Lands could be
purchased and returned to fish and wildlife purposes as a mitigative
measure.

"Land acquisition by itself is not an appropriate mitigation measure
unless it can be shown that in private ownership, that land would be
lost forever as a fish or wildlife habitat. More appropriately,

funds should also be provided to manage the land to raise its value
beyond that which normally would have existed without the project."

For certain areas within UMRS, acquisition is the only remaining method
of preserving environmental resources. D. Urich (personal communication)
described one such area: "Land acquisition is extremely important on the open
river and Illinois and Kaskaskia Rivers where little habitat remains to
mitigate/enhance. Agricultural levee construction, often federally
subsidized, along these rivers, coupled with drainage and clearing, have
reduced terrestrial habitat to narrow bands riverward of the levees. On the
170 mile stretch of the open river from Cairo to St. Louis, only 23 side
channels are left. Land acquisition followed by levee construction to reduce
siltation and dredging to recreate new side channels is about the only way to
enhance/mitigate where little fish and wildlife habitat exists."

Enhancement refers to the improvement of a situation that is already
operational; it does not include the rehabilitation or reconstruction of
something that was destroyed or damaged. There could be instances, however,
where a measure would be mitigating in one location and enhancing in another.

The mitigation and enhancement techniques identified in this document are
considered to be those that have or can be implemented on UMRS. We have tried
to indicate which techniques are most useful, least expensive, easiest to
implement, and least likely to cause environmental impacts.



The techniques involve four primary categories: (1) Bank Stabilization
Techniques, (2) Dredging and Disposal of Dredged Material, (3) Fishery
Management Techniques, and (4) Wildlife Management Techniques. Certain
techniques, such as water level control, have applicability to more than one
category. When this situation arises, the measure is thoroughly discussed in
one section and only briefly in others. Techniques have also been grouped by
function, rather than by structure; thus, some structures are discussed in
several contexts. For examples, gabions or synthetic sandbags are discussed
for use as revetments, river training structures, and breakwaters.

Discussions of each technique or groups of techniques include (1)
situation to be mitigated or enhanced, (2) description of technique, (3)
impacts on the environment, (4) costs, and (5) evaluation for use on UMRS.
Many uncommon or unique terms are used to discuss the many devices, forces,
and factors involved in hydrology. Readers are advised to consult the
Glossary (Part XI) for definitions of unfamiliar terms.



PART II. BACKGROBJEDTQE ﬂl‘slg COMPREHENSIVE MASTER PLAN FOR THE MANAGEMENT

Man has always had a great interest in large rivers, especially in their
use as transportation routes for himself and his goods. The UMRS is no
exception (Fig. 1). This system is an economic asset of great national
importance because it not only provides an efficient means of transportation,
but also sustains a sizable share of the nation's wildlife and fishery
resources. These interests sometimes come into conflict with each other, and
this conflict stimulated the formation of the Great River Environmental Action
Teams (GREAT) I, II, and III.

The Water Resources Development Act of 1976 (P.L. 94-587, 90 Stat. 2917)
authorized the development, investigation, and study of a river system
management plan by the GREAT teams that would incorporate total river resource
requirements--navigation, effects of increased barge traffic, fish and
wildlife, recreation, watershed management, dredging requirements, channel
maintenance, and water quality (U.S. Congress 1976). GREAT I, established in
1974, studied the Upper Mississippi River (UMR) from Minneapolis-St. Paul,
Minnesota, to Guttenberg, lowa; GREAT II, organized in 1976, studied the
stretch from Guttenberg to Saverton, Missouri; and GREAT III, established in
1977, was made responsible for the reach from Saverton to Cairo, Illinois.

The Upper Mississippi River Basin Commission (UMRBC) was directed by the U.S.
Congress (P.L. 95-502, October 21, 1978) to conduct and use studies to develop

a management plan for UMRS (UMRBC 1981). GREAT studies were included in this
mandate. The final report by GREAT I had, as its keystone element, a channel
maintenance plan that detailed improved methods for disposal of dredged

material (GREAT I 1980a). The GREAT II study plan centered on dredging
guidelines, interagency monitoring of dredged sites, and procedures for

selection of placement sites as outlined in its Channel Maintenance Handbook
(GREAT 1II 1980b). GREAT III identified problems and discussed procedures and
requirements for further study.

The directive to prepare a Comprehensive Master Plan for the Management
of the Upper Mississippi River System received its impetus from the
controversy surrounding the proposed construction of a replacement for Lock
and Dam 26 at Alton, Illinois. The debate centered on the premise that a
second lock would increase the capacity of UMRS for waterway traffic, and that
this increased traffic would adversely affect the natural resources of UMRS.
The technical studies recommended for generating the data needed to develop
management plans for UMRS were divided into four sections: environmental
studies, navigation and transportation, disposal of dredged material, and
computer inventory and analysis. Work on each section was to be conducted by
a specific work team.

One of the study objectives was the identification of enhancement and



Fig. 1. The Upper Mississippi River navigation system includes all or parts
of the Upper Mississippi, Illinois, Mimnesota, St. Croixz, Black, and
Kaskaskia rivers. Encircled numbere show location of locke and dams 1-27
(UMRBC 1982).



mitigation techniques. The Environmental Subteam (later the Environmental
Work Team) of UMRBC determined that a study to identify enhancement and
mitigation measures was important because present and future operation and
maintenance of the 9-ft channel, industrial and urban development, and other
increasing demands on UMR ecosystems would ultimately result in losses of
desirable fish and wildlife habitat, recreation, and cultural resources. In
addition, natural processes (mainly sedimentation) accelerated by urban and
rural development, would cause losses of habitat. Careful planning can
minimize many of these impacts; however, significant losses of desirable
resources could still continue. To overcome these situations, resource
managers need to identify and use mitigation and environmental enhancement
techniques to restore or replace lost habitats. The objectives of the study
were to (1) identify measures that could be used for mitigation, restoration,
protection, management, and enhancement of environmental resources; (2)
determine the adverse and beneficial impacts of each measure identified with
respect to the environment, national and regional economics, and the social
character of the region; (3) determine which of the measures identified could
be immediately implemented; and (4) determine costs and studies for the
measures identified that would require demonstration projects to evaluate
adverse and beneficial impacts.

The present document represents fulfillment of those objectives. The
study included a review of more than 3000 references, which helped identify
techniques currently in use, and others that are potentially useful, in
mitigating the adverse effects of navigation--including both operational and
maintenance aspects, and related activities of man on UMRS. Some of the
measures that require further study should have demonstration projects
designed to test their feasibility.

In this guide we identify numerous beneficial and adverse impacts,
address the application of techniques needed to mitigate negative effects or
improve specific conditions, evaluate the cost of applying different
techniques, and assess the applicability of these techniques to UMRS (UMRBC
1981).



PART III. METHODOLOGY FOR ASSESSING THE IMPACTS OF MAN'S ACTIVITIES ON FISH
AND WILDLIFE RESGURCES

It is not enough simply to identify the impacts of man's activities on
environmental resources and to suggest mitigation techniques. Methodology
must be available to quantitatively measure or assess the effects of these
activities on fish and wildlife. The traditional method of assessing the
value of fish and wildlife was based on the concept of "man-days of use."
Under this system, any perceived damages to environmental resources were
considered to have been mitigated if the number of hunting and fishing days
were the same before and after a project was completed. This approach did not
consider the quality or the amount of resource available (Schamberger 1979).
FWS has responded to the need for impact assessment methodology by developing
a habitat evaluation approach (FWS 1980b), rather than using other methods of
assessment. This method, called Habitat Evaluation Procedures (HEP),
standardized the means of quantifying fish and wildlife values.

The FWS has been refining the HEP method since 1974. The latest revision
(FWS 1980c) should aid in evaluating the status of individual species as well
as habitat types. Guidance in the selection of species to be assessed has
also been improved. The latest revision can be used throughout the planning
process rather than in the mitigation process alone. Guidelines in
determining relative values of unlike habitats are provided for in the
planning and mitigation process. Criteria in the form of habitat suitability
index models have been developed to provide information on the habitat
requirements of selected fish and wildlife species. The models are based on
suitability indices indicating preferences. Indices have been formulated for
variables found to affect the life cycle and survival of each species (McMahon
and Terrell 1982; Allen 1982; FWS 1980c, 1980d). Other documents, in the form
of handbooks, that can be used in conjunction with HEP include an evaluation
of reservoir habitat by Aggus and Morais (1979), of aquatic habitat by Raleigh
and Terrell (1978) and of terrestrial habitats by Baskett et al. (1980).

A description of the HEP method and its application was provided by
Schamberger (1979):

"The HEP methodology was designed to provide an objective and
quantitative estimate of the 'value' of fish and wildlife resources.
Habitat quality and quantity are integrated in a single index wvalue
called Habitat Units, based on measurable criteria in the habitat
known to be important in providing the life requisites of the fish
and wildlife species of interest. Measurements for a specific
sample site or area are compared against ideal conditions for
species found in the habitat being evaluated. The Procedures
provide both a description of baseline conditions and a comparative
display of any number of potential future conditions.
Future-with-project conditions can be compared with each other and
against baseline conditions or future-without-project conditions for



the target years desired. The difference between with-project and
without-project index values demonstrates the magnitude of the
impact. The HEP provide the type of display useful to planners and
decision makers when evaluating environmental/economic tradeoffs."

HEP is based on the assumption that (1) habitat for selected wildlife
species can be described by a Habitat Suitability Index, and (2) the Habitat
Suitability Index number is linearly related to carrying capacity. However,
HEP methodology does have limitations (FWS 1980b):

1. HEP presents a relatively static view of the ecosystem and thus
forces long-term averaging of analyses. In some respects this
is a positive feature, but it is also limiting because no
assurance is given that wildlife populations will exist at the
potential level predicted by habitat analyses.

2. HEP may not include all of the environmental or behavioral
variables that limit wildlife populations below the habitat
potential, including socioeconomic or political constraints
imposed by man.

3. HEP does not provide guidance for reliable predictions of future
land use projections.

4. HEP is applicable only for the species evaluated and does not
directly relate that species with other ecosystem components.
HEP conceptually addresses only the issues of populations of
certain species and habitat; biological integrity and
environmental values are not as well covered.

These limitations are not peculiar to HEP, but apply to many habitat-based
assessment methodologies and other resource planning procedures as well.

The various steps required in HEP are as follows: (1) determination
must be made whether the procedures are applicable to a particular study; (2)
if they are applicable, the study limits need to be defined, including
delineation of the study area, determination of cover types, and selection of
species to be evaluated; (3) baseline conditions must be described in terms
of Habitat Units, (4) future habitat conditions must be projected in terms of
Habitat Units, and (5) compensation plans must be developed, if appropriate
(FWS 1980c). The FWS has been using this methodology to evaluate many water
resource development projects of the U.S. Army Corps of Engineers, Soil
Conservation Service, and Bureau of Reclamation (formerly the Water and Power
Resources Service) .

When HEP assessments do not fully cover the important biological
characteristics of an area, FWS uses supplemental data, other methodologies,
or professional judgments to make mitigation recommendations.



In situations where instream flows are important in determining habitat
value, resource managers may consider using Instream Flow Incremental
Methodology to develop mitigation recommendations. The FWS has developed this
methodology "to quantify the impact on fish habitat resulting from incremental
modifications in stream flow" (FWS 1979a). The Cooperative Instream Flow
Service Group (IFG), Fort Collins, Colorado, developed this system.
Information gathered illustrates how changes in stream flows affect physical
aspects of fish habitats. The information is then developed into an index of
surface area of usable habitat for each section of river or stream studied.
The index allows comparison with optimal habitat of the same surface area and
helps predict how suitable a stream or river habitat would be for certain
species of fish and their various life stages. Calculations are made on the
area of stream required to provide good fish habitat, and this area is
compared with the total surface area. The comparison creates the "weighted
usable area" index. Using computer manipulations, one can calculate the
weighted usable area for each of several stream flows.

The IFG Incremental Methodology is based on the following assumptions
(FWS 1979a):

1. The physical variables of depth, velocity, and temperature, as
associated with the substrate, are assumed to be the most
important fish habitat variables when one is considering changes
in stream flow regimes.

2. The structure of the stream channel will not be altered by
changes in flow regimes.

3. The probability that fish will choose to live in any particular
hydraulic dimension (such as depth or velocity) is independent
of the probability that they will choose to live in any other
dimension.

4. A selected segment of river may be modeled by using a
representative sample reach of that river.

5. There is a direct relation between calculated suitability of
habitat and the use of the habitat by selected fish.

The IFG Incremental Methodology, as a result of this approach, can
provide solutions to problems that could not be solved with other inflow
methodologies. It allows for predictions of the impact that a given change in
flow will have on the fish habitat, various fish species, and each life stage
for any month of the year. Minimum flow concepts used previously did not
predict how a reduction of 50 cfs would affect fish; IFG Incremental
Methodology can supply an answer. This methodology allows fishery biologists
and hydraulic engineers to analyze fishery data in conjunction with stream
simulation models.
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The IFG Incremental Methodology is not designed to provide solutions to
several types of problems (FWS 1979a):

1. It does not address reservoir, lake, or estuarine problems. It
is specifically intended for use in streams and rivers.

2. It is not designed to generate a "minimum flow" recommendation.
However, it quantifies and predicts impacts associated with
various flows, thereby permitting the decision-maker to choose
among alternatives.

3. It does not predict the number or weight of fish that will be
produced in a stream under given conditions. It does predict
and quantify changes in the suitability of a specific habitat
for various species and life stages under differing flow
conditions.

4. To date, only physical aspects of a stream have been treated by
the IFG Incremental Methodology. The methodology does not
consider chemical or water quality variables.

Because benthic invertebrates are important in the food chain of fishes,
Herricks and Furnish (1980) considered extending the IFG concept of
incremental methodology to benthic invertebrates by evaluating the data and
literature available. Although data are available, they must be evaluated
from a number of perspectives before they can be used to develop relations
between habitats and organisms.

No single methodology is likely to be adequate for evaluating instream
flow needs for all species of fish; however, the basic approach should be the
same. Methodologies should eventually become standardized for groups of
species with similar biological and physical needs. Such standardization
would provide more credibility to the establishment of maintenance flow
criteria (White 1976).

The IFG Incremental Methodology has been standardized to some extent by a
computer simulation model called the Physical Habitat Simulation System
(PHABSIM). This system can portray the variation of physical habitat as a
function of flow and the variation of physical habitat over time, and can be
combined with water quality and temperature information to provide a total
habitat analysis (Milhous and Grenney 1980). A manual has been developed to
deal with the analysis of the physical habitat as it relates to flow (Milhous
et al. 1981).

The FWS developed methods to assess the impacts of multiple, rather than
single, land or water projects within an entire river basin. Porter et al.
(1979) described one such approach in which a combination of techniques were
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used on the Yampa River basin in northwest Colorado. A Geographic Information
System was used to manipulate map detail by computer rather than by manual
methods. Locations of projects were overlaid on composited wildlife maps to
determine possible conflicts. Methods were developed that could quantify and
compare relative impacts of projects on wildlife and that could predict
changes in fish habitat as a result of various projects. Porter et al. (1979)
stated that the combination of these methods provided FWS with the capability
to (1) "address incremental and cumulative impacts on fish and wildlife of
multiple development actions in basin-wide settings," and (2) "evaluate
alternative development scenarios from the standpoint of impacts on fish and
wildlife." The authors recognized that these methods required further
development, refinement, and analysis of cost effectiveness.

Other habitat evaluation systems have been developed, but are not widely
accepted or institutionalized (FWS 1981b; Yorke 1978; Galloway 1978). The
major methodologies in use by FWS at the present time are HEP and IFG
Incremental Methodology (FWS 198la).
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PART IV. SUMMARY OF THE EFFECTS OF NAVIGATION, AND OF THE CONSTRUCTION,
OPERATION, AND MAINTENANCE OF A NAVIGATION CHANNEL ON THE UPPER
MISSISSIPPI RIVER SYSTEM

A summary of the effects of navigation and the construction, operation,
and maintenance of a navigation channel on UMRS is required to enable an
understanding of the need for the various mitigation and enhancement measures
identified in this guide. Even though discussions of each technique describe
the "situation to be mitigated or enhanced" and "impacts on the environment,"
an overview of the total impact on UMRS is needed.

The various methods used to construct and maintain an adequate navigation
channel on UMRS have resulted in both adverse and beneficial impacts on the
physical, chemical, and biological features of the area. Topics addressed in
this Part include clearing and snagging; channel enlargement, dredging, and
disposal of dredged material; locks and dams; river training structures; bank
stabilization; flood protection levees; water level regulation; and adverse
effects related to boat traffic.

Channelization is also examined in a general and total approach, to
provide comprehensiveness. According to Parrish et al. (1978) "channelization
in its various forms (1) increases turbidity; (2) destroys natural substrate
habitat; (3) creates wide, shallow, unnatural flows; (4) causes excessive
illumination, water temperatures, and pH levels; and (5) creates
topographical difficulties for upstream migration." General effects of
channelization as they relate to UMRS are discussed in the environmental
impact statements on the 9-ft channel and the study reports by GREAT I and
GREAT I1I.

The following works concern the general effects of channelization: Arner
et al. (1976), Barclay (1980), Benke et al. (1979), Benson and Weithman
(1980), Bragg and Tatschi (1977), Bulkley (1975), Bulkley et al. (1976), Carey
(1966), Corning et al. (1975), Degenhardt (1973), Edwards (1977), Fredrickson
(1979), Griswold et al. (1978), Headrick (1976), Huish and Pardue (1978), Hunt
and Graham (1975), Keller (1976, 1978), King and Carlander (1976), Lund
(1976), Maki et al. (1980), Menzel and Fierstine (1976), Morris et al. (1968),
Nord and Schmulbach (1973), Norton et al. (1978), Porter (1977), Sanders
(1976), Schmal and Sanders (1978), Schmulbach (1974), Simons (1979), Speir et
al. (1976), Stern and Stern (1980a, 1980b), Timbol and Maciolek (1978), Winner
and Simmons (1977), and Zimmer and Bachmann (1976).
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CHAPTER 1. CONSTRUCTION, OPERATION, AND MAINTENANCE OF A
NAVIGATION CHANNEL ON THE UPPER MISSISSIPPI RIVER SYSTEM

The development of a navigation channel on UMRS has been a continual
process of construction, maintenance, and river training efforts since the
early 1800's.

In 1824 Captain Henry Shreve was commissioned by Congress to remove tree
snags from the main channel of the Mississippi River. This work included the
removal of trees as much as 100 to 200 ft back from the bank to eliminate the
source of snags. In one 3-year period, for example, the removal of 75,000
trees from the bankline resulted in banks being changed from vertical to
sloping.

In 1878 the U.S. Army Corps of Engineers was authorized to create a
4.5-ft navigation channel that involved channel training devices such as wing
dams and revetments. These structures tended to direct the river flow into
one main channel.

Later, in 1907, the navigable depth was extended to 6 ft between St.
Louis, Missouri, and St. Paul, Minnesota. This deepening was accomplished by
constructing two locks at the Rock Island Rapids and by dredging, in addition
to increasing the construction of river training structures.

It was not until a project of the 1930's--the construction of a 9-ft
channel--that the most significant modification of the Upper Mississippi River
(UMR) occurred. Beginning with authorization in 1930 and continuing until the
last navigation dam was closed in 1940, the upper reaches of UMR were
systematically converted from a free-flowing river to a series of 27 pools.

This change, coupled with the construction of additional revetments and
channel maintenance dredging, produced the most apparent changes in the
biology of UMR associated with navigation (Sinning and Zimmerman 1979).

The lower reaches of UMR (St. Louis, Missouri, to Cairo, Illinois),
usually called the Middle Mississippi River, experienced a different type of
development after 1927 to achieve a 9-ft channel. Before that time, both
stretches followed the same pattern of contraction, revetment, and dredging to
maintain the navigation channel desired (Simons et al. 1981b; Lagasse 1975).
In 1927, when a 9-ft channel (300 ft wide) was authorized for the Middle
Mississippi River, work began on lengthening the dikes and increasing their
numbers. By 1944, dikes had been built that constricted the width of the
river to 2000 to 2500 ft. An 1800-ft contraction plan was adopted that
required the construction of more than 800 timber pile dikes; however, a 9-ft
depth could not be maintained during low-flow periods. By 1965, stone had
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been added to the timber pile dikes, but a 9-ft channel still could not be
maintained consistently. After 1965, emergent stone wing dams were built to
contract the width to 1500 ft. By 1973, over 800 wing dams with a total
length of 91 miles had been built in 195 miles of river. In addition, 122
miles of revetments were developed to control bank erosion, and mainline

levees lined almost the entire Middle Mississippi River for flood protection
(Lagasse 1975; Simons et al. 1981b).

There are a total of 3166 wing dams on the upper and lower reaches of
UMR, of which 2438 are submergent and 728 are emergent. The Middle
Mississippi River contains 91% of the emergent wing dams on UMR. The rest of
UMRS has only a few wing dams. The Illinois River has 25 submerged and 7
emergent wing dams (UMRBC Environmental Work Team 1981d).

The UMRS navigation system, in addition to UMR, normally includes all or
parts of the Illinois, Minnesota, St. Croix, Black, and Kaskaskia rivers
(Fig. 1)« The navigable portions of these rivers were described as follows by
the UMRBC Environmental Work Team (1981b): "Tributaries included in the
study are the Illinois Waterway in Illinois, with 327 miles of navigable water
and eight locks; the Kaskaskia River in Illinois, with 24.8 miles of navigable
water and one lock; the Black River in Wisconsin, with 1.4 miles of navigable
water; the St. Croix River in Minnesota and Wisconsin, with 24.5 miles of
navigable water; and the Minnesota River in Minnesota, with 21.8 miles of
navigable water. The latter three tributaries have no locks and are
maintained by dredging."

1.1. CLEARING AND SNAGGING

Clearing and snagging involves the removal of vegetation, rocks, and
other debris from channels and riverbanks to drain floodplains for
agriculture, to protect people from floods, or to create and maintain a
navigable channel. The primary reason for clearing and snagging in the 1800's
on the UMR was to make the river suitable for navigation (Rasmussen 1979).

Yorke (1978) described the impacts of clearing and snagging on certain
physical and chemical characteristics of rivers as follows:

Depth and stage: Removal of vegetation and other obstructions in channels
tends to create more uniform depths. Pools formed by turbulence from water
flowing around or over logs, gravel berms, or other obstructions gradually
disappear. Depth of overbank flooding decreases due to improved conveyance
of the main channel.

Water surface area: Removal of organic debris, gravel bars, and small islands
increases water surface area. However, continued clearing eventually may
train the stream to a deep, narrow channel with less surface area than the
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original channel.

Channel configuration: The channel becomes more uniform. Gravel bars, scour

holes, and protected pockets of slack water are eliminated. Edge habitat
is reduced.

Velocity: Water velocities become more uniform. Pools decrease in
cross-sectional areas and velocities increase when debris, gravel bars, or
small islands are removed. Velocities decrease in the previous riffle
areas as the cross—sectional area increases.

Temperature: Extensive removal of instream and streambank vegetation
increases insolation and the variability of water temperatures. Selective
snagging of stumps and deadheads does not affect temperature appreciably.

Suspended solids: Suspended solids at the site and downstream increase
temporarily during the removal operations. Clearing vegetation from the
banks could disturb the stability of the banks and result in a long-term
increase in suspended solids.

Bed material: Removal of downed timber and other obstructions on the
streambed may eliminate much of the instream cover and preferred substrate
of aquatic organisms. Removal of vegetation on the streambanks eliminates
the primary source of detritus for henthic organisms. Clearing has only a
relatively minor effect on the movement of bed material unless the armor
layer of the bed material is inadvertently removed. If this occurs,
significant local scouring may follow. If such scouring results in the
removal of extensive deposits of bed material, the increase in bedload may
be substantial.

Dissolved substances: A relatively short-term increase in total dissolved
solids, nutrients, and pesticides can be expected when bottom sediments are
disturbed during removal operations. An excessive increase in nutrients
may increase biochemical oxygen demand and cause an oxygen deficiency

downstream.

Light transmissivity: A short-term decrease in light transmissivity occurs at
the site and downstream during actual clearing operations. A long-term
decrease in transmissivity may occur if the operations involve extensive
removal of streambank vegetation. This removal results in increased bank

erosion and higher sediment concentrations.

Flow variability: There is no impact on flows unless clearing involves
overall deepening of the channel; the rapid drainage of adjacent lands may
then significantly decrease low flows.

Under the Environmental and Water Quality Operational Studies program,
the U.S. Army Engineer Waterways Experiment Station at Vicksburg, Mississippi,
is identifying and assessing the environmental impacts of waterway projects
such as clearing and snagging. These projects are being studied in efforts to
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develop improved design and construction procedures that will reduce the
environmental impacts of clearing and snagging (J. R. Niemi and F. D. Shields,
Jr., personal communication).

Lubinski et al. (1981) and Marzolf (1978) found potential ecological
impacts, but they did not consider the data adequate to yield quantitative
predictions of the biological effects of clearing and snagging. Lubinski et
al. (1981) stated that potential biological impacts depend on the operating
philosophy of the performing agency. Clearing and snagging modify certain
physical factors that, in turn, can have a potential biological effect. The
reduction of physical habitat diversity causes a decreasing hydraulic
roughness of stream channels and has several adverse results: (1) downstream
movement of decomposing organic matter, (2) reduction of spawning and nursery
habitat, (3) reduction in fish cover and shelter, (4) disruption of fish
territoriality and orientation, and (5) reduction in plankton production
because of the reduction of quiet-water areas. The removal of canopy
increases light, elevates stream temperatures, encourages growth of benthic
algae and macrophytes, and decreases organic matter input from terrestrial
vegetation.

The associated change in stream substrate can produce changes in the
production and kinds of benthic algae and macrophytes and in the distribution
and species composition of benthic macroinvertebrates. The removal of
vegetation results in (1) reduced habitat for macroinvertebrates, (2)
reduced habitat for the accumulation and decomposition of organic matter,
which results in less food for macroinvertebrates, (3) reduced diversity and
amount of fish food, (4) reduced fish cover and spawning habitat, and (5)
disruption in fish territoriality and orientation (Marzolf 1978).

Although most of the information and analyses in this section on the
impacts of clearing and snagging were incorporated from Lubinski et al.
(1981), Marzolf (1978), and Yorke (1978), the following references contain
pertinent information that augments this summary: Funk and Robinson (1974),
Hansen (1971), Hickman (1975), Lund (1976), and Strauser and Long (1976).

1.2. CHANNEL ENLARGEMENT, DREDGING, AND DISPOSAL OF DREDGED MATERIAL

Channels are often enlarged to increase their capacity to convey water or
provide drainage. Instream mining and maintenance dredging for navigation
result in enlarged channels.

Yorke (1978) described the impacts of channel enlargement and dredging on
certain physical and chemical characteristics of rivers as follows:

Depth and stage: Channel enlargement eliminates the diversity of water depths
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associated with natural meandering channels. Pools and riffles are
replaced by uniformly deep or uniformly shallow reaches of channels.
Enlarged channels carry a greater percentage of flow during floods, and
thus reduce the depth and duration of floodplain overflow. If the channels
are deepened, flows are lowered during dry periods, thereby promoting the
drainage of adjacent wetlands.

Water surface area: Deepening creates nearly uniform surface areas throughout
the year. The shallow-water zone near the banks, which is exposed during
dry periods and inundated during wet periods, is reduced in area. Widening
increases surface area and variability of the water surface area. Disposal
areas resulting from excavations to restrict the channel reduce the amount
of the floodplain area that is subjected to periodic flooding.

Channel configuration: Enlargement creates uniform conditions. Pools,
riffles, undercut banks, and other diverse habitats are usually eliminated.

Water velocity: Mean water velocities are reduced because the cross-sectional
area is increased. Velocities become more uniform throughout the cross
section because areas of high and low velocity are eliminated.

Temperature: Widening increases water temperature and the range of
temperature because of the greater water surface area, reduced velocity,
and elimination of shade by removal of streambank vegetation. These
actions increase the effect on insolation. Deepening has little effect on
temperature if streambank vegetation is not disturbed. However, the
disposal of excavated or dredged material in the adjacent floodplains will
increase water temperature because streamside vegetation is usually removed
or destroyed by construction equipment or suffocated by the deposits.

Suspended solids: During the construction phase of channel enlargement, the
concentration and discharge of suspended solids at the site and downstream
are temporarily increased. The result is an increase in the rate of
sediment deposition in the channel or floodplain, or both, at downstream
sites. Sediment discharge decreases after construction, but may persist at
higher than normal levels for a number of years as the stream channels
adjust to new flow regimes. Certain reaches of deepened channels may
become sinks and aggrade rapidly with fine sand and silt.

Bed material: Both widening and deepening disrupt the equilibrium of the
stream channel, disturb the bed material, and create a period of constantly
changing bed conditions. Deepening removes the armor layer of the
streambed and increases the movement of bed material until large particles
restabilize the surface. Channel widening may increase bedload as
additional fine bed material becomes available for transport, or it may
decrease the bedload and cause deposition because the increased
cross-sectional area severely reduces the competence of the channel for
transporting bed material. Removal of organic material from the bed
reduces food sources and the diversity of substrates available to benthic
organisms. Removal of streamside vegetation during construction may
substantially reduce the source of detritus that is added to the system
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annually.

Dissolved substances: Construction increases the total dissolved solids
eroded from newly exposed soils. Nutrients, pesticides, heavy metals, and
other substances that were bound to bottom sediments may be released to the
system. The disturbance of organic bed material and the release of
nutrients may increase the biochemical oxygen demand and cause oxygen
deficiencies downstream. Enlargement, particularly deepening, may promote
an increase in agricultural drainage and concomitant increases in salts,
nutrients, and pesticides during surface runoff. Increased channel
capacity reduces overflow and use of the floodplain for assimilation of
organic nutrients and wastes.

Light transmissivity: Construction activities reduce light transmissivity at
the site and at downstream locations because of increased sediment loads.
This condition may persist for many years as streambanks adjust to new flow
regimes. A more efficient channel and ancillary drains increase runoff,
and the accompanying silt and clay load reduces light transmissivity.

Flow variability: The range in water discharge increases. Peak flows are
higher and low flows are lower. Improved conveyance causes floodwaters to
move quickly through enlarged channels and concentrate at some point
downstream. This faster runoff results in higher peak discharges and
shortened periods of flooding. Deepening a channel increases drainage from
adjacent floodplains, which in turn increases the rate of groundwater
discharge and decreases the amount of water available to sustain the base
flow during dry periods. The deepened channel also may penetrate through
an impermeable or semipermeable layer beneath the stream bed and dewater
the channel as a result of water being lost to the groundwater.

Under their Environmental and Water Quality Operational Studies program,
the U.S. Army Engineer Waterways Experiment Station at Vicksburg, Mississippi,
is identifying and assessing the environmental impacts of waterway projects
such as channel enlargement. These projects are being studied in efforts to
develop improved design and construction procedures that will reduce the
environmental impacts of channel enlargement (J. R. Niemi and F. D.

Shields, Jr., personal communication).

Morton (1977) reviewed the physical, chemical, and biological effects of
dredging and disposal in estuaries. Lubinski et al. (1981) discussed the
impacts of dredging and dredged spoil disposal on the physical, chemical, and
biological aspects of UMRS.

1.2.1. Physical Effects

Three of the most important physical effects of dredging and disposal of
dredged material are filling of backwaters and main channel border areas,
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changes in bottom topography, which result in changed circulation patterns
(e.g., channel currents, induced shoaling, reduced flushing rates), and
filling in of a dredged channel from the erosion of a disposal site and
redistribution of the sediments. A lesser effect of dredging and disposal is
increased turbidity, but it is temporary and considered to be relatively
unimportant.

1.2.2. Chemical Effecte

A critical chemical effect of dredging and dredged material disposal is
the release of contaminants from polluted dredged materials. Such releases
can result in bioaccumulation, direct toxicity to aquatic organisms, or
reduced dissolved oxygen levels (Morton 1977). On the other hand, adverse
effects from contaminants are highly site-specific. Lubinski et al. (1981)
evaluated five dredging operations that did not result in significant
increases in contaminants.

1.2.3. Biological Effects

Lubinski et al. (1981) reported that dredging and disposal of dredged
material create impacts on the aquatic biota through (1) habitat destruction,
(2) physical damage and burial of benthic organisms, (3) increased exposure
to toxic contaminants, and (4) dissolved oxygen stress caused by additional
oxygen demand created by resuspended sediments and by the lowering of
photosynthetic rates that results from increased turbidity. GREAT I and II
determined that the most destructive impacts on UMR are habitat destruction
from disposal of dredged material and the movement of dredged materials into
backwater areas, or blocking flow into them. As a result, flow rates and
dissolved oxygen in backwater areas have often been reduced and sedimentation
has been increased (Lubinski et al. 1981).

Most of the information and analyses in this section on the impacts of
channel enlargement, dredging, and disposal of dredged material were
incorporated from Lubinski et al. (1981), Morton (1977), and Yorke (1978).
The following references also contain pertinent information that augments this
summary: Allen and Hardy (1980), Buchanan (1976), Farnworth et al. (1979),
Gammon (1970), GREAT I (1980a, 1980b, 1980f, 1980g, 1980h, 1980i, 1980j),
GREAT II (1980a, 1980b, 1980c, 1980f, 1980h), Held (1978), Herbich (1979),
Johnson (1976a), Lagasse (1975), Lohnes et al. (1979), McNutt et al. (1976),
O'Connor et al. (1977), Saucier et al. (1978), Shuba et al. (1978), Solomon et
al. (1974), U.S. Army Engineer Waterways Experiment Station (1976), and Wrigh!f
(1978).

There are additional references on contaminants in dredged material and
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sediment: Anderson (1978), Blom et al. (1976), Brannon (1978), Brannon et al.
(1978), Burks and Engler (1978), Chen et al. (1976), Fields (1976), Marking et
al. (1981), Nathans and Bechtel (1977), Neff et al. (1978), Nicholas and
Thomas (1978), Peddicord et al. (1980), Peddicord and McFarland (1978),
Peterson and Randolph (1977, 1979, 1980), Schnoor et al. (1980), and Sparks
and Smith (1979).

1.3. LOCKS AND DAMS

Locks and dams are low head structures on major rivers that are operated
to maintain constant water depths for navigation (Yorke 1978). Locks and dams
were constructed in the 1930's on UMR from the head of navigation at
Minneapolis-St. Paul, Minnesota, to St. Louis, Missouri, and have been in
operation since 1940.

Yorke (1978) described the impacts of locks and dams on certain physical
and chemical characteristics of rivers as follows:

Depth and stage: The construction and operation of these navigation
structures increases and stabilizes water depths in the channel because the
dams are operated to maintain fairly constant pool elevations. Flood
stages are increased slightly because of constriction of the channel by the
tie-back levees and locks. Aggradation of the channel near the head of
each pool decreases water depths and degradation immediately below each dam
increases water depths.

Water surface area: The pools created by locks and dams increase water
surface area over that of the natural channel. The variation in surface
area decreases because nearly constant pool elevations are maintained for
navigation. Overbank areas subject to flooding are increased unless levees
are used to contain the pools during flood stages.

Channel configuration: Regulation of flows through the structures creates
uniform channel configurations. Continuous pools eliminate riffle habitat.
Inundation of the floodplain in the lower reach of each pool increases the
shallow-water zone and the total edge habitat.

Velocity: Water velocities are lower for all stages and all points on the
affected reach of river, except in the immediate vicinity of the locks and
dams. The impact is greatest at low flow, when there is little water
surface gradient in the pools. At higher stages, the backwater effect of
the structures is drowned out and water surface gradient and velocity are
only slightly less than they were without the structures. High-flow
velocities in the immediate vicinity of the structures are higher than
normal because the structures constrict the channel.

Temperature: Water temperature probably increases because of an increase in
surface area and clearing of overstory vegetation in the permanent pool
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area. Thermal stratification usually does not occur because the pools are
generally shallow and through-flow is sufficient to maintain adequate
mixing .

Suspended solids: Construction of locks and dams and clearing of vegetation
in the pool areas causes a temporary increase in discharge of suspended
solids. This increase may cause sedimentation problems at downstream
points. Pools formed by these navigational structures eventually retard
sediment movement. Much of the sand normally transported through the
system settles out in the main channel, backwater channels, and sloughs.
Most of the silt and clay passes through the pools.

Bed material: The decrease in the energy gradient and associated water
velocity as a result of the navigational structures causes a decrease in
the movement of bed material in the river. The coarse material settles out
at the head of each pool, leaving only the fine sand to move as bedload.
The fine bed material throughout most of the river reach is relatively
unstable and a poor substrate for aquatic organisms.

Dissolved substances: Construction of locks and dams on a river causes a
temporary increase in total dissolved solids because of erosion at the
construction site. Lower dissolved oxygen levels may be a long-term result
because of reduced aeration in the navigation pools.

Light transmissivity: There probably is a significant decrease in light
transmissivity during construction of locks and dams. Long-term effects
are minor. Less light penetrates to the channel bed because depths are
increased, but this loss is probably compensated for by an increase in the
shallow~-water zone in the floodplain area inundated by the navigational
pool.

Flow variability: The structures have little effect on flow variability
because the storage capacity of most navigational pools is small. Peak
discharges may be reduced and attenuated slightly. Low flows may be
reduced because of evaporation from the greater water surface area of the
pools.

Simons et al. (1981b) investigated the effects of the locks and dams on
the physical aspects of UMR, and Lubinski et al. (1981) reviewed the physical,
chemical, and biological impacts of the locks and dams on UMR.

1.3.1. Physical Effects

Simons et al. (1981b) made the following points in their analysis of the
physical response of UMR to the construction of the locks and dams:

1. The construction of the locks and dams during the late 1930's
resulted in an immediate widening of the river due to inundation
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of a portion of the floodplain.

The long-term effect of the locks and dams has been to increase
the river width immediately upstream from a lock and dam and to
slightly narrow the river immediately downstream. In the period
between 1930 and 1973, the riverbed degraded below the locks and
dams, since much of the sediment that would have normally been
delivered was being trapped or dredged in upstream pools.

After construction of locks and dams, the main channel surface
area decreased in the upper subreaches of the study pools, but
increased in the lower subreaches.

In response to lock and dam construction, the number of islands
in the main channel initially increased between 1929 and 1938,
although the total island area decreased. This response was
mainly due to inundations of the lower areas of large islands

and floodplains. Between 1938 and 1973, however, the number of
islands generally decreased and total island area increased as

a result of sedimentation and coalescence of small adjacent
islands.

The riverbed areas of the upper subreaches of the pools
decreased between 1929 and 1972 because of encroachment of
floodplains. However, riverbed areas of the lower subreaches
increased because parts of the floodplain and islands were
submerged.

After construction of the lock and dam systems, the non-main
channel areas in the lower subreaches of each pool greatly
increased due to inundation of marshlands. However, after more
than 40 years of operation of the 9-ft navigation channel, the
water areas outside the main channel are slowly being filled.
The surface area is decreasing and the bottom is aggrading. The
U.S. Soil Conservation Service pointed out that, since
construction of the lock and dam system, periodic floods no
longer sweep accumulations of sediment downriver. The natural
processes of river change are no longer subject to the
destructive forces of floods. The result is a rapid loss of

water areas due to sediment inflow, deposition, and
accumulation.

In each pool, the riverbed elevation in the main channel
degraded immediately downstream from the lock and dam because
sediment was trapped in the upstream pool. However, the
riverbed aggraded above and near the primary control points
because operation of the lock and dam system reduced the
sediment transport ability of flow in the lower subreaches.
Aggrading portions of the river are the reaches that have
required extensive dredging to maintain channel depth.
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8. Annual minimum stages are lower now than in the past at
locations immediately below locks and dams and are higher at
locations immediately above them.

9. The locks and dams create a slight backwater effect during
floods.

10. The river position has remained basically unchanged.
11. Discharges were not significantly changed.

12. The velocity of the water decreased at low flow and remained
unchanged at high flow.

Lubinski et al. (1981) also reviewed physical effects of the locks and
dams on UMR and arrived at the following conclusions:

1. A major effect of pool construction was a decrease in current
velocities.

2. Such decreases in velocities usually result in a lower
concentration of suspended solids in the main channel and
increased sedimentation rates in off-channel areas. These
generalizations, however, do not hold in all reaches or habitats
of UMRS or at all flow rates. Turbidity has also increased in
many reaches of UMRS.

3. As a result of lock and dam construction, sediments were
accumulating at an average rate of 1 in. per year in selected
areas between Pools 3 and 10 of UMR. Most of the sediment
deposition occurs where the current is slowest, such as in the
downstream portion of the pool and backwater areas.

4. Long-term effects of pool construction have resulted in an
increase in island development upstream from locks and dams, in
addition to the silting of backwater lakes and marshes.

5. The temperature regime of a stream can be greatly altered by
impoundment. However, no comparative pre- and post-impoundment
data related to water temperatures in UMRS appear to be
available.

1.3.2. Chemical Effects

The construction of locks and dams on UMRS seemingly has had no
measurable effect on dissolved oxygen. Because of lack of data, no assessment
could be made of the impact on river nutrient quality (Lubinski et al. 1981).
General information on the impacts of locks and dams on chemical and physical
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characteristics of rivers was given by Yorke (1978).

1.3.3. Biological Effects

Lubinski et al. (1981) arrived at the following conclusions regarding the
effects of locks and dams on the biota of UMRS:

l. In general, lentic species were selected for, and lotic species
were selected against. Many lentic species may be eliminated.

2. Because the locks and dams broadened the river, increased its
surface area, corrugated it, and supplied nutrient to it, more
fish inhabit UMR below Lake Pepin, Minnesota, than lived there
before the arrival of the white man.

3. The degree to which locks and dams affect fish migration
patterns depends on the timing, magnitude, and duration of
floods that enable fish to circumvent these barriers.

4. The life cycles and distribution of some mussels with
host-specific glochidia have probably been changed, largely
because the migratory patterns of their fish hosts have been
altered.

5. Changes in aquatic plants, waterfowl, and mammals that were
related to pool construction have been noted. In particular,
inundation probably reduced the low-flow drying periods of
marshes that earlier helped "rejuvenate" marsh soils. Many
established submergent plant associations were replaced with
pondweeds after inundation and some reed stands in Pools 5 and 8
disappeared because of their need for occasional dry periods.
Many acres of bottomland timber have been converted to marsh after
inundation. In general, aquatic furbearing animals increased in
UMRS after inundation, but dryland furbearers decreased. In
addition, waterfowl increased remarkably, but upland game birds
decreased.

Although most of the information and analyses in this section on the
impacts of locks and dams were incorporated from Lubinski et al. (1981),
Simons et al. (1981b) and Yorke (1978), the following references contain
pertinent information that augments this summary: Bellrose et al. (1976,

1979), Brunet (1977), Chen and Simons (1979), Claflin (1973a, 1973b), Eckblad
et al. (1977), Eddy and Underhill (1974), Fremling et al. (1973), Fuller

(1978, 1980a, 1980b), GREAT I (1980d), GREAT II (1980g, 1980i, 1980k), Green
(1960), Hubley (1963), Madden (1974), McHenry and Ritchie (1976, 1977, 1978),
McHenry et al. (1976, 1978a, 1978b, 1980), Nakato et al. (1979), Solomon et

al. (1975), Sparks (1975b, 1978), Sparks et al. (1979), U.S. Army Corps of
Engineers, North Central Division (1978), U.S. Army Corps of Engineers, St
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Louis District (1979), and U.S. Army Corps of Engineers, St. Paul District
(1974).

The following references concern the general effects of impoundment:
Avakyan (1975), Baxter and Glaude (1980), Benson (1980), Butts and Ewvans
(1978, 1979), Ciliberti (1980), Cooper and Hubbell (1967), Dunst (1969), Gill
(1979), Hammad (1972), Kimsey (1957), Kittrell (1959), Lagler (1969),

Lindstrom (1973), Morris et al. (1968), Petts (1980a, 1980b), Purcell (1939),
Ragan (1972), SCOPE Working Group on Man-made Lakes (1972), Spence and Hyn
(1971a, 1971b), Walburg (1976), Whitley and Campbell (1973-1974), and Wright
(1968, 1978).

1.4. RIVER TRAINING STRUCTURES

River training structures (wing dikes, trail dikes, closing dams, stone
wing dams, wing deflectors, spur dikes, groins, and bank protectors) have been
built in a variety of configurations and materials. Generally, most are wing
dams or dikes that are built perpendicular to the flow or angled slightly
downstream to increase water flow and scouring in the navigation channel.
Another common structure is a closing dam that blocks a side channel and
diverts flow from backwater areas into the main channel (Turner 1969). Use of
river training structures constricts the river and supplants the natural river
meandering process. Training structures have been constructed with rock,
timber, concrete, and metal.

Yorke (1978) described the effects of perpendicular river training
structures on selected physical and chemical characteristics of rivers as
follows:

Depth_and stage: Perpendicular river training structures constrict and deepen
channels by concentrating flow in the center of the channel. Channel areas
between the ends of the structures and the banks gradually become shallower
as sediments accumulate in the slack water area behind the structures.

River stages are lower during low flows because the center channel is
degraded and higher during floods because the structures and accumulated
sediments reduce conveyance capacity of the channel.

Water surface area: Constriction of channels by perpendicular river training
structures and sediment deposition behind the structures reduce water
surface area during normal flows. The area inundated during floods may be
greater because the conveyance capacities of the main channels are reduced
by structures and more water is conveyed in the floodplain.

Channel configuration: Perpendicular river training structures initially
increase the diversity of stream channels. Deep water occurs in the center
channel, slack water behind the structures, scour holes at the end of

structures, and shallow water in deposition areas behind the structures.
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Edge habitat increases. However, sediment deposition behind the structures
eventually reduces the size of the channel and creates a deep, narrow,
uniform channel.

Velocity: Velocities increase in the center of the channel, and little or no
velocity remains behind the structures. Slack water areas eventually fill
with sediment, resulting in uniform velocities throughout the reach
affected by the structures.

Temperature: Perpendicular river training structures have little effect on
water temperature. Temperatures may increase if extensive streambank
clearing is required for equipment access.

Suspended solids: A local increase in suspended solids at the site occurs
during construction. The increase probably remains undetectable
downstream. Slack water immediately downstream from the structures induces
deposition of fine suspended sediments and, in turn, probably reduces the
total discharge of suspended solids and sedimentation at downstream
points.

Bed material: The purpose of perpendicular river training structures is to
constrict flow and to develop a self-scouring channel. Bedload increases
in the constricted channel area. Continuous sediment deposition occurs in
the channel area buffered by wing dikes. As a result, the bed material is
in a constant state of change and provides poor substrate for aquatic
organisms. However, rocks or timbers that form the structures provide
substrate for aquatic organisms.

Dissolved substances: Perpendicular river training structures generally cause
channel degradation that results in lower stages during low flow periods.
The lower stages can cause an increase in drainage from adjacent
agricultural land, thereby increasing the movement of nutrients and
pesticides into the waterway. A greater inflow of nutrients during low
flow periods increases the biochemical oxygen demand and can cause a
dissolved oxygen deficit. Conversely, an increase in overbank flooding
because of a decrease in channel conveyance capacity increases the use of
nutrients by floodplain vegetation and decreases the total nutrient load
entering downstream lakes or estuaries.

Light transmissivity: A slight decrease in light transmissivity often occurs
at the site and immediately downstream during construction. Deeper and
faster water in the central channel may also increase the amount of
suspended material and reduce light transmissivity. Light transmissivity
may increase behind the structures if sediment laden currents are precluded
from these areas and as sediments are deposited in slack waters.

Flow variability: The extensive use of perpendicular river training
structures along reaches of streams or rivers significantly affects
downstream flows. A reduction in channel conveyance increases overbank
flooding and and storage of water in the floodplain. This storage, in
turn, extends the duration of flooding and reduces peak discharges
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downstream. Reduction of the channel may induce rapid drainage of adjacent
land and a lowered water table. As a result, less ground water will be
available to sustain base flows during dry periods. The net result is

lower peak flows, higher median flows, and lower low flows downstream from
the controlled section of river.

Under its Environmental and Water Quality Operational Studies program,
the U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi,
is identifying and assessing environmental impacts of waterway projects such
as river training structures, with the aim of improving design and
construction procedures and reducing the environmental impacts of these
structures (J. R. Niemi and F. D. Shields, Jr., personal communication).

Simons et al. (1981b) ascertained the effects of river training
structures on the physical characteristics of the pooled reaches of the Upper
and Middle Mississippi River. Lubinski et al. (1981) reviewed the physical,
chemical, and biological impacts of stone wing dams and closing dams on the
upper and lower reaches of UMR. There are 3166 wing dams on UMR, of which
2438 are submergent and 728 are emergent. The lower reaches of UMR contain
91% of the emergent dams (UMRBC Environmental Work Team 1981d).

1.4.1. Physical Effects
Simons et al. (1981b) analyzed physical responses of the upper reaches of

UMR to the construction of submerged river training structures:

1. New islands and side channels were formed as a result of
sedimentation in dike fields.

2. River surface area and surface width were reduced.
3. Total area and number of islands were both increased.

4. No significant changes were caused in river stage, discharges,
or river deposition.

5. The riverbed was degraded at low flows.

6. Water velocity was increased at low flows and remained about the
same at high flows.

7. Sediment was deposited in the floodplain and backwater areas.

The response of the Middle Mississippi River to emergent river training
structures built in the 20th century, (in combination with flood protection
levees) has been as follows (Simons et al. 1981b):
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4,

The position of the river in the valley has remained unchanged
during the last century. In the absence of earthquakes or
great floods, it should remain so.

The average width of the river has been halved (from about 4200
ft to 2100 ft) since the 1880's. However, the present area

would not be significantly less than the original area if great
floods had not occurred during the 19th century.

River flows have changed little. Large peak flows do not occur
as frequently now as in the past. The annual minimum flow is
larger now, and mean annual flow is unchanged.

The mean annual maximum flood stage at St. Louis, Missouri, has
increased slightly during the last 100 years, whereas the annual
minimum stage has decreased significantly.

Except for occasional stages greater than 20 ft, daily stages at
St. Louis are lower now than in the past.

At all discharges, the depth of water in the river is greater
now than before modification.

The change in river cross section has reduced the carrying
capacity of the channel for flows that exceed the bank-full
stage. Perpendicular river training structures have constricted
the main channel. Stages for flood discharges are higher now
than in the past.

Lubinski et al. (1981), who also reviewed the physical impacts that both
stone wing dams and closing dams have had on the upper and lower reaches of
UMR, made these observations:

1.

The principal physical effect of stone wing dams is that of
concentrating flow in the main channel. As main channel areas
are narrowed by these structures, greater volumes of water are
forced through smaller spaces and the potential for scouring
increases. Some unpooled sections of the river are 11 ft deeper
than before construction of these emergent structures. As
volumes of water carried in the main channel increase, velocity
in other areas decreases. Reduced flows in the main channel
border areas may have beneficial effects in the form of locally
decreased bank erosion, but adverse effects in increased
sedimentation rates and the resultant loss of water surface

area. Since 1888 one-third of the water surface area in the
lower reaches of UMR where emergent wing dams were constructed
has become dry land.

Another effect of the construction of stone wing dams has been
to fix the position of the main channel in the riverbed. The
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UMR could soon consist of a main channel bordered only by
terrestrial habitat, rather than by the shallow lakes, marshes,
and backwaters that now exist on the upper reaches of UMR.

3. Depending on their heights, configurations, and angle to the
shoreline, stone wing dams result in either increased or
decreased bank erosion in the vicinity of the structure on
opposite shorelines.

4. Stone wing dams increase the available substrate-water surface
area and increase substrate diversity in the river.

5. The physical effects of closing dams are similar to those of
stone wing dams except that their impacts are greatest in
backwater areas where flows have decreased and sedimentation
rates have increased. Long-term decreases in backwater surface
areas can result from these effects. The magnitude of impacts
is directly related to the degree of flow loss, and therefore
also depends on the height and length of these structures and
their efficiency in blocking normal flow.

Although river training structures cause a decrease in water velocity in
the backwater areas, an increase in the velocity in the main channel areas
results in greater turbidity because of the increased capacity of the water to
carry suspended material (Weck and Crossan 1981).

1.4.2. Chemical Effectse

Lubinski et al. (1981) summarized the chemical effects of stone wing dams
and closing dams on UMRS as follows:

Although the chemical effects of stone wing dams and closing dams
are similar, they are more pronounced for closing dams. Closing
dams greatly reduce flow rates into side channels and backwaters and
permit the aggradation of fine silt and detritus in these areas.

Since the organic content of these materials is generally higher

than that of coarser sediments, a considerable demand may be placed
on the oxygen budget of water flowing through backwaters and side
channels. Daytime oxygen production by macrophytes and algae in the
areas can offset this oxygen demand. However, in shallow backwaters
with few macrophytes, water turbulence can resuspend the fine
sediments, increase turbidity, and limit oxygen production by
photosynthesis. Nighttime respiration of aquatic organisms can
reduce oxygen concentrations to critical levels unless adequate
oxygenated water flows through the area.

In some areas the buildup of fine sediments in backwater areas has
also been accompanied by an accumulation of toxic contaminants that
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are adsorbed on the sediments.

Additional information on the impacts that perpendicular river training

structures have on chemical and physical characteristics of rivers was given
by Yorke (1978).

1.4.3. Biological Effects

Lubinski et al. (1981) analyzed biological effects of stone wing dams and
closing dams on UMRS as follows:

Biological impacts of stone wing dams and closing dams have been
both detrimental and beneficial. Detrimental effects have been
long-term, and related primarily to increased sedimentation rates in
main channel border and backwater areas and a resultant loss of
aquatic habitat.

Backwaters represent the most productive areas of UMRS. These areas
produce tremendous quantities of macrophytes, plankton, and
macroinvertebrates. They provide reproductive and feeding areas for
valuable fish and wildlife resources. The resources produced in
backwaters provide important energy that helps to drive the total
biological system of UMR. Thus, any impact on biological
productivity, such as sedimentation induced by stone wing dams, is a
serious threat to biological resources in the entire system. Not

only are standing crops of organisms within backwaters limited by
sedimentation, but the reproductive potential of backwater species

is reduced due to physiological stress and physical interferences

with reproduction (e.g., sediment covering spawning beds or
smothering organisms).

The beneficial effects of stone wing dams and closing dams are

associated with added substrate and benthic diversity in UMR,

especially in areas where flow rates are suitable for productive and
diverse benthic communities. Not all of the stone wing dams and

closing dams constructed to date provide a useful substrate

diversity. A study of stone wing dams and closing dams along the

Iowa border revealed that nearly 33% had been covered with sediments and
almost 4% had been removed.

Structures that are not covered with sediment can provide a stable
substrate with a high surface to volume ratio, provide important
interstitial space, and serve as a catchment for detritus. Thus,
these structures provide food and protection for organisms and
provide high primary and secondary production. The large amount of
stable surface area and occasional increased light penetration due

to the low height of some stone wing dams provide ideal habitat for
periphyton. The periphyton, deposited detritus, associated
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bacterial communities, and surface area provide a habitat that is
typically high in secondary production.

The protection and food resources provided by submerged wing dams attract
a variety of species of fish, typically including smallmouth bass, crappies,
northern pike, and walleyes. They also provide substantial winter cover for
catfish. In addition, longnose gar, shortnose gar, gizzard shad, mooneye,
common carp, silver redhorse, golden redhorse, shorthead redhorse, and
smallmouth buffalo have been collected near submerged wing dams by the
Wisconsin Department of Natural Resources (Fernholz 1980b).

Within the lentic backwaters created by the wing dam, the reduction in
flow velocities causes suspended materials to settle out. This sedimentation
can alter the stream bottom and produce a mud-bottom habitat for aquatic
organisms. The population of benthic invertebrates may change from one
requiring strong currents and high dissolved oxygen concentrations to one
preferring or tolerant of quiescent conditions and lower dissolved oxygen.
Increased stability of bottom sediments and an increase in organic content of
these sediments may accompany the reduction in flow velocity (UMRBC
Environmental Work Team 1981d).

An additional impact of wing dams may be a reduction or elimination of
fish populations specifically adapted only to the main channel or its border
habitats. Critically important to long-term survival is the presence of
suitable spawning grounds. Paddlefish and most suckers, for example,
typically spawn on gravel bottoms in main channels. Transformation to lenthic
habitat will probably destroy these spawning grounds. Any change in benthic
invertebrates, forage fish, or aquatic and marsh vegetation and algae has the
potential to adversely affect fish populations. This effect can be caused by
a reduction in the quality or character of fish food, which can be deleterious
to species with specific food requirements (UMRBC Environmental Work Team
19814d).

Most of the information and analyses on the impacts of river training
structures reported in this section were incorporated from Lubinski et al.
(1981), Simons et al. (1980b), and Yorke (1978). The following references
contain pertinent information that augments this summary: Allen and Nordstrom
(1977), Barton et al. (1973), Burke and Robinson (1979), Burress et al.
(1982); Chee (1979), Colbert et al. (1975), Colson and Wilson (1974),
Degenhardt (1973), Emge (1972), Emge et al. (1974), Everts (1979), Franco and
McKellar (1973), Funk and Robinson (1974), Gill (1972), Johnson et al. (1974),
Kallemeyn and Novotny (1977), Lagasse (1975), Lovejoy and Kennedy (1979), Lun
(1976), Mikkelsen (1977), Rasmussen (1979), Schneberger and Funk (1971),
?olom;m et al. (1975), Sport Fishing Institute (1971), and Swales and O'Hara
1980).
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Additional general references are listed in Section 1.3 (Locks and dams)
and the section "Impacts on the environment" in Chapter 6 (River training
structures).

1.5. BANK STABILIZATION

Bank stabilization techniques, as defined here, include those used to
reduce erosion and the impact of sedimentation. Such measures include the
installation of revetments, river training structures, and breakwaters, among
others. In this section, however, our discussion of bank stabilization
structures includes only revetments and bulkheads that protect the bank
directly. Perpendicular river training structures and closing dams were
discussed earlier in this chapter.

Yorke (1978) described the effects of revetments and bulkheads on
selected physical and chemical characteristics of rivers as follows:

Depth and stage: Stabilization of the banks prevents or limits the natural
tendency for channels to migrate within the floodplain. Constricting the
channel eliminates much of the variability in water depth that occurs as a
result of scouring in pools on the outside of bends and point bar formation
on the inside of bends. The channel eventually becomes narrow and
uniformly deep.

Water surface area: Constraining natural channel migration creates deeper
channels with less surface area. The variability in amount of surface area
is also reduced.

Channel configuration: Bank stabilization produces a relatively smooth and
uniform bank configuration. Undercut banks and other protective pockets or
niches along banks are eliminated. Total edge is reduced.

Velocity: Bank stabilization causes the channel to narrow and deepen,
resulting in more uniform and rapid velocities.

Temperature: Installation of revetments and riprap normally requires the
removal of all streambank vegetation and some floodplain vegetation to
provide access for heavy equipment. This removal increases insolation and
the variability of water temperatures. Impacts are long-term because
normal maintenance practices prevent the reestablishment of overstory
vegetation.,

Suspended solids: An increase in suspended solids at the site and immediately
downstream occurs because of bank erosion and disturbance of bed material
during construction. This increase sometimes causes temporary
sedimentation problems downstream. However, bank stabilization reduces

long-term, suspended-sediment discharge and sedimentation problems.
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Bed material: The lateral migration of the channel is contained and, as a
result, the channel may adjust by downcutting. Bedload may increase and
reduce the value of bed material as suitable substrate for benthic
organisms. Removal of streambank and floodplain vegetation eliminates a
major source of detritus that serves as an energy source for the biological

community.

Dissolved substances: Removing streambank vegetation and preparing the banks
for protective materials may release organic matter to the stream system
that temporarily increases the biochemical oxygen demand and sometimes
causes a dissolved oxygen deficit downstream. Total dissolved solids may
increase during construction, but are reduced over the long term because of
the reduction of bank erosion. An increase in the discharge of nutrients
and pesticides and other agrichemicals may occur during low flow periods
because channel downcutting increases drainage from adjacent land.

Light transmissivity: Activities associated with installing protective
materials on the banks cause a temporary decrease in light transmissivity,
but the long-term impact is an increase because bank erosion and associated
turbidity are reduced.

Flow variability: The impact on flow variability is minor. If channel
downcutting occurs it induces a more rapid discharge of groundwater,
resulting in lower flows during dry periods.

Under its Environmental and Water Quality Operational Studies program,
the U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi,
is identifying and assessing the environmental impacts of waterway projects
such as bank stabilization. These projects are being studied to develop
design and construction procedures that will reduce the environmental impacts
of bank stabilization (J. R. Niemi and F. D. Shields, Jr., personal
communication) .

Lubinski et al. (1981) determined that revetments have the potential to
(1) create needs for more revetments downstream and on the opposite shore,
(2) reduce or eliminate the natural meandering of the main channel of
streams, (3) increase current velocity, which results in degradation of the
channel bed, (4) restructure shoreline habitat, (5) stabilize or completely
control erosion of banks, (6) temporarily destroy existing nearshore and bank
communities, (7) cause temporary resuspension of sediment, (8) provide cover
for reptiles, amphibians, and small mammals, (9) provide desirable habitat
for fish, (10) reduce habitat diversity if too much of the shoreline is
riprapped (as in the Middle Mississippi River), and (11) eliminate habitat
preferred by animals that use eroded and undercut banklines (e.g., catfishes,
muskrats, and river otters).

Most of the information and analyses in this section on the impacts of
bank stabilization was incorporated from Lubinski et al. (1981) and Yorke
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(1978) . For further information on adverse and beneficial impacts of bank
stabilization measures, see the sections entitled "Impacts on the environment"
in Chapters 4 to 6, 8 to 9, 11 to 15, and 17 to 20.

1.6. FLOOD PROTECTION LEVEES

Flood protection levees are earth embankments or concrete walls parallel
to stream channels designed to contain flood discharges within narrow banks of
the natural floodplain.

Yorke (1978) developed a generalized description of impacts that flood
protection levees have on certain physical and chemical characteristics of
rivers:

Depth and stage: Flood protection levees reduce the flood conveyance and
storage capacity of the floodplain and increase variability of stages and
water depths. Flood stages, in particular, are greater with levees in
place. Containment of flood discharges in a smaller cross—sectional area
may cause scouring and eventually create a deeper channel.

Water surface area: Levees contain overbank flooding and reduce the total
area subject to periodic inundation. Containment of flood discharges in a
smaller cross-sectional area may cause streambank erosion and widening of
the channel.

Channel configuration: Containment of flood discharges in a smaller
cross—sectional area may cause extensive scouring in the channel floodplain
inside the levees. Cutoffs in a meandering channel may also occur,
reducing total channel length, but increasing habitat diversity by creating
oxbow lakes and sloughs.

Velocity: Containment of flow in a smaller cross-sectional area increases
water velocities during floods, but there is no effect when the water stage
is bank full or less.

Temperature: Flood protection levees placed immediately adjacent to the
channel necessitate the removal of overstory vegetation and result in
greater variation in water temperatures. Daytime temperatures are higher
and nighttime temperatures lower. Levees set back on the floodplain do not
affect water temperature.

Suspended solids: Construction of levees causes a temporary increase in
concentration and discharge of suspended solids because erosion occurs at
the construction site. FErosion of levees during extreme floods may
increase temporary sediment discharge and cause local sedimentation
problems.

Bed material: Levees have little effect on bed material. Containment of
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flood discharges in a relatively narrow cross section may induce channel
scouring and increase bedload, reducing the substrate value of the bed
material for aquatic organisms. Levees along the streambanks eliminate
overstory vegetation and a major source of detritus that provides an
important energy source for the biological community.

Dissolved substances: Total dissolved solids may increase below levee
projects because the areas of floodplain and vegetation available for
assimilating dissolved substances usually are severely reduced. More
importantly, expanded agricultural, residential, and industrial use of land
protected by levees is likely to increase the amount of nutrients and
pesticides and other pollutants released into the river. The problem may
be particularly severe if agricultural drainage or residential and
industrial discharges are released when the river is low and insufficient
water is available to dilute the effluents. Pesticides and other toxic
substances may adversely affect aquatic organisms directly, and a high
nutrient load may affect organisms indirectly by causing oxygen
deficiencies in the river.

Light transmissivity: The transport of fine sediments during levee
construction temporarily decreases light transmissivity at the site and
downstream. Clearing of additional land or more intensive farming of land
protected by the levees increases surface runoff downstream from the levee
project, and the accompanying sediment transport reduces light
transmissivity.

Flow variability: Flood protection levees reduce storage capacity of the
floodplain. Flood waters are transmitted downstream faster and increase
flood peaks and decrease flood duration at downstream points.

Under its Environmental and Water Quality Operational Studies program,
the U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi,
is identifying and assessing the environmental impacts of waterway projects
such as flood protection levees. The projects are being studied to improve
design and construction procedures and reduce environmental impacts
(J. R. Niemi and F. D. Shields, Jr., personal communication).

The responses of the Middle Mississippi River to flood protection levees
and emergent river training structures as determined by Simons et al. (1981a)
are presented in section 1.4 on "River training structures." They also noted
that, although flood stages are higher now than in the past, flood protection
levees prevent flood damage when the Middle Mississippi River exceeds the
bank-full stage. Under natural conditions, flood damage occurred whenever the
river exceeded that stage.

Although most of the information and analyses in this section on the
impacts of flood protection levees were incorporated from Simons et al.
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(1980b) and Yorke (1978), the following references contain pertinent
information that augments this summary: Carson (1975), Dort (1980), Hansen
and Muncy (1971), Linder (1976), New England River Basins Commission (1976),
Pacific Northwest River Basins Commission (1969), and Simons et al. (1974).

1.7. WATER LEVEL REGULATION

Water level regulation helps maintain sufficient depth to provide for
navigation at low or moderate flows. The effects due to the stabilization of
low-flow water levels and to operational drawdown are of particular interest
in assessing impacts on the river ecosystem (Lubinski et al. 1981).

According to Lubinski et al. (1981), the responses of UMRS to
stabilization of low-flow water levels have been as summarized here:

l. Low-flow water levels in UMRS are more stable now than they
were before construction of the locks and dams. This
stabilization has been beneficial to populations of submerged
aquatic plants in UMRS.

2. On the other hand, the stable water levels probably shortened
the low-flow drying periods of some marshes. These drying
periods had earlier helped to "rejuvenate" marsh soils. The
lack of a drying period may now be preventing compaction of the
soils of many of the shallow bottomland lakes along the Illinois
River, thus sustaining the flocculent condition of their bottom
sediments.

3. Substantial water level fluctuations regularly occur in the
unpooled reaches of UMRS and have been known to dewater certain
side channels between St. Louis, Missouri, and Cairo, Illinois.

4. The operation of the locks and dams on the Illinois River
reduces dissolved oxygen concentrations.

Lubinski et al. (1981) found that operational drawdowns affect UMRS as
stated here:

Biological effects of drawdowns concern both the upstream (from a
dam) effects of decreasing water levels and the downstream effects
of increasing water levels. Sudden and drastic lowering of water
levels often leave fish stranded in pools isolated from the main
channel. Winter drawdowns lead to oxygen depletion and fish kills
and have a greater deleterious effect on game fish than on non-game
species. Falling water levels during the winter accompany a
definite movement by common carp, northern pike, crappies, spotted
suckers, and bowfins out of backwater areas. Water level
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fluctuations adversely affect plant communities and muskrats in the
Illinois River.

Drawdowns in impoundments cause certain zones to be periodically
exposed and result in those zones becoming virtually barren. Diel
flow fluctuations below dams can eliminate many invertebrate

species. Areas periodically exposed below dams were lower in
macroinvertebrate diversity, density, and biomass than areas not
exposed to drawdown. Water level fluctuations prevented the
establishment of "normal" benthic communities. Benthic organisms
have been reduced by 50% in fluctuation zones on the Lower Colorado
River, and submergent vegetation in these zones is non-existent.

GREAT II (1980k) noted that the biota on UMRS could be adversely or
favorably affected by drawdowns or water level fluctuation in the following
ways:

During critical spawning, nesting, feeding, migration, and other
periods of life cycles, fish, wildlife, and flora can be drastically
affected by sudden fluctuation of water levels. Natural rises in
pool levels and manipulation of pool levels to maintain commercial
tow passage can expose and destroy benthos and flora that are
primary food sources for fish, waterfowl, and furbearers.
Additional adverse impacts include island inundation during
waterfowl nesting, furbearer nest exposure or inundation during
critical times, flooding of vegetation, increased wave action and
turbidity, exposure of erodable shorelines, and development of a
littoral zone that is not constant in location and area.

Despite these potential adverse impacts, water level manipulation
can be extremely beneficial if managed with consideration for fish
and wildlife needs. Such management would entail comprehensive
evaluation of seasonal stress periods in fish, wildlife, and aquatic
vegetation. Manipulation of water levels can be used to facilitate
management of fish and wildlife resources by controlling
vegetational growth, providing fish access to spawning areas,
isolating islands from disturbance, limiting access of predators to
waterfowl nesting areas, and maximizing littoral zone productivity.
The management potential to control undesirable biological
productivity such as excess vegetation through water level
manipulation can be highly important. The GREAT II work group
recommended manipulation of water levels in Pool 16 to improve
habitat.

Although most of the information and analyses in this section on the
impacts of water level regulation was incorporated from Lubinski et al.
(1981), the following references contain pertinent information that augments
this summary: Austin et al. (197%9a, 1979b), Delfino (1977), Havera et al.
(1980), Helms (1969), Johnson (1971), Keeley et al. (1978), Kennedy (1979),
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Kuznetsov and Fadeyev (1979), Orlova and Popova (1976), Ragan (1971), and
Solomon et al. (1975).

Further information on adverse and beneficial impacts of water level
regulation on the environment and natural resources is given in the discussion
of Water level control (Chapters 19 and 39), Water control structures (Chapter
27), and Management of water levels and flows (Chapter 28).
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CHAPTER 2. ADVERSE EFFECTS RELATED TO BOAT
TRAFFIC

Boat traffic, as defined in this chapter, includes recreational boats as
well as commercial barges, but the major emphasis is on commercial barge
traffic. In general, commercial barge traffic affects the biological
communities of UMRS by "increasing turbidity; resuspending sediments which
move into the backwaters; creating changes in waves, velocity and pressure;
and increasing shoreline erosion. The development of fleeting areas,
terminals and other facilities are related impacts" (UMRBC Environmental Work
Team 1981b).

2.1. PHYSICAL AND CHEMICAL EFFECTS OF BOAT TRAFFIC

Any impact that the movement of commercial barges has on the environment
begins with physical effects (i.e., waves, currents, drawdown, and pressure
and velocity changes).

2.1.1. Effecte of Boat Waves

Physical impacts of waves generated by boats depend on the size and shape
of the boat, boat speed and draft, water depth, location of boat in relation
to shoreline, and width of the channel (Hay 1969; Bumm et al. 1973; Schulz
1978; Bhowmik 1975; Karaki and Van Hoften 1974; Johnson 1969; Camfield et al.
1980; Das and Johnson 1970). Generally, a boat traveling fast in shallow
water close to the shoreline generates the highest waves (Sorenson 1973).
High waves in narrow channels impact upon the shoreline with considerable
energy and have a potential to cause substantial erosion. The Illinois State
Water Survey (Bhowmik et al. 1981b) has collected data on the effects of waves
near shore in the Illinois and Upper Mississippi rivers that resulted from 41
tow passage events. Additional data were collected for a cabin cruiser and a
towboat without barges. The maximum wave heights ranged from 0.1 ft to 1.05
ft. Recreational boats travel faster than commercial vessels and generate
waves that are higher but of shorter duration than those generated by tows.
The observed wave heights and energies of both tows and pleasure craft are
sufficient to cause bank erosion.

Lubinski et al. (1981) reported on criteria developed by Hurst and
Brebner that accounted for a sizable proportion of the erosion attributable to
navigation on certain sections of the St. Clair and St. Lawrence rivers. The
criteria they established follow:

1. If the center of the navigation channel is 2000 ft or less from
the bank, 50% or more of the bank erosion is due to navigation.
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2. If the center of the navigation channel is between 2000 and 3000
ft from the bank, less than 50% of the bank erosion is due to
navigation.

3. If the center of the navigation channel is more than 3000 ft
from the bank, erosion is essentially due to natural causes.

According to Bhowmik et al. (1980), "vessel-generated waves have a direct
effect on bank erosion and sediment suspension in the near-shore zone. The
waves travel with little energy loss, but do dissipate with distance from the
vessel track. Thus vessel-generated waves are more important in narrow
channels or where the sailing line is close to the shore." Bhowmik and
Schicht (1980), who studied bank erosion of the Illinois River, concluded that
most shoreline erosion is caused by wind-induced waves and boat traffic.
Barges produce three successive effects as they pass a point on shore. First
there is a slight rise in the water as the bow wave passes. Then the water is
drawn away from the shore. The vertical fall can be substantial, perhaps on
the order of 1.5 ft. If the shore has a shallow slope, a considerable portion
of the bottom may be exposed. Finally, as the stern of the towboat passes,
the water rushes back in a series of waves. The water level along the shore
may continue to oscillate for many minutes after the towboat has passed. All
of these effects are most pronounced in narrow parts of the river channel with
gently sloping shorelines. Significant bank and shoreline erosion result and
the amount of sediment entering the system is increased (Sparks 1975a).

Simons et al. (1979) rated the relative magnitude of bank erosion
factors: shear stress or velocity was first; pool fluctuation was second; and
boat generated waves were thirde The authors wrote that average boat waves
generate erosive forces on river banks of the Connecticut River with a
magnitude on the order of 9 to 12% of the shear stresses caused by the flowing
water in an unrestricted channel system.

Erosion, and the additional sedimentation due to erosion, can adversely
affect the environment and necessitate additional dredging. On the other
hand, additional sediment loads may result in a wider channel with greater
capacity to handle flood waters (Lubinski et al. 1981). The GREAT II (1980i)
Sediment and Erosion Control Work Group attributed only 26% of the sediment in
UMRS to streambank erosion. Floods, wind waves, and boat waves are the causes
of this erosion. Simons et al. (1981b) estimated that 246.7 miles or 37% of
UMR and 91.4 miles or 32% of the Illinois River are very susceptible to barge
wash or maneuvering. If bank erosion and sediment entering side channels and
backwater areas are currently causing a problem, increased navigation could
aggravate the problem by increasing wave wash and rates of sediment discharge.
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2.1.2. Drawdown Effects

A loaded barge (large size, deep draft) traveling rapidly downstream
causes the greatest drawdown. Drawdown caused by loaded barges can expose
shore areas for several minutes. It can also cause significant flow changes
in small tributaries by changing the hydraulic gradient at their outlets.

Little or no drawdown is caused by recreational craft. Drawdown causes
periodic exposure of substrates and flushing action. A variety of organisms
associated with substrates can be exposed or temporarily stranded. For
example, floating aquatic plants, algae, and phytoplankton are washed from the
edges of emergent beds into sloughs and flushed from backwater areas. It is
not known how significant this effect is in UMRS, but drawdown effects may be
more significant in shallow channel border areas, in side channels, and in
backwater lakes and sloughs (Lubinski et al. 1981; UMRBC Environmental Work
Team 1981b; Sparks 1975a).

Bhowmik et al. (1981b) collected data on drawdowns during 27 tow passage:
on the Illinois and Upper Mississippi rivers. The maximum drawdown, which
ranged from 0.05 to 0.69 ft, depended on the velocity of the vessel, the
blockage factor (ratio of cross-sectional area of river to submerged
cross-sectional area of the barge), the length of the vessel, and the distance
of the vessel from the sailing line.

2.1.3. Effects Related to Pressure and Veloeity Changes

Tows cause temporary increases in flow and turbulence that, in turn,
cause resuspension of sediments (Lubinski et al. 1981). The amount of
material resuspended is dependent on several factors:

1. Velocity distribution downstream from the propeller (Liou and
Herbich 1976).

2. Proximity of the barge bottom to the riverbed, and the particle
size of bed material (Karaki and Van Hoften 1974).

3. Speed and frequency of passage of barges (Johnson 1976b).
4. Size of barges (Karaki and Van Hoften 1974).

5. Breaking region of waves produced by barges (Lubinski et al.
1981).

6. Water depth and engine horsepower (Yousef et al. 1980).

Areas with the following characteristics are usually most susceptible to
towboat-induced resuspension of sediments (Simons et al. 1981b): (1) short
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distance between bank and sailing line; (2) high sinuosity; (3) eroding
banks; (4) shallow depth; and (5) wunusually fine bottom sediments.

Results of studies of navigation on UMR (Pools 9 and 26) illustrated that
barges traveling upstream can double or triple ambient velocities for 2 or 3
minutes. The studies also showed that a barge headed downstream could
actually reverse the flow of the river for a short time. These changes in
ambient velocities were recorded at various distances and depths away from the
sailing line. In fact, 29% of the tows observed were outside the maintained
navigation channel. Increases in current velocities in the backwaters that
were attributable to barge traffic were generally 0.5 to 1.0 fps. This factor
is associated with unnatural resuspension of sediments and creates major
impacts on sediment deposition, resuspension, shore and bank erosion, and
water quality in side channels and backwaters (UMRBC Environmental Work Team
1981b, 1981c, 1981d).

Sparks (1975a) observed changes in rate and direction of flow in side
channels on the Illinois River after the passage of tows. Johnson (1976b)
recorded temporary velocity increases of 64% and 55% at the surface and
mid-depth, respectively, of a side channel on the Illinois River after the
passage of a single upbound tow. Herricks and Gantzer (1980) measured
velocity changes of up to 0.7 fps on the Kaskaskia River. Bhowmik et al.
(1981c) measured velocity and suspended sediment in a side channel on the
Illinois River. Velocity changes--both increases and decreases from
velocities before tow passage--observed for 27 tow passage events ranged
between 10 and 100%. Temporary velocity changes of 50 to 100% coincident with
tow passage were also observed in side channels and above wing dams in Pool 9
of UMR (UMRBC Environmental Work Team 1981d).

Tow passage can cause increased velocities in off-channel areas as well
as in and along the main channel. Relative increases in velocities decline as
distance from the tow increases. Consequently, finer particles are
transported farther than larger ones and have a tendency to settle out away
from the main channel. The smaller particles accumulate along the banks,
where velocities are lower. The rate of accumulation has been observed to be
greater after barge passage, for both fine particles in the main channel
border and sand and coarser material in the main channel. A study by Johnson
(1976b) demonstrated that resuspended sediments could be transported to
backwater areas (UMRBC Environmental Work Team 1981d).

Karaki and van Hoften (1974) observed that the bed material is usually
finer in the Illinois River than in UMR and, as a result, more easily
resuspended. The median particle diameter in the navigation channel of Pool
26 on the Illinois River is between 0.3 and 0.4 mm; the bed materials in Pool
26 of UMR have median diameters between 0.25 and 1.0 mm. In general, bed

material becomes finer as one progesses downstream in the main channel of the
main stem UMR (UMRBC Environmental Work Team 1981d).
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The Kaskaskia River is also sensitive to navigation-induced sediment
resuspension. Herricks and Gantzer (1980) found significant increases in
suspended solids associated with barge passage, although relative effects were
related to flow. Fine sediments moved laterally to the main channel border
and settled out where accumulations of fine silt fractions were the greatest.
Bhowmik et al. (198la) and others noted that suspended concentrations
following tow passage were greater in the main channel border than in the main
channel itself. Coarser sediments were also moved in the main channel (UMRBC
Environmental Work Team 1981d).

The resuspension of sediments causes a corresponding increase in the
concentration of suspended sediments in the water column. Simons et al.
(1981a) demonstrated that this concentration is the major cause of turbidity
in UMRS. The turbidity plumes from tow traffic have been observed through
infrared photographs by Karaki and van Hoften (1974). Field measurements of
tow traffic by Johnson (1976b) also showed significant statistical increases
in turbidity on the Illinois River and UMR. A study by the River Studies
Center, La Crosse, Wisconsin, showed that significant increases in suspended
sediments occurred at five morphologically different locations in navigation
Pool 9 of UMR and that the resuspension of sediments increased mass transport
of sediments in both the main channel and side channels. Mass transport was
greater in side channels that are located on outside bends and that intersect
the main channel at right angles. The levels of mass transport above
background levels in the side channels ranged from 0.22 to 31 tons per event
(UMRBC Environmental Work Team 1981d).

The recovery time--that is the amount of time required for suspended
sediment concentrations or turbidity levels to return to ambient
levels--varies greatly. Sparks (1975a) found that main channel turbidity in
the Illinois River required as long as 2.5 h to return to ambient levels.
Herricks and Gantzer (1980) found in the Kaskaskia that it took up to 30 min
for suspended sediment concentrations to return to pre-passage levels. At
higher flow the recovery time was the same. Bhowmik et al. (198la) observed
that in Alton Pool and Pool 25 in UMR, suspended sediment concentrations
returned to ambient levels 60 to 90 min after tow passage. The River Studies
Center, La Crosse, Wisconsin, found that the recovery time in Pool 9 of UMR
ranged from 35 to 90 min (UMRBC Environmental Work Team 1981d).

Bhowmik et al. (198la) observed that resuspension of sediments by tows
was greater when the pre-tow-passage concentration was low, and that the
increases were greater in channel border areas than in the navigation channel.
Tow passages less than 90 min apart caused average periods of increased
sediment concentration, although the average increase for multiple events was

less than the average increase for isolated events (UMRBC Environmental Work
Team 1981d).

The results of two studies indicate that passage of commercial vessels
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increased the proportion of larger diameter particles resuspended in the water
column. The passage of four size classes of recreational vehicles (16 to 65

ft long) at high velocities through a narrow side channel in Pool 9 of UMR
containing fine bed sediments resulted in significant increases in suspended
sediments. The recovery times, however, were shorter than those observed for
commercial vessels. A similar study, conducted in Pool 4 of UMR, showed that
the passage of commercial vessels resulted in greater increases of suspended
sediments than those observed in Pool 9 of UMR. These greater increases were
related to the presence of fine bed sediments and a small channel (UMRBC
Environmental Work Team 1981d).

Johnson (1976b) found that the passage of several tows within the
recovery time on the Illinois River had an additive effect on suspended solids
concentrations and turbidity levels. Although the recovery time for
transparency and suspended solids can be rapid, continuous passage of tows
have maintained high levels of turbidity and suspended solids that have
sometimes exceeded the maximum turbidity levels that normally occur during
flood stages. As traffic levels increase, the frequency of these additive
events also increases (UMRBC Environmental Work Team 1981d).

Deposition of resuspended solids is of grave concern, particularly as it
relates to the backwaters of a riverine system. During tow passage on the
Illinois, Bhowmik et al. (1981lc) found increases in suspended sediment
concentrations in the inlet and outlet to a side channel to range from 10 to
800% of concentrations present before the passage of the tow. Tow-induced
deposition could be a significant portion of the total deposition rate of the
pooled portions of UMRS. Simons, Li, and Associates estimated that, on the
average, tows currently add from 2% to 28% to the annual amount of suspended
sediment volume entering backwaters of UMRS. The percent contribution varies
with the physical characteristics of specific sites (UMRBC Environmental Work
Team 1981d).

Dissolved oxygen is a critical water quality characteristic that can be
influenced by tow passage. Both temporary increases and decreases of
dissolved oxygen have been documented. Slight increases have been attributed
to the mixing action of turbulence caused by tows moving through the area or
natural diel oxygen charges (Johnson 1976b). Herricks and Gantzer (1980)
found that decreases in dissolved oxygen (integrated for depth) resulted after
most tow passage events on the Kaskaskia River. The most severe reduction
occurred in August during low flow, when surface concentrations were reduced
from 9.7 ppm to 4.9 ppm. Recovery time was 60 min or less. They further
reported on the water quality of the Kaskaskia River as follows:

The effect of barge passage on water quality of the Kaskaskia River
includes lowering dissolved oxygen concentrations, decreasing
transparency, and increasing suspended solids. Additional impacts
include turbulent mixing of the water column, which alters
temperatures, chlorophyll concentrations, and primary productivity.
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The effects of barge passage are most pronounced during periods of
low flows and on bright, sunny days. The primary mechanism of
oxygen reduction was loss to the atmosphere due to turbulent mixing.
However, the data indicated that suspension of oxygen-demanding
sediments and displacement of phytoplankton from the photic zone may
also have had adverse effects on dissolved oxygen concentrations.

Observed decreases in dissolved oxygen can, in part, be explained by
resuspended bottom sediments containing fine organic matter entering the water
column to cause an increase in biochemical oxygen demand. Therefore, areas
that contain higher percentages of fine organic bed materials that are
susceptible to resuspension may be most susceptible to tow-induced decreases
in dissolved oxygen (Herricks and Gantzer 1980).

2.2. BIOLOGICAL EFFECTS OF BOAT TRAFFIC

Sparks (1975a), who investigated the effects of wave wash and
resuspension of sediments caused by boat traffic in the Illinois River, found
that barges can cause changes in the direction and magnitude of current in
side channels that interfere with spawning of fish and cause the resuspension
of sediments. Resuspended sediments can move into backwater areas and cause
increased sedimentation, turbidity, and biochemical oxygen demand. These
changes can lead to a shift in fish populations from game fish to catfish and
rough fish species, which have a higher tolerance for turbidity and low
dissolved oxygen.

Wave action can have considerable impact on some of the most productive
river areas, i.e., backwaters and littoral zones. These areas serve as
nurseries for larval fish and produce large amounts of macroinvertebrates and
plankton. Moreover, the greatest intensity and frequency of wave action
caused by heavy boat traffic (commercial and pleasure boats) during the warmer
months occurs during the most productive season for animals. Wave action may
affect the fauna and flora in a variety of ways. Larval and small fish and
benthic organisms may experience stress from excessive wave action; the shock
wave may actually knock invertebrates from plants and substrates, causing
physical injury and exposing them to predation. Invertebrates may be more
likely to be entrained in drift along steep shorelines exposed to currents
sufficient to sustain drift. Macrophytes may be uprooted by wave action, and
the wave action may make it difficult for plants to remain established in a
given area.

Sediment movement and resuspension may change the habitat to the extent
that it is no longer optimal or even marginally acceptable by some species.
Turbidity induced by wave action restricts periphyton communities and the
primary production of phytoplankton. Settling of resuspended sediment fouls
the gills of fish and invertebrates, smothers their eggs, and restricts
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primary production areas of submerged vascular plants (Sparks 1975a).

Virtually every biological component of the river ecosystem is affected
by physical and chemical changes caused by barge traffic. (UMRBC
Environmental Work Team 1981lc). The major impacts related to each component

are summarized here.

Component

Source of Impact

Terrestrial vegetation Bank erosion and runup.

and habitat

Aquatic habitat

Aquatic vegetation

Plankton

Benthos

Fish

Birds

Furbearers

Total effect of the following factors: altered
water velocities, directions, and levels;
increased concentrations of suspended solids;
high turbidity and sediment rates; and increased
wave action.

Water quality degradation; water level changes;
increased turbidity and sedimentation.

Increased sedimentation, turbidity, and
resuspended solids.

Increased velocity and turbulence; scouring
action causing dislodgment; burial by resuspended
bottom sediments; species density and diversity
altered; increased drawdown.

Changes in populations of food organisms;
increased suspended solids and associated
turbidity and sedimentation that interfere with
physiological functions and behavior; reduction
in spawning habitat; direct damage from barge
propellers and hulls; water level fluctuations.

Accelerated degradation of aquatic habitats
resulting in reduction of food sources and
nesting and resting areas; accumulative effects
of wave wash, sediment resuspension, bank
erosion, and general degradation of water
quality.

Water level fluctuations; loss of denning
areas due to bank erosion; loss of vegetation and
cover.

Lubinski et al. (1981) admitted that the magnitude of all these impacts
has not been determined on the biota of UMR, but believed that barge traffic
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is a significant contributor to increased turbidity and resuspension of
sediments.

Lubinski et al. (1981) and Morgan et al. (1976) pointed out four
potential direct biological impacts of boat traffic:

1. Significant reduction of carbon fixation as traffic increases.

2. Greater propeller entrainment of larval and juvenile fishes as
traffic increases.

3. Behavioral disturbance of nesting fishes.

4, Disturbance of eggs and larvae due to shear stress from boats.
2.3. POLLUTION CAUSED BY BOAT TRAFFIC

Simons et al. (198la), who investigated the potential for barge traffic
to resuspend contaminated sediments and to affect the water quality of certain
areas on UMR known to possess polluted sediments, reached the following
conclusions:

1. Barge passage resuspends bottom sediments, and increases both
turbidity and the concentrations of total suspended solids.
These effects are most pronounced where sediments are
fine-grained and easily suspended.

2. Where bottom sediments are contaminated, barge passage is likely
to result in the release of certain pollutants. Fine-grained
sediments display the greatest desorption tendencies.

Desorption of pollutants varies widely from site to site.
Pollutants most likely to be desorbed are manganese, ammonia,
oil, and grease.

3. Navigation can be expected to degrade water quality in locations
where sediments are contaminated by pollutants that have high
desorption tendencies or by pollutants that commonly exceed
water quality standards for aquatic life.

4. At locations where sediments are not polluted, barge traffic
would not increase levels of toxic substances in the water
column as a result of sediment resuspension. Barge traffic
would have little effect in most reaches of UMRS because the bed
materials in the main stem are mainly sand, which is relatively
free from contamination.

5. Most heavy metals are bound to the sediment and do not readily
reenter the dissolved state even during sediment disturbance.
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Manganese is the most frequently desorbed heavy metal, but is
one of the least toxic. Under conditions in which oxygen is
present, hydrous oxides of manganese and iron inhibit release of
heavy metals into the water column. In locations where the
oxygen demand of the sediment is high (e.g., Hastings, Redwing,
and Alma Boat Harbors, Lake Pepin, Alton, and the St. Louis
area), low oxygen and pH may periodically favor the release of
heavy metals. Problems would be greatest during low-flow
conditions when temperatures are high and oxygen concentrations
low.

6. Resuspended sediments often remove most heavy metals from the
dissolved state. Iron and orthophosphate are frequently
adsorbed or precipitated during sediment resuspension.

7. Resuspension of contaminated sediments may increase the quantity
of pollutants ingested by certain fish species if they ingest
sediment particles to which pollutants are adsorbed. Pesticides
(such as dieldrin and chlordane), PCB's, mercury, and lead pose
the greatest problems because they accumulate in tissues of the
biota.

8. Increased barge traffic would tend to redistribute contaminated
sediments because sediment resuspension increases mobility of
the sediment.

9. At locations where bed sediments are fine-grained, disturbance
of sediments by barge passage may decrease dissolved oxygen
concentrations at the surface during low flows and at night.
Barge traffic causes little change in dissolved oxygen during
high flows.

Bhowmik et al. (1980), who analyzed the potential for pollution caused by
traffic on UMRS, found the following impacts:

1. Water quality changes are primarily associated with the movement
of sediments and with chemical processes related to sediment
resuspension and aeration by propellers. Chemical effects of
vessel traffic are more intense in areas where sediment is
resuspended or deposited.

2. Accidents involving spills of chemicals or petroleum products
present specific cases that can be studied and will have
definite, potentially serious, effects on the river biosystem or
on municipal water supplies near and downstream from the
accident site.

3. Wastes from vessels and pollution occur wherever there is vessel

traffic. Fuel and oil leakage and spills are probably the most
important sources of pollution and are most significant near
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marinas, docks, or fueling areas. Oil leaks from cooling

systems and contaminants from outboard motor exhaust are present
in proportion to the number of vessels and the amount of traffic
in any given reach of the river.

4., Increased vessel traffic may increase the number of accidents.
Physical effects of accidents include shoaling, flow and traffic
blockage, channel obstruction, and damage to vessels and
structures along or in the river. Each accident involves a
combination of vessels, structures, channels, and circumstances,
and the affected area is peculiar to that accident.

2.4. WINTER NAVIGATION

Lubinski et al. (1981) summarized the effects that winter or year-round
navigation has had on the natural resources of UMRS. Winter navigation is now
restricted to the entire Illinois River and the Mississippi River south of its
confluence with the Illinois River. The potential for environmental damage is
great because of the increased physiological stress on organisms during cold
periods. Potential adverse physical impacts of year-round navigation include
ice breakage, disturbances caused by barge noise and movement, increased wave
action, disturbance of the river bottom, resuspension of sediments, and
increased possibilities of oil spills, release of toxicants from sediments,
and changes in water quality.

Areas with the greatest potential for damage are bends and river
crossings. Drift rates increased dramatically during barge passage. In the
absence of a traffic-free winter period, a failure of macroinvertebrate
populations to be replenished or recolonized may lead to lower species
diversity and density among fish and invertebrate populations. Other
potential impacts include increased instability of sediments, scouring of
productive benthic areas, increased probability of hazardous spills, adverse
changes in water quality, physical damage to aquatic organisms, and behavioral
changes in both terrestrial and aquatic organisms. However, few of these
effects have been quantified. Environmental studies are needed to assess the
impacts that year-round navigation may have on the environmental resources of
a river.

Although most of the information and analyses reported in this section on
impacts related to boat traffic were incorporated from Lubinski et al. (1981)
and Simons et al. (1981a), the following references contain pertinent
information that augments this summary: Academy of Natural Sciences of
Philadelphia (1980), Ashton (1974), Ashton et al. (1973), Bhowmik et al.
(1980), Bhowmik and Schicht (1979), Blaauw and van de Kaa (1978), Bouwmeeste:
et al. (1977), Bowman (1978), Bumm et al. (1973), Camfield et al. (1980),
Carstens (1980), Cawley (1978), Danys (1979), Environmental Control Technology
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Corp. (1975), ERT/Ecology Consultants, Inc. (1978), Great Lakes and St.
Lawrence Seaway Winter Navigation Board (1979), Harich (1972), Herricks and
Gantzer (1980), Karaki and Van Hoften (1974), Koster (1971), Kolkman (1979),
Link and Williamson (1976), Liou and Herbich (1976), McDonald et al. (1979),
McElroy et al. (1978), Morgan et al. (1976), Mueller (1980), Ostdiek et al.

(1978), Ouellet and Baird (1978), Schulz (1978), Sinning and Zimmerman (1979),
Souder et al. (1979), Sparks (1975a), Sparks and Thomas (1978), Stone and
McHugh (1977), Sydor and Stortz (1980), Teppen (1978), Van de Kaa (1979), Wang

(1974), Winslow (1977), Yousef (1974), Yousef et al. (1980), and Zimmerman
(1979).

The effects of boat traffic are further discussed in Chapter 20, on
"Regulation of boat traffic."
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PART V. BANK STABILIZATION TECHNIQUES

Bank stabilization is commonly used to channelize river flow for
navigation. As Lindner (1969) noted, there are two fundamental reasons for
employing channel stabilization measures: (1) protection of properties from
erosion and from floods, and (2) provision or improvement of channels for
navigation. Protection of the bank from erosion inhibits lateral migration of
the channel bed, and the energy of the river is dissipated in scouring the bed
and deepening the channel.

Simons et al. (1975) stated that the term "bank protection" implies that
the bankline has failed or is about to fail Bank protection may also be used
as a preventive measure. The proper design of bank protection requires an
understanding of how or why a bank failed. Identification of the ways in
which a bank fails and of the forces that cause these failures enables one to
understand why a given form of protection may be used only as upper bank
protection, lower bank protection, or full bank protection, depending on the
forces to be neutralized.

An understanding of the mechanical processes that influence erosion and
sedimentation should be important to resource managers operating on UMR. The
GREAT I Sediment and Erosion Work Group (GREAT I 1980d) "demonstrated that
sediment from upland and streambank erosion poses an immediate and serious
threat to the vital environmental resources of the river corridor." The
following problems were identified by the work group:

1. Streambank erosion on tributaries increases dredging
requirements. 1

2. Secondary movement of dredged material adversely affects -
backwaters and dredging requirements.

3. Fine sediment from upland erosion adversely affects
backwaters.

4. Lake Pepin is rapidly filling in as a result of sedimentation
and dredging.

5. Backwaters and side channels are filling, thus impairing
recreational access.

6. Increased sedimentation is increasing flood elevations.

ISince the GREAT I report, Nakato (1981) found that "there is no correlation
between total tributary sediment input and the amount of sediment dredged
from each pool." This finding re-emphasizes the need for understanding river
system dynamics.
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7. Accelerated sedimentation is shortening pool life.

8. Aquatic habitat is being lost as a result of sedimentation.
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CHAPTER 3. PROCESSES OF EROSION

Mitigation of erosion and sedimentation problems requires techniques to
reduce erosion and sedimentation and to reduce the impact of sedimentation
once erosion has occurred. One must have some knowledge of the forces that
induce erosion in order to understand, somewhat, how bank stabilization
measures and other methods discussed in this handbook can mitigate problems
caused by river channel responses to land development, navigation structures,
and water resource demands within the UMRS corridor.

Keown et al. (1977) reviewed several types of streambank erosion
identified in the literature:

1. Erosion of bank particles by current action.

2. Erosion of bank particles by wave action.

3. Slip-circle failures caused by undermining of the toe.

4., Flow slides caused by liquefaction in saturated silty and sandy
soils.

5. Sloughing of saturated cohesive soils (i.e., banks incapable of
free drainage due to their relative impermeability and rapid
drawdown) .

6. Erosion of soil by seepage out of the bank at relatively low
channel velocities.

This list of types of streambank erosion indicates that the causes are
not only a function of physical forces that act on the bank material but are
also related to the erodibility of the bank (i.e., soil type, soil moisture
content). Erosion may result from the forces induced by wave and current
action (erosion types 1 and 2, respectively). Slope failure (erosion types 4
to 6) is essentially caused by the failure of different bank materials to
restrict subsurface flow (e.g., piping, seepage) and the development of
differential hydrostatic pressures between soil particles. The undermining
process identified in erosion type 3 may be caused by current action, wave
action, or slope failure. The following discussion of channel bank erosion
therefore considers bank recession as a result of erosion (i.e., wave and
current action), slope failure, or a combination of the two (after Camfield et
al. 1980).

3.1. CURRENTS

River flow affects the channel boundary by general degradation,
aggradation, and local scouring. These processes may occur concurrently or
independently. Their relative importance is determined by current velocities
and their distribution within the main channel boundary.

The structure of currents in the stream flow is an important determinant
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of the distribution, type, and extent of erosion. Circular upwellings and
spiral vortices frequently occur and patterns of currents change with river
stage. Turbulent features tend to become more pronounced at high flows and
often recur at the same locations in the channel bed, indicating that they are
related to irregularities in the channel boundary. It has not been possible
to relate the distribution and amount of erosion to the flow patterns or
turbulence features (Hooke 1979).

The distribution of currents may be qualitatively determined by
calculating the Reynold's number, which is essentially a measure of drag.
This value is the ratio of the inertial forces of river flow to the viscosity
of the river water. It is directly dependent on current velocity and depth of
flow. Turbulent flow is associated with very large Reynold's numbers and
conversely, laminar flow is associated with the physical factors that are
represented by very small Reynold's numbers (Simons et al. 1975).

Rapid variations in velocity distribution and resultant fluctuations in
pressure may be an important cause of slope or revetment failures. The
spatial extent of these major fluctuations may be on the order of several
hundred feet (Rouse 1963). Tiffany (1963) suggested that these 'blocks' of
turbulence in the Mississippi River act simultaneously over areas large enough
to raise a serious question as to the ability of revetments to stay in place
under the effect of differential uplift pressure. For example, monitoring of
pressure variations in the Mississippi River showed that pressures may
fluctuate by 0.37 psi for 10-s periods and by as much as 0.5 psi for 15- to
30-s intervals. For comparison, the submerged weight of a 3-in. concrete
revetment is 0.152 psi (Tiffany 1963). Such forces are great enough, and the
effective spatial area is large enough, to lift blocks of concrete 3 to 6 in.
thick (Fenwick 1969).

Current velocity is an important determinant of the sediment-transport
capacity of a river. However, the velocity of river flow does not completely
reflect the potential forces that may impinge upon river banks. Flowing water
also exerts an inertial force against the channel boundary; consequently shear
stress, rather than velocity, may be used as a measure of potential erosion
within a given reach of the river.

Shear stress (or tractive force) is the force exerted by the
sediment-water mixture on the channel boundary (bank and bed) and it exists
only when the mixture is in motion. It can be used to assess the force
exerted on a bank or structure by river flow, as well as the force required to
initiate movement in a sediment particle. It can therefore be used to
evaluate the effectiveness of a bank stabilization structure. Simons et al.
(1979) stated that this method is basically sound and has been used widely to
evaluate the stability of alluvial channels.
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The critical boundary shear is the minimum force required to initiate
movement of a particle on the channel bed. When the shear stress exerted on
the boundary exceeds the critical tractive stress for a particle, incipient
motion can occur. This movement can be defined, for present purposes, as
erosion of the bank or degradation of the channel bed.

Shear stress is generally evaluated by empirical techniques because of
the difficulties involved in determining velocities in turbulent flow (Simons
et al. 1975). Empirical equations, such as "Manning's roughness coefficient"”
or "Chezy's discharge coefficient," implicitly express the shear stress as a
function of average flow velocity. These relations account for boundary
irregularities ("roughness") and the coefficients vary with discharge. In
general, the greater the boundary roughness, the lower the flow velocity and
tractive force exerted by that flow. A catalog of values of Manning's n and
Chezy's C was developed for engineers to estimate values through knowledge of
the general nature of channel boundaries (Simons et al. 1975).

In large alluvial channels like the Mississippi River, the average shear
stress can be approximated by the equation:

To =vdS

where To = average boundary shear stress; Y = specific weight of the
sediment-water mixture (mass density of the fluid X gravity); d = average
depth of flow; and S = channel slope.

Shear stress is a measure of changes in the hydraulic flow
characteristics, since the average boundary shear stress is proportional to
the mean velocity squared (Simons et al. 1979), and is therefore very
sensitive to changes in velocity or discharge. Similarly, the boundary shear
stress also varies spatially in response to the velocity distribution in a
vertical column of water. Fig. 2 shows the variation of velocity and sediment
load with depth below the water surface. This concept of velocity and
sediment load approaches equilibrium below the water surface and has led Lane
et al. (1953) and other investigators to demonstrate, in both theoretical
evaluation and physical experiments in the laboratory and the field, that the
maximum tractive shear stress acts on the banks of the channel at about
two-thirds of the depth below the air-water interface.

The average shear stress may also maximize at bends in the river channel
as a result of centrifugal force. Simons et al. (1975) noted that transverse
currents superimposed on the longitudinal flow form the screwlike, helicoidal
secondary circulation observed in river bends and laboratory flumes. These
transverse currents, generally 15% of the mean current velocity, have been
cited as the primary mechanism for scouring and deposition at bends. The
increased velocity may increase the shear stress acting on the outside bank in
the bend by as much as 1.5 times the shear in a straight reach. This value,
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1.5 times the mean shear stress, is often used as the potential maximum shear
force that must be considered in the design of bank stabilization structures.
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Variation of veloeity and sediment load with depth below water
surface (Keown et al. 1977).

In general, then, any disturbance of the river flow that increases flow
velocity or the total sediment load will increase the shear force acting on
that reach of the boundary, other factors being congtant.

Therefore, to
reduce the tractive force that river flow exerts on the channel bank, one can
either reduce sediment loads or reduce flow velocity.

Sediment loads can
be reduced by stabilizing banks, improving land use practices, providing
sediment traps, or constructing impoundments; flow velocity can be reduced by
reducing slope (impoundment), reducing maximum flood stage, diverting current

away from banks (e.g., by installing wing dams, jacks), or increasing boundary
roughness (e.g., by planting aquatic vegetation).

Similarly, the impact of shear stress on the channel boundary can be
mitigated by using appropriate lower bank stabilization structures.

3.2+ WAVE ACTION

Waves, created by wind blowing over the surface of the water or by a boat
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moving through the water, can cause soil bank erosion and subsequent increase:
in turbidity and sedimentation (Karaki and Van Hoften 1974; Sparks 1975a).
Bhowmik (1975) wrote: "As the wave approaches upward onto a sloping beach,
the lower part of the wave is retarded by the friction and pressure of the
beach, while the top part continues with almost its original velocity. After
breaking against the shore, waves sometimes throw water high in the air,
depicting the tremendous amount of energy they contain. The breaking waves
follow a downward path along the bank to the lake and may wash away the fine
sands and start the failure of the bank."

Wave-induced river bank erosion may be caused by three processes (Simon
et al. 1979):

1. The impact of the wave on the bank.

2. The wave runup and rundown on the bank.

3. Fluctuating water levels (induced by wave action). Such
fluctuations may cause piping or differential hydrostatic
pressure (piping refers to the process of dislodgment of bank
particles, which results in undermining of the bank).

The force of the wave impact and wave runup on the bank is a function of
the embankment slope and wave characteristics (e.g., relative steepness).
Erosion due to fluctuating water levels is largely dependent on soil type,
soil compaction, and soil moisture. Model studies of canal bank erosion due
to wind waves showed that, with other factors held constant, the rate of
erosion of an embankment compacted to 97% of the Proctor maximum dry density
was about 3 times that for an embankment compacted to 99% of maximum density.
If the embankment was permitted to become dry, slaking occurred upon
rewetting, and resistance to erosion was greatly reduced (Carlson and Sayre
1961). This process is explained in greater detail in the section on "Slope
failure" that follows.

Waves are generally classified as deep, intermediate, and shallow. Deep
waves occur when the depth of water is greater than about half the wave
length, and shallow waves occur when the depth is less than 1/, the wave
length. Deep water waves have a celerity (speed of wave propagation)
independent of depth, whereas the speed of propagation for shallow waves
depends on depth (Karaki and Van Hoften 1974).

Wind waves and boat-generated waves are created by different forces. Th
significant wave height of wind waves can be shown to be a function of wind

velocity, wind direction, and fetch length and width by the following equation
(Bhowmik 1975):

gH /U2 = 3.23 X 1072 (gF_ /U2 )0+35

where Hg = significant wave height (wave height where 1 /3 of the wave profile
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is more than this wave height), Fe = effective fetch, Ue = effective wind
velocity, and g = acceleration due to gravity

Figure 3 illustrates the relation between significant wave height, wind
velocity and effective fetch.

H= 3.048 x 1072 yl-13 ¢ 0.435
s e

where HS= Significant wave height in feet
U = Wind speed in mph

Bli: Fo= Effective fetch in miles
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Fig. 3. Significant wave height as a function of wind velocity and effective
feteh (Bhowmik 1975).
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Energy dissipation due to the vertical water column (depth) has not been
accounted for in Bhowmik's model. Sheng and Lick (1979) developed a
semi-empirical method for estimating the significant wave height and
significant wave period at a given location. The model includes consideration
of the average depth over the fetch length. Modification due to bottom
friction (shear stress generated at the sediment-water interface) can also be
evaluated by this model.

Wind-generated waves are most pronounced in bodies of water with large
areas exposed to the force of the wind, like many of the pools behind the
locks and dams on UMR. Where the fetch is limited in a direction
coincident with the wind direction, but stretches out in directions at an
angle to the wind (up to 45° of the angle's cosine), an effective fetch length
greater than the distance directly in the path of the wind may result. Sibul
(1955) was the first to recognize that these angular wind components may
contribute to wave propagation.

According to Bhowmik (1975) the maximum wave height (H_ ) generated by a
moving boat is a function of draft (ds), speed (V) and length of boat (L), and
the distance between the boat and the wave gage (x):

(Hp/dg)? = (3.45) X (1072) yl.17% (%/1,)70.915

Although this model incorporates the distance between the vessel and the wave
gage, the significance of this variable needs to be emphasized. A typical
boat-generated wave consists of diverging waves propagated by the bow and
transverse waves generated by displaced water behind the boat. These waves
form a constant pattern and the maximum wave height occurs where these waves
converge and superimpose on one another. The angle of convergence, with
respect to the sailing line, increases with decreasing water depth (Johnson
1969). Hence, the decrease in wave amplitude with distance from the sailing
line may not be linear, since that decrease varies with depth. This lack of
linearity indicates that both distance between boat and wave gage, as well as
depth of water must be accounted for in a model of the dynamics of
boat-generated waves.

The point of convergence is significant from the standpoint of wave
impact on the shoreline. Camfield et al. (1980) noted that, depending on the
distance between the vessel and the channel bank, waves propagating from the
bow may coincide with transverse waves from the stern and actually amplify the
wave height at the bank.

In addition to depth, the gradual decrease of wave height with distance
from the sailing line varies with vessel speed (Fig. 4) and vessel
characteristics (Table 1). Wave heights generally decrease faster for waves
generated by high-speed vessels than for waves generated by boats traveling at
lower speeds (Fig. 4).
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Table 1. Maximum height (feet) of waves generated by vessels of different
types moving through water 35-40 ft deep at a comstant speed of
10 knots (modified from Sorenson 1973).

Distance from

Vessel dimensions and characteristics sailing line
(feet)
Vessel Length Beam Draft Displacement 100 500
(feet) (feet) (feet) (tons)

Cabin cruiser 23 8.25 1.7 3 1.1 0.8
Coast guard cutter 40 10 35 10 1.6 1.0
Tugboat 45 13 6 29 1.6 0.9
Fishing boat 64 12.8 3 35 1.8 0.7
Fireboat 100 28 10.5 343 1.6 1.0

Vessel speed is critical and may not be adequately emphasized in the
model developed by Bhowmik (1975). According to Karaki and Van Hoften (1974),
wave height is entirely dependent on boat speed; and Table 1 shows that
vessels with vastly different displacements and hull forms generate waves of
about the same amplitude, even when the boats are traveling at the same speed.
Figure 4 shows the energy of a wave as a direct function of vessel speed as
measured by the Froude number, which is the ratio of inertial forces in the
system to the gravitational forces. Karaki and Van Hoften (1974) verified
this concept on the Illinois and Upper Mississippi rivers, using infrared
photography. A small boat traveling at 18 knots generated waves 4 ft high,
where a towboat moving at 8 knots generated waves only 1.5 ft high.

The relation between wave height and vessel speed can be expressed as
H = C/C,

where C is the speed of the boat and C, is the velocity of the wave in shallow
water defined as ¥ gd, where g = acceleration of gravity and d = water depth
(Johnson 1969). Because C, decreases with increasing water depth, wave height
must increase with decreasing water depth. Therefore, wave height may be
reduced by decreasing vessel speed or increasing water depth.

The observation that small boats may generate greater waves than large
vessels may be a reflection of both greater speed and the fact that small
boats with small drafts dissipate their energies at or near the water surface.
Waves generated by boats represent a transfer of energy from the boat to the
water surface. Because wave energy is concentrated at the still-water level,
one might expect that small boats traveling at the air-water interface would
dissipate a relatively much larger proportion of the energy into wave height.
Similarly, Hay (1969) noted that small vessels may produce waves similar in
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height to those produced by larger vessels traveling at a lesser speed. Das
and Johnson (1970) acknowledged that small boats can induce more serious wave
conditions than a large ship.

Energy generated by larger vessels (with deeper drafts and greater
horsepower) can also be dissipated in forms other than surface waves.
Camfield et al. (1980) noted that effects of vessel traffic on bank erosion
include the return current, the slope-supply current, and the propeller jet,
in addition to the waves propagated by the bow and stern. The impact of these
subsurface currents on river banks would presumably be greatest when the
rudder is oriented directly toward the bank. Bumm et al. (1973), in reference
to navigation in European ports, reported that the mooring of vessels along
the river bank (e.g., barge fleeting areas and areas in proximity to locks)
subjects the bank to the direct impact of eddies produced by the propellers.
In particular, when a vessel begins to move away from the quay or turns inside
the port, the propeller's backwash is thrown directly and violently against
the bank because of the position of the rudder. According to these authors,
this type of force is much greater than the destructive effect of bow and
stern waves. Bumm et al. (1973) also stated that uplift pressures may be
generated by waves and eddies resulting from the passage of vessels. These
uplift pressures last for only a short time but they occur at each passage of
a vessel. When the water level of a river drops momentarily because of
passing vessels, a trapezoidal pressure is produced upon the lower face of a
bank or revetment. These observations indicate that the erosive forces
generated by large boats, such as towboats, are not restricted to wave action;
therefore appropriate lower bank protection may be required to mitigate the
full impact of commercial boat traffic.

The magnitude of subsurface currents generated by vessels may not be
directly related to the height of the wave or the speed of the boat. Schulz
(1978) found that barge speeds fluctuate from 15 to 37% during constant power
due to the effects of steering, current, and the river bank and bottom.
Conversely, for a given speed, vessel horsepower may be expected to fluctuate
over time. With the knowledge that wave height is proportional to vessel
speed, this observation implies that the waves propagated by two identical
barges, traveling at the same speed (as opposed to velocity) in the same reach
of the river, will be of the same height. However, horsepower generated
during this same interval may have varied by as much as 37% for each vessel,
indicating that the magnitude of subsurface currents generated by the vessels
may have varied considerably as well.

Regardless of the forces contributing to the maximum or significant wave
height, wave height is an important variable because the potential and kinetic
energy of a wave system is largely a function of wave height. The energy
contained per unit of wave surface is directly proportional to the square of
the wave height (Bowley 1974; Karaki and Van Hoften 1974; Wiegel 1960).
Similarly, wave modeling at the Hydraulic Laboratory of the Bureau of
Reclamation in Denver showed that the rate of canal bank erosion was dependent
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primarily on wave amplitude and the density to which the soil had been
compacted (Carlson and Sayre 1961).

Hence, the erosional forces of wind- and boat-generated waves can be
mitigated by reducing the conditions contributing to wave height, by
increasing wave attenuation, or by reducing wave impaction on the shoreline.
More specifically, the forces can be reduced in four general ways: (1) Boat
traffic can be reduced by restricting speed, increasing or decreasing draft,
restricting the volume or frequency of boat traffic, or maintaining some
off-limit zones between boats and channel banks. (2) Fetch can be reduced by
the creation of islands. (3) Wave height can be reduced by breakwaters,
aquatic vegetation, or artificial reefs. (4) Wave impact can be reduced by
revetments or bulkheads and by riparian vegetation.

3.3+ SLOPE FAILURE

Resistance of a river bank to the erosive forces of current and wave
action is closely related to the characteristics of the bank material. The
material forming the banks of rivers is highly variable and can be broadly
classified as noncohesive, cohesive, or stratified (Simons et al. 1979).

Noncohesive soils are composed of coarse materials, such as silts, sands,
and gravels, which have no chemical or electrochemical bonding between the
particles (Camfield et al. 1980). Such bank materials tend to be removed from
the embankment grain by grain. The rate of particle removal, and hence the
rate of bank erosion, is affected by such factors as local current velocity,
turbulence fluctuations, local shear stress, seepage forces, piping, and wave
forces (Simons et al. 1979). The erosive characteristics of noncohesive
soils, which are controlled by gravitational forces, and the basic
characteristics affecting the erosion of cohesionless particles (i.e.,
particle size, shape and gradation, moisture content, relative density) are
fairly well understood (Keown et al. 1977).

Cohesive soils are clays consisting of fine particles of chemically
active minerals that create strong chemical bonds between particles. The
chemical and electrochemical properties of clays complicate the analysis of
the behavior of cohesive soils (Camfield et al. 1980). The basic variables
affecting the erosion of cohesive soils are soil pore-water concentration
(type and amount of cations), composition of soil type, amount of clay
mineral, moisture content, dry unit weight, soil pH, eroding fluid
composition, eroding fluid pH, and the temperature of the eroding fluid (Keown
et al. 1977). Cohesive material is more resistant to surface erosion and has
a low permeability that reduces the effects of seepage, piping, frost heaving,
and subsurface flow on the stability of the banks. However, such banks, when
undercut or saturated, are more likely to fail due to mass wasting processes
such as flow sliding (Simons et al. 1979).

64



The stratified bank is very common on alluvial rivers and generally is
the product of past transport and deposition of sediment by the river. These
types of banks consist of layers of materials of various sizes,
permeabilities, and cohesion. The layers of noncohesive material are subject
to surface erosion, but may be partly protected by adjacent layers of cohesive
material. This type of bank is also vulnerable to erosion and sliding as a
consequence of subsurface flow and piping (Simons et al. 1979).

The mechanisms that trigger failure of bank materials may occur even when
the bank is not directly attacked by wave or current action. Failure of the
bank may be induced by the presence or absence of water within the particle
interstices, and the resultant creation of differential hydrostatic pressures
and subsurface flows. The movement of water is restricted in varying degrees
by the different bank materials.

Subsurface flow may result from a change in river stage, pool drawdown,
fluctuating water levels induced by wave action, temporarily backed-up water,
and groundwater flow. Simons et al. (1979) reviewed the forces that cause
movement of water through the bank material:

1. On the rising stage a gradient develops, sloping from the river
channel into the bank material. On the falling stage the energy
gradient reverses direction and water moves through the banks
toward the river channel, decreasing the stability of the bank.

2. If the water table is higher than the river stage, flow is from
the banks into the river. A high water table may result from
many conditions: (a) a wet period during which water draining
from adjacent watersheds saturates the floodplain level, (b)
poor drainage, resulting from deterioration or failure of
drainage systems, (c) increased infiltration resulting from
changes in land use that caused an increase in water level, and
(d) development of the adjacent floodplain for homes and
businesses that use septic tanks and leach fields to dispose of
waste water and sewage.

3. In general, the release of stored water for hydroelectric and
navigation purposes causes fluctuations in river stages. These
changes in stage, even though relatively small, can cause water
flow in the river banks.

4, Wind-generated waves cause localized variations in stage that
induce inflows and outflows of water from the banks. However,
because the duration of changes in stage is brief, the inflow
and outflow phenomena are usually concentrated locally on the
surface of the banks.

5. Boat-generated waves have an effect similar to that of
wind-generated waves, but the characteristics of the waves
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generated are different. This difference must be considered
when one compares bank erosion caused by wind-generated and
boat-generated waves.

6. The formation and loss of backwaters caused by ice flows and ice
jams leads to seepage into and out of the banks.

The movement of water within the river bank toward or away from the river
affects bank stability and bank erosion in various ways. Simons et al. (1979)
noted that as water flows from the river into adjacent banks, a stabilizing
seepage force is generated. Rivers of a particular discharge that
continuously seep water into their banks tend to be narrower and deeper than
rivers that continuously gain water by an inflow from their banks. The
inflowing water creates a seepage force that makes the banks less stable and
induces such erosional processes as (1) piping, (2) flow slides, and (3)
sloughing (erosion types 4-6 of Keown et al. 1977).

3.3.1. Piping

Piping is an erosional process common to noncohesive soils and stratified
river banks. Layers of cohesionless soils frequently provide conduits for
groundwater, which seeps out and down the bank face, causing erosion. In
banks that are stratified, flow is induced in the more permeable layers by
changes in river stage and, to some degree, by wind- and boat-generated waves.
With a rise in the river stage, a gradient is developed that induces flow into
the more permeable layers of the bank. As the stage drops, the energy
gradient is reversed and significant flow occurs toward the river in these
more permeable layers. If this flow is capable of dislodging and transporting
particles from these layers, the material is slowly removed, undermining
portions of the bank. Pore pressures within these layers may also be
increased to a point where shear strength and slope stability may be lost. In
any event, the net result is bank failure induced by seepage forces, piping,
and mass wasting (Simons et al. 1979).

3.3.2. Flow Slides

Flow slides are initiated in layers of saturated sands of low relative
density, in the substratum portion of the river bank. These sand layers
liquefy when strain or vibration produces excessive pore pressures that reduce
the effective stress, and consequently the shear strength, to zero (Keown et
al. 1977). The actual flow slide may be triggered by any of a number of
factors (Tiffany 1963), including fluctuations in groundwater levels,
vibration of the slope, or erosion of the toe (Simons et al. 1979). Large
flow slides are also known as landslides, and the process of flow sliding may
alternatively be called mass wasting.

66



The potential for bank erosion caused by flow slides is great. In 1950,
at Free Nigger Point on the Lower Mississippi River, more than 4 million cubic
yards of bank slid into the river in a matter of only a few hours, leading to
the destruction and removal of a considerable length of bank revetment. The
flow slide extended so far laterally into the bank that it crevassed the
main-line levee 800 ft from the bank and caused overbank flooding behind the
levee line (Tiffany 1963).

3. 3. 3. Sloughing

Sloughing is a crumbling or falling away of the embankment slope.
According to C. H. Pennington (personal communication) sloughing can result
when any of four conditions occur:

1. The toe of a sand or silt bank is undercut, causing a slide of
the surface material. If the bank is wet, sloughing may not
result immediately; however, as the bank drys out, failure may
occur.

2. The toe of a cohesive bank is undercut. If the shear strength
of the bank material is low enough, failure occurs and the
surface material slides down the bank.

3. Surface erosion over part or all of a sand or silt bank face
leaves the material at an angle greater than the angle of
repose. If the bank is moist, it may stand; however if the bank
drys out it will slough.

4, A rapid drawdown of the water surface elevation may cause a
saturated cohesive bank to fail.

3.4. SUMMARY OF PREVENTIVE MEASURES AGAINST EROSION

Mitigating slope failures due to erosional processes such as piping, flow
slides, and sloughing is difficult because the integrity of bank material
cannot be readily altered. Nevertheless, U.S. Army Engineer Waterways
Experiment Station (1956) identified certain actions that potentially may
reduce or prevent flow sliding:

1. Allow a minor failure to run its normal course. When the extent
of the unstable sand deposit is small, it is not advisable to
attempt to stabilize or protect this deposit, but rather to let
it be removed by normal scour and minor failures until more
stable soils are exposed; alternatively a minor setback of the
levee might be considered, rather than an attempt to prevent a
bank failure by revetment.
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2. Partial stabilization by advanced grading, particularly by
flattening steep slopes in overburden deposits.

3. Partial stabilization by causing preventive failures. Such
failures might be induced by dredging or the use of explosives.
The reasoning behind this approach is that experience seems to
indicate that the potential danger of flow failure in
once-failed or remolded stratified sands is smaller than that in
undisturbed soils.

4. Partial stabilization by compaction.

5. Partial stabilization by drainage of the surface sands by means
of vertical drains consisting of coarse sand or gravel to lower,
more pervious and stable sand series.

6. Partial stabilization by grouting.

In addition, vegetation and conventional bank stabilization structures
may be used. In areas where subsurface flows and differential hydrostatic
pressures are expected to create problems, gravel or sand filter beds or
artificial filter mats may be used beneath the bank revetment. If adequately
designed, these filter beds or mats should provide sufficient permeability to
relieve hydrostatic pressure buildups.

Currents, wind- and boat-generated waves, and the hydraulic forces within
the bank impact on the shoreline in varying combinations. The relative
contribution of any one factor to bank recession is highly site-specific
(Camfield et al. 1980), and can vary significantly with channel width, bank
materials, presence of vegetation, depth of water or stage of river flow,
duration and frequency of vessel traffic, etc. Simons et al. (1979) noted
that the forces causing bank instability may be increased by as much as 60% by
variations in these types of site-specific characteristics. This variability
in geomorphologic and hydraulic conditions makes it difficult to assess the
relative magnitude of these forces.

Nevertheless, some attempts have been made to assess the relative
importance of the forces causing bank instability. Simons et al. (1979), who
assessed the magnitude of these forces on the Connecticut River, found that
the natural river is roughly 1.3 times more susceptible to major erosion than
are pools formed by hvdroelectric dams. This greater susceptibility is a
result of shear stress being the dominating destabilizing factor. The second
most important factor, pool fluctuation, contributed only 18% as much as shear
stress to bank instability. The other factors, in descending order of
importance, were boat waves, gravitational forces, seepage forces, stage
variations, wind waves, ice, flood variations, and freeze-thaws. C. H.
Pennington (personal communication) found that streambank surface erosion can
also be caused by changes in channel alignment, structures in the streamflow,
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debris abrasion, chemical reaction, and changes in land use.

On the Sacramento River, Limerinos and Smith (1975) found that, in a
narrow channel subject to winter flood flow and heavy boat traffic, about 20%
of the annual energy dissipated against the levees could be attributed to
boat-generated waves, about 10% to wind-generated waves, and 70% to tractive
shear stress. In a channel relatively unaffected by winter flood flows,
energy dissipation from boat-generated waves was shown to range from 45% to as
much as 80% of the total, depending on what assumptions were made about wind
movement in the computations. Limerinos and Smith did not evaluate other
factors that are generally accepted to be minor or secondary, such as levee
subsidence, damage from rodents, seepage forces, direct wind erosion, and
vegetation changes.

Ouellet and Baird (1978), who investigated wave action on the St.
Lawrence River during the ice-free season and during winter, found that wave
action was the primary source of bank erosion and that the formation of ice
tended to protect the shores from wave damage. Where the river is relatively
wide, most erosion of the banks was produced by wind waves. Where the river
is narrow, however, waves generated by ship passage were relatively more
damaging than wind waves.

On the basis of laboratory experiments on the effect of seepage on bank
stability, Burgi and Karaki (1971) reported that side slope erosion was
directly related to the hydraulic gradient as well as to the flow velocity in
the channel. At relatively low velocities (less than 1 fps), erosion of the
side slope was due primarily to the hydraulic gradient (seepage forces); at
higher channel flow velocities, bank erosion was dominated by the channel flow
velocities (tractive forces).

Determination of the relative importance of the factors contributing to
bank recession may be economically desirable. This knowledge allows river
managers to direct often limited funds toward bank protection measures that
will mitigate the erosive force causing the proportionately greatest damage,
at least cost. If, for example, structures are built to control erosion when
bank recession is the result of slope instability due to other causes, the
structure may be lost and the whole effort may prove futile (Camfield et al.
1980). Similarly, Simons et al. (1979) noted that wave action and fluctuating
water levels impinge mostly on the upper banks, whereas the tractive force
exerted by current flow is greatest at two-thirds the flow depth.
Consequently the impacts of wave action and shear stress on the shoreline are
most effectively reduced by applying appropriate protection measures to the
upper and lower banks, respectively. The various impacts and erosive forces
(i.e., currents, wave action, and slope failure) encountered on UMRS were
discussed in Part IV of this guide. In addition, our discussion of bank
stabilization techniques in the following chapters (Chapters 4-20) contain
other information on the erosive forces in UMRS and other large river systems.
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Based on the general manner in which they function, there are five
general categories of bank stabilization measures that could be used within
UMRS and other large river systems. We identify them here and indicate the
chapters in which they are discussed:

1. Structures such as revetments and bulkheads, that provide some
form of parallel bank cover that protects the bank from direct
erosion and scouring processes (Chapters 4 and 5).

2. Structures that guide or train river flow and thereby indirectly
protect banks from the scouring processes of river flow
(Chapter 6).

3. Breakwater structures that are designed to reduce wave impact
and are parallel to, but separated from, the shoreline (Chapters
7-9)0

4, Measures that reduce, prevent, or mitigate soil instability or
the buildup of hydrostatic pressure within the bank or beneath a
hydraulic structure, such as the planting of vegetation, or use
of chemical soil stabilizers, erosion-control mattings, filter
fabrics, hydraulic wells or drains, or other soil stabilizers or
hydrostatic pressure relief devices. Some of these measures
serve to reduce wave and current actions on the bank, and
generally increase bank stability (Chapters 10-16).

5. In addition to the above structures and measures, several others
could be used to reduce erosive forces, such as regulating boat
traffic to reduce the impact of boat-generated waves on the
shoreline or creating islands to reduce fetch length (Chapters
17-20).

70



CHAPTER 4. RIPRAP REVETMENTS

4.1. SITUATION TO BE MITIGATED OR ENHANCED

The installation of riprap is considered to be a bank stabilization
technique. Riprap can also be used to inhibit degradation of the channel bed
near bridge piers or culvert outlets, or as toe protection for other bank
stabilization structures and bulkheads, particularly impermeable ones.

As we indicated previously, the purpose of any bank stabilization
structure is to reduce lateral migration of the channel or to induce bed
scouring for navigation purposes (Lindner 1969). Riprap can be designed to
reduce erosion due to wind- and boat-generated waves, high flow velocities,
and local scouring, and may therefore be used for both upper and lower bank
protection.

Riprap protects the upper bank by dissipating wave energy and by
preventing soil particle movement caused by fluctuating water levels and
differential hydrostatic pressure. Wave energy is dissipated by wave runup on
the revetment surface and by creating turbulence and scour in the vicinity of
the stones. As Bumm et al. (1973) pointed out, the "scour of riprap is of no
importance (assuming adequate design and construction) since the subsequent
settlement of the rock does not change the already irregular surface of the
riprap." Soil particles are further stabilized, in both the upper and lower
bank, by appropriate blanket and bedding gradation or the use of filter
fabrics beneath the riprap blanket.

Riprap protects the lower bank from erosive forces by reducing flow
velocities and increasing the critical boundary shear. Flow velocity is
reduced essentially by increasing the boundary roughness as measured by
Manning's "n." The increased critical boundary shear is directly related to
the weight of the median riprap stone and can be approximated by the equation
proposed by Myers and Ulmer (1975)

Te = 4(D60)

and expressed in pounds per square foot.

The critical boundary shear, 1., is defined as the minimum force required
to initiate movement of stones of the median diameter. The critical boundary
shear must therefore always be larger than the maximum boundary shear to
maintain its stability. The maximum local shear in straight, trapezoidal
channels can be evaluated by the following formula (Myers and Ulmer 1975):

. (max) = 1.5 vydS
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where Y = specific weight of water; d = depth; and S = channel slope

Simons et al. (197 ) described a method of riprap design that relates the
maximum boundary shear to the critical boundary shear and thus enables the
development of a more stable revetment.

4.2. DESCRIPTION OF TECHNIQUES

Riprap consists of natural rock or quarry stone that is dumped or
hand-placed on embankments, levees, island heads, around hydraulic structures,
and in other areas subject to wind- and boat-generated waves, high current
velocities, or local scouring. Before placement of the rocks, the bank is
usually graded if the slope is irregular or too steep. A bed of gravel or
porous filter material may be placed between the bank and riprap blanket to
allow seepage but still prevent erosion of the bank material.

Where stones of sufficient size are available, Keown et al. (1977)
considered riprap to generally be the first choice among bank protection
methods because it offers certain distinct advantages:

1. A riprap blanket is flexible and is neither impaired nor
weakened by slight movements of the bank resulting from
settlement or other minor adjustment.

2. Local damage or loss is easily repaired by the addition of more
rock.

3. Construction is not complicated and no special equipment or
construction practices are necessary.

4. Appearance is natural, and therefore acceptable in recreational
areas.

5. Vegetation often grows among the rocks, adding structural value
to the bank material and restoring natural roughness.

6. Riprap is recoverable and may be stock piled for future use.

In addition, riprap stones reduce wave runup more than other revetment
surfaces (Richardson et al. 1975), and may have potential fishery enhancement
value.

Myers and Ulmer (1975) noted that, although riprap is perhaps the oldest
and most widely used form of streambank protection, it is also often the "most
misused" form; placement of rock riprap is often random--which it is not
intended to be. Rather it should be based on specific design criteria, with
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appreciation for the dynamics of river channel response. A major factor
contributing to inadequate riprap construction has been the lack of a
straightforward design that a field engineer can confidently use, even though
most theoretical design work related to streambank protection has been
directed toward riprap (Keown et al. 1977).

Much recent literature pertains to riprap revetment design (e.g.,
Anderson et al. 1970; Campbell 1966; Crews 1970; Maynord 1978; Myers and Ulmer
1975; Powell and Brasfield 1957; Richardson et al. 1975; Simons et al. 1979).
Reviews of riprap design for riverbed protection around hydraulic structures
(e.g., bridge piers) or culvert outlets were given by Nece (1974) and
Schilling (1975), respectively. The following summary of important factors to
be considered in designing effective riprap protection for river banks is
intended to make the resource manager aware of design criteria, but is not
intended to be an intensive or exhaustive analysis of riprap construction.

The effectiveness of a riprap blanket is evaluated in terms of the
stability of the blanket under excessive hydraulic flow conditions, the
ability of the bedding material to prevent erosion of the natural bank
material through the riprap, and the resistance of the riprap revetment to toe
erosion and raveling at the ends of the blanket (Keown et al. 1977). To meet
these design objectives, one must know the (1) shape, size, and weight of
riprap stones needed (and their availability); (2) optimum blanket and bed
thickness; (3) height of the revetment required to prevent overtopping by
waves; (4) optimum bank slope; and (5) proper placement methods for the
riprap blanket.

No analytical method has been developed for determining the optimum stone
shape. Selection of the stone shape is usually a compromise between
subjective experience and what is available. Keown et al. (1977) suggested
that, in general, no stones used should have length-to-width ratios greater
than 3.0 and no more than 25% of the stones should have a length-to-width
ratio greater than 2.5.

Riprap consisting of angular stone is probably more stable than that
consisting of rounded stones. Fenwick (1969) noted that when a bedding
material is used, the particles should be angular, or somewhat so, to prevent
the blanket from slipping down the slope. The angle of repose for riprap is
directly dependent on the size of the stone (Fig. 5 and 6). McCartney et al.
(1976) found that rounded boulders were about as stable as a stone overlay of
angular quarrystone, but because of their shape, more boulders per unit area
were required to obtain the same coverage. However, some mobility
(instability) may be desired. Thompson and Jackson (1977) suggested that the
stones tend to move so as to present a surface that is progressively smoother
and more resistant to wave attack. In addition, tests of riprap stability
under wave attack demonstrated that when a stone was removed from its place in
a structure, stone or rubble near to it often tended to move into this hole
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and "reheal" the damaged section (Saville 1967).

Riprap stone size and weight is often determined by the gradations that
are commercially available from quarries (Myers and Ulmer 1975). For each
gradation, the median diameter of the stones, or D50, should be determined.
This value indicates that 50% of the stones used in the blanket must have
diameters greater than D50, and no more than 50% of the stones can weigh less
than the weight of a stone with diameter Ds0. The ideal gradation would have
the largest stones about twice the size of the median diameter or about 6.5
times the weight of the median stone (Richardson et al. 1975). If this size
distribution is used, the interstices formed by the larger stones are
conveniently filled with the smaller sizes in an interlocking fashion,
preventing the formation of open pockets. This configuation prevents
penetration of jets of water (Brater 1979) or removal of smaller particles.

Oswalt (1968), however, in an investigation of six riprap gradations for
use on subimpoundment dams, found that provision of the 50% size is more
important than holding to the exact gradation. Similarly, hydraulic tests
performed at the Waterways Experiment Station (U.S. Army Engineer Waterways
Experiment Station 1964) indicated that the effective critical size stone of a
particular gradation represents 60 to 65% of the weight of the maximum stone.
In any event, Keown et al. (1977) pointed out that provision of the ideal
riprap gradation is seldom economically justified.

The optimum D50 stone size and weight that would be stable for maximum
hydraulic flow conditions expected for a channel reach or around a hydraulic
structure can be estimated by a number of empirical relations, most of which
consider the shear stress or tractive force at the boundaries as known
quantities (Simons et al. 1979). For example, Myers and Ulmer (1975) showed
that D50 can be expressed as

Dso = .0016 P/ (£t)

where d = depth of flow in feet and V = velocity in fps.

The velocity value used in this equation is ' 1.5 times the average
velocity necessitated by the nonuniform shear distribution over the channel
bed. The maximum value of the local shear on the bed of a straight,
trapezoidal channel is generally 1.5 times the mean shear. The American
Society of Civil Engineers (ASCE) Committee on Sedimentation (1972) and Crews
(1970) suggested measuring the current velocity within 10 ft of the bank (in a
large river), rather than modifying the mean current velocity.

Other authors (Blinco and Simons 1974; Yang and Stall 1974) have shown
that the shear stress may vary randomly with respect to sediment discharge,
kinematic viscosity of the water, or the roughness coefficient of the channel.
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On the basis of this concept, Li et al. (1976) developed a model to predict
the probabilities of riprap failure.

Anderson et al. (1970) showed that Manning's "n" for a riprapped surface
can be approximated if the D50 diameter stone is known by the equation

n = 0.0395 (Ds0)! /6

Thus the greater the stone size, the greater is the boundary roughness.

The ASCE Committee on Sedimentation (1972) concluded that a rock revetment
should be rough enough to create a zone of intensified turbulence and low
velocity in the vicinity of the rock. This roughness tends to hold the high
velocity flow away from the revetment rather than in contact with it. As a
result, the revetment is less apt to be undercut by scouring. An excessively
large stone or one that protrudes from the face of the blanket may create too
much turbulence, however, and contribute to riprap failure. Investigations at
the U.S. Army Engineer Waterways Experiment Station (1964) showed that failure
of riprap on overflow embankments was initiated by intense fluctuations of
pressure, indicative of an excessive degree of turbulence.

Hence, the thickness of a riprap blanket should be sufficient to
accommodate the largest stones in the riprap. For a well-graded riprap with
no voids, this thickness should be adequate (Simons et al, 1975). Since the
ideal riprap gradation should have the largest stones twice the diameter of
the median stone, most investigators have suggested a minimum thickness of 1.5
to 2 times the D50 diameter (ASCE Committee on Sedimentation 1972; Anderson et
al. 1970; Keown et al. 1977; Oswalt 1968). Keown et al. (1977) also pointed
out that the largest stones are usually eliminated by the contractor.

The thickness of the riprap blanket may often be increased at the toe,
where local scouring forces are greatest (Fenwick 1969). Crews (1970)
recommended increasing the thickness of the underwater layers by 50%. Simons
et al. (1975) also suggested that if strong wave action is anticipated, the
overall thickness of the riprap revetment should be increased by 50%.

As an alternative, the median stone diameter rather than the overall
blanket thickness, can be increased to cope with wave attack. Thompson (1977)
found that irregular wave damage to impermeable slopes in relatively deep
water depends on the ratio of the significant wave height to the D50 diameter,
in addition to embankment slope and duration of wave attack. Furthermore, the
roughness of the riprap surface, which is a function of D50, determines the
height of wave runup and overtopping (U.S. Army Engineer Waterways Experimen
Station 1962). In general, for a given slope and wave steepness (H/L), a
riprapped surface should have a relative runup ratio (R/H) about 50% less than
that of a smooth-surfaced slope (Saville et al. 1962). Ahrens et al. (1975)
developed methods for predicting stable riprap weights for a given wave
steepness and for estimating wave runup on riprap. Saville et al. (1962) gave
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sample computations for freeboard allowances in inland reservoirs.

Providing adequate protection from wave overtopping and runup may be an
important economic concern under certain situations. In an effort to protect
a greater length of shoreline with the same amount of money that was used in
the two previous years for a similar shore protection project, budget planners
in St. Clements, Maryland, reduced the height of the revetment originally
designed by 2 ft to effect a supposed saving of $7.32 per linear foot (Ziegler
1973). Whereas the original revetment performed well for over 8 years, with
additional years of life anticipated, frequent wave overtopping of the new
revetment caused removal of soil behind the riprap and subsequent collapse of
the armor. Within 3 years, the revetment had become ineffective in protecting
the shoreline from erosion.

Additional protection for riprap revetments from wave attack may be
provided in the form of wire mesh, grouting, and an overlay of larger rock or
concrete rubble (Saville 1967). The use of wire mesh is discussed in
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