Atlantic States Marine
Fisheries Commission

Atlantic Coast Diadromous
Fish Habitat:
A Review of Utilization,
Threats, Recommendations

for Conservation, and
Research Needs

Abnguilla rostrata

Ametrican shad

Atlantic sturgeon Acipenser oxcyrhynchus oxyrinchus

Alosa mediocris

Habitat Management Series #9
January 2009

Morone saxatilis

Working towards healthy, self-sustaining populations of all
Atlantic coast fish species or successful restoration well in

progress by the year 2015

Blueback herring



ASMFC Habitat Management Series #9

Atlantic Coast Diadromous Fish Habitat:
A Review of Utilization, Threats, Recommendations for
Conservation, and Research Needs

Prepared by:

Karen E. Greene
National Oceanic and Atmospheric Administration Fisheries Service
Sustainable Fisheries Division
Silver Spring, Maryland
karen.e.greene@noaa.gov

Jennifer L. Zimmerman
West Virginia University
Morgantown, West Virginia
jenzimm@gmail.com

R. Wilson Laney
United States Fish and Wildlife Service
South Atlantic Fisheries Office
Raleigh, North Carolina
wilson_laney@fws.gov

and

Jessie C. Thomas-Blate
Atlantic States Marine Fisheries Commission
Washington, District of Columbia
JThomas@asmfc.org



Atlantic Coast Diadromous Fish Habitat



ACKNOWLEDGEMENTS

We thank the many people that provided feedback and information for this
document. Many ASMFC Habitat Committee members and Habitat
Coordinators, both past and present, provided valuable input throughout the
various iterations of this document over the past nine years, and for that we are
very grateful. Without assistance from state and federal habitat coordinators, and
academia, much of the information contained in this document would not have
been published. They generously offered numerous articles and unpublished
resources in addition to personal insight, which were invaluable contributions to
this document. We are indebted to their expertise, suggested resources, and
review of these chapters.

Karen Greene would like to acknowledge Russ Allen, Philips Brady,
Michael Brown, Dennis Erkan, Steve Gephard, Don Harrison, Kathryn A. Hattala,
Mike Hendricks, Richard McBride, Billy McCord, James Mowrer, Bob Sadzinski,
Jesse Sayles, Craig Shirey, Alan Weaver, and Sara Winslow. She would also like
to thank Richard St. Pierre and John Olney for taking the time to personally talk
to her about anadromous fish habitat. Without the help of all of these dedicated
individuals, this document would not include the extensive information on shad
and river herring that these people provided.

Jen Zimmerman would like to thank the following people for their help
with the Atlantic sturgeon chapter: Prescott Brownell, Mark Collins, Joel
Fleming, Dewayne Fox, Joe Hightower, Andy Kahnle, James Kirk, Steve Leach,
Alan Libby, John McCord, Ron Michaels, Jerre Mohler, Greg Murphy, Doug
Peterson, Fritz Rhode, Dave Secor, and Craig Shirey. For the American eel
chapter, she would like to extend her gratitude to: Paul Angermeier, Dieter Bush,
John Casselman, Patrick Geer, James McCleave, Kevin McGrath, and Michael
Potthoff. Also, thank you to the members of ASMFC Atlantic sturgeon and
American eel technical committees for all of their assistance. In addition, she
would like to offer a special thank you to Thomas Bigford, Karen Greene, Wilson
Laney, and Carrie Selberg for all of their guidance and contributions to the
American eel and Atlantic sturgeon chapters. Finally, she would like to thank
Jessie Thomas-Blate for seeing this document to the finish line.

Wilson Laney would like to thank Ken Able, Prescott Brownell, Jeff
Buckel, Lew Flagg, Joe Hightower, Fritz Rohde, Roger Rulifson, Mark
Westendorf, and Sara Winslow for their help with the striped bass chapter.

For their assistance with providing, reviewing, and/or updating
information in this document (in some cases multiple times), Jessie Thomas-Blate
would like to thank Paul Angermeier, Colin Apse, Prescott Brownell, Dieter
Busch, Mark Collins, Kim Damon-Randall, Pat Geer, Alex Haro, Julie Harris,
Mike Hendricks, Joe Hightower, Andy Kahnle, James Kirk, Sandra Lary, Steve
Leach, Alan Libby, James McCleave, Stephen McCormick, Sean McDermott,
Kevin McGrath, Ron Michaels, Jerre Mohler, Greg Murphy, Julie Nygard, Wes
Patrick, Doug Peterson, Michael Potthoff, Bob Sadzinski, Dave Secor, Carrie



Atlantic Coast Diadromous Fish Habitat

Selberg, Craig Shirey, members of the ASMFC Habitat Committee, and others
that we might have forgotten to mention.

Additionally, we would like to extend our gratitude to Alexa McKerrow,
and her crew at North Carolina State University GAP Analysis Project, for
compiling the GIS maps for our supplemental DVD.

Citation:

Greene, K. E., J. L. Zimmerman, R. W. Laney, and J. C. Thomas-Blate. 20009.
Atlantic coast diadromous fish habitat: A review of utilization, threats,
recommendations for conservation, and research needs. Atlantic States
Marine Fisheries Commission Habitat Management Series No. 9,
Washington, D.C.

This report is a publication of the Atlantic States Marine Fisheries Commission
pursuant to U.S. Fish & Wildlife Service Grant Numbers A-10-C-1 and A-11-C-1.




TABLE OF CONTENTS

ACKNOWIEAGMENTS ...ttt et e e s te e be e s e s reeteeneesseeseeneeeneennes iii
TabIe OFf CONTENTS ... e bttt et e e b e nre e nte e e e Y
LIST OF TADIES .ttt bbb XVi
Chapter 1. INTrOAUCTION ....c.ooiiiie et e e e esaeeaeereenrs 1
General BaCKgrOUNG ........covoieiiiiice ettt e st e b e enreenneenee e 2
Ecological Significance of Diadromous Fish SPeCIES ........cccvviiiiiiiiiiniiiesee e 3
DOCUMENT CONTENT ... 4
Chapter 2. American Shad (Alosa SapidiSSIMA) ......cceivveiieriiiieiieie e 7
Section I. American Shad Description of Habitat ... 8
American Shad General Habitat Description and Introduction ............ccccceevvivevenieiieennne 8

Part A. American Shad Spawning Habitat ............ccccoiiiiiiiiii e 9
Geographical and temporal patterns of migration ............ccoccovoiieiiieie s 9

Spawning and the saltwater INtErface .........cccceviiii i 12

Spawning SUDSErate aSSOCIATIONS ..........ccverieiiiriiiirieite e 12

Spawning depth @SSOCIALIONS .......ccuiiiiiiiiiie et nee s 13

Spawning Water tEMPEFALUIE ...........ciiveiiveiieeie e eseeseeseesre e s e saesbe s e e e e eeesreesreesreesneesneesnes 13

Spawning dissolved 0Xygen asSOCIAtIONS ..........cccceiiveiiiiiiie i 14

Spawning water VEIOCITY/TIOW .........coiiiiiieie e 15

Spawning suspended SOlid @SSOCIALIONS ........ccccuviieeieeiee s e 16

Spawning feeding BENAVIOL .........cooiiiiiice e 16

Spawning competition and Predation ... 17

Part B. American Shad Egg and Larval Habitat ..............cccccoieiiiiiiiie e 18
Geographical and temporal movement PAtterNS .........ccccveveeieiieie s 18

Eggs, larvae, and the saltwater iNterface .........cccocvvveve i 19

Egg and larval substrate aSSOCIAtIONS .........ccceeiviiiiiiieeie e e e see e se e e e sre e e e e e 19

Egg and larval depth assOCIAtiONS .........cccveiiiieiiiice e 19

Egg and larval water tEMPEIatUIe ...........coooiiiiiiirie et 20

Egg and larval dissolved 0xygen assoCIiatioNnsS ............ccooveurierieneneie e 21

Egg and larval pH and aluminum asSOCIAtiONS ..........ccccceveeiieeiieerensie e se e 22

Egg and larval water VEIOCItY/FIOW .........c.cooviiiiiiicc e 22

Egg and larval suspended solid asSOCIAtIONS ..........ccccvviiiieiiiieeese e 23

Egg and larval feeding BEhaVIOr ... e 23

Egg and larval competition and predation .............ccccceeeviiciini e 24

Eggs, larvae, and CONtAMINANTS ........cccvoiiiiiieiiie et sne e 24

Part C. American Shad Juvenile Riverine/Estuarine Habitat ............ccccoceiiiiiniinnnnn 25
Geographical and temporal movement PAttErNS .........cccccvevieieiieie s 25

Juveniles and the saltwater INtErfaCe ..........cooiiiiiiie e 26

Juvenile SubStrate aSSOCIATIONS ........ciiieiiiiiiee ettt 27

Juvenile depth @SSOCIALIONS ........c.ccviiieiiiiiii et sae e 28

Juvenile Water TEMPEIATUIE .......ccooiiiiiiieere e 28

Juvenile dissolved 0Xygen aSSOCIATIONS .........cc.oviiiereieeieie e eee ettt enae e seeenee e 29

JUVENTIE PH ASSOCIALIONS .....ecvieieeiieeieesee st e e s et e e te et e e steesteesreesreeaneeenneens 30

Juvenile water VEIOCIEY/FIOW .........oooiiiiiiee e 30

Juvenile suspended SOlid aSSOCIALIONS ...........oiiiiiie it 30

Juvenile feeding DENAVION .........ccvo i 30



Atlantic Coast Diadromous Fish Habitat

Juvenile competition and Predation ... 31
Juveniles and CONTAMINANTS ........cccouiiiiiii e sae e e e sreeneas 32
Part D. American Shad Late Stage Juvenile and Adult Marine Habitat ..............c...c....... 33
Geographical and temporal Patterns At SEA .........cccccvevveiieiiieiesiee e 33
Salinity @SSOCIALIONS AL SEA ......eiveeieiiieeeiie ettt ettt e st neebesee e e seeereeneas 35
Depth aSSOCIALIONS AL SEA ....veccveeiveiiiiiie e s et re et e e e e e e sre e sreesreesreennees 35
Temperature asSOCIAtIONS At SEA ......cviverviiiiieriesieeitese et se e se et sresbe e e sresreanaesre s 35
Suspended Solid aSSOCIALIONS AL SEA ......veverieuiiiiiiiiiite e 36
Feeding DENAVIOr @t SEA .......c.ooiiiee et 36
Competition and predation At SEA .........cccciviiieiieiiee e 36
Section Il.  Significant Environmental, Temporal, and Spatial Factors Affecting
Distribution of AMerican Shad ..........cccccceiiieiiiieniesee e 38
Section 111. American Shad Literature Cited ..........ccccovvviiriiieneiinesicesee e 40
Chapter 3. Hickory Shad (Alosa MEIOCIIS) ......cccviiriiiiieieiesie e 57
Section I. Hickory Shad Description of Habitat ..........ccccooeiiiiiiiiiieee 58
Hickory Shad General Habitat Description and Introduction ............cccccoveviviieiieinennenn, 58
Part A. Hickory Shad Spawning Habitat ............c.ccooeiiiiiininieeec e 59
Geographical and temporal patterns of Migration ............cccocevereiinininineneeee e 59
Spawning SubStrate aSSOCIALIONS ..........ccoveririieieie et 60
Spawning depth @SSOCIALIONS ........cueevieiieie i re e e e e ee e nre e e 60
Spawning Water tEMPEFALUIE .......cccvivveiieiieieseetee e et ese et e st e ste e e sbesre e e e sbestaeseesreareenaens 61
Spawning dissolved 0XYgen aSSOCIALIONS ..........coerrerrerieieiniirese e 61
Spawning water VEIOCIEY/TIOW ......cceiiiiiic e 61
Spawning feeding BENAVIOL .........ccoiiiiice e 61
Spawning competition and Predation ... 62
Part B. Hickory Shad Egg and Larval Habitat .............cccccoeeeiiiiicie e 63
Geographical and temporal movement PAttErNS .........cccccvevieieiieie s 63
Egg and larval depth @SSOCIAtIONS .........ccoiiiiiieiiiiee e 63
Egg and larval water temMpPerature ........ccocceiieiieie e e 63
Egg and larval dissolved oxygen assoCiatioNns ..........cccccvevveieiieiiesiesie e 63
Egg and larval pH aSSOCIATIONS .........cceiiiiiiieiiiiise e 63
Part C. Hickory Shad Juvenile Riverine/Estuarine Habitat .............c.cccccvevivieiieiiciiinnnnn 64
Geographical and temporal movement PAttErNS .........ccccvevieieiieie s 64
Juveniles and the saltwater INTEITACE ..o 64
Juvenile depth aSSOCIALIONS ........c.ciiveiiiieie e e e s se s se et e e e e ste e sreesreesraesreesneens 65
Juvenile Water tEMPEIATUIE .......ccvcviiice ettt sttt sb et e e srearae e 65
Juvenile dissolved 0XYgen @SSOCIATIONS ...........ccoiririeririieieisesie e 65
Part D. Hickory Shad Late Stage Juvenile and Adult Marine Habitat .................cccene. 66
Geographical and temporal Patterns At SEA .........ccccvvevveiiiiiieieseee e 66
Temperature asSOCIAtIONS AL SEA ........coveieieiiriiiiiitesie et 66
Feeding DENAVIOr @l SEA ........cccvi i 66
Section Il.  Significant Environmental, Temporal, and Spatial Factors Affecting
Distribution of HICKOry Shad ...........cccceiiiiiiiee e 67
Section I11. Hickory Shad Literature CIted .........coccooiiieiiiienieiieie e 69
Chapter 4. Alewife (Alosa pSeUdONAreNQUS) .......ccceiverieiieireiesiese e 73
Section I. Alewife Description of Habitat ............ccooviiiiiiiii e 74
Alewife General Habitat Description and INtroduction ...........ccceceviiininnienesie e 74

Vi



Part A. Alewife Spawning Habitat ..o 75

Geographical and temporal patterns of migration ............ccoccoooeviiienii e 75
Spawning location (COIOGICAI) ....c.eciieiiiiice e 76
Temporal SPAWNING PAILEINS .......ecviiiiiiete e sre e e b et e sresrearaesae s 77
Maturation and Spawning PEriodiCItY .........ccoieiiriieiinirie e 77
Spawning and the saltwater INtErface ........ccccceviiii i 78
Spawning SUDSrate aSSOCIALIONS ..........ccccveiiiiieie ittt saesne s 78
Spawning depth @SSOCIATIONS .......ccveviiiiiiiiierieite e e 78
SPawNing Water TEMPEFALUIE .........coiieiieiieie et erie ettt see e eesee e stesreeseeseeaneenaeas 79
Spawning dissolved 0Xygen aSSOCIALIONS .........cccveiveiieeiieeieeiee e e ere e e 80
Spawning water VEIOCITY/TIOW ........ooiiiiiiei e 80
SPaWNING PH ASSOCIATIONS .......eiviiiiiiee ettt seesre e e nneas 80
Spawning feeding DENAVIOL ........cccui i 80
Spawning competition and Predation ...........c.ccccveieiireiiiiiiee e 81
Factors affeCting StOCK SIZ& ........ociiiiiiieici e 81
Part B. Alewife Egg and Larval Habitat ............ccooeiiiiiiiiiiiiccce e 82
Geographical and temporal movement PAErNS .........c.ccoviviiiiireriereees s 82
Eggs, larvae, and the saltwater iNterface ..o 82
Egg and larval substrate asSOCIAtIONS ..........cccevviiieiiieiie e see e e e e e e 82
Egg and larval water teMPEFatUIE .........ccceiiiiieieiiee et 82
Egg and larval dissolved 0Xygen aSSOCIAtIONS ..........ccceverieieiiininiesiesie e 83
Egg and larval pH and aluminum asSOCIAtiONS ..........cccceeveeiieerieeieesie e 84
Egg and larval water VEIOCItY/FIOW .........c.ooviiiiiiice e 84
Egg and larval suspended Solid @SSOCIAtIONS ..........ccerveieiririiiie e 84
Egg and larval feeding DEhaVIOr ..........coco i e 84
Egg and larval competition and predation ..........ccccoeieiiiiie e 84
Part C. Alewife Juvenile Riverine/Estuarine Habitat ............cccocoieiiiniiiiiiinicic e 85
Geographical and temporal movement PatterNS .........ccocvivriiiieie e 85
Juveniles and the saltwater INTEITACE ..o 86
Juvenile SUDStrate aSSOCIATIONS .......cccviiveiiiiii ettt sreerae e 86
Juvenile depth @SSOCIALIONS ..........ooiiieieiiii et seeeneas 86
Juvenile Water TEMPEIATUIE ......ccviiiiiie et e e te e sre e s re e st e sne e eeneeeneeenreens 87
Juvenile dissolved 0Xygen aSSOCIALIONS .......c.cc.eiiieeiieieeieriese et sre e sreenaesae s 87
Juvenile pH and aluminum aSSOCIALIONS ..........cociiiiiiiiee st 88
Juvenile water VEIOCIEY/FIOW ........ooiiiiiii et 88
Juvenile feeding DENAVION ..........ccvciiiiircc et 88
Juvenile competition and Predation ..o 89
Juveniles and CONTAMINANTS ........cccoiiiiiee e e neeseeeneas 89
Part D. Alewife Late Stage Juvenile and Adult Marine Habitat .............cccccooeveiiiiiennnn, 91
Geographical and temporal Patterns At SEA ........ccccocveuereriieriieee e ee e 91
Salinity aSSOCIALIONS AL SBA .....eivviiveeieesieeie e se e se e e e e e te e e e st e e e te e re e sre e sreesneesnneenes 92
Depth aSSOCIALIONS AL SEA ....cvveviiieiicrieitieie sttt e be et sre e e besneeseesras 92
Temperature asSOCIAtIONS AL SBA ........cveiriiriiitiriesteieiee ettt 92
Feeding DENAVIOr @t SEA .......cooi it 93
Competition and predation At SEA .........cccciviireiieiiee s 93
Section Il.  Significant Environmental, Temporal, and Spatial Factors Affecting
Distribution Of AIBWITE ......ccoeeieciee e 94
Section 1. Alewife Literature Cited .........cocoviieiiiiiniiiieiere e 96

vii



Atlantic Coast Diadromous Fish Habitat

Chapter 5. Blueback Herring (Alosa aestivaliS) ........cccccccvvveiiereiiieniiein e 109
Section I. Blueback Herring Description of Habitat ............cccccoooevieiiiiiiicccceee e 110
Blueback Herring General Habitat Description and Introduction ...........ccccoecevevevvenenne. 110
Part A. Blueback Herring Spawning Habitat .............ccccoveviviiiiiiiecc e 111
Geographical and temporal patterns of migration ............ccccvvvvieviie e 111
Spawning 10cation (ECOIOGICAL) ......oceiviieiiiiii e 111
Temporal SPAWNING PALEINS .....c.eiiiieie ettt eneeeenee e 112
Maturation and spawning PEriodiCILY .......cccveiiiiiiiiiiiiece e 113
Spawning and the saltwater INTErTACE ..o 113
Spawning SubStrate asSOCIALIONS ...........ccciiieiiiiiieere e 113
Spawning depth @SSOCIALIONS ......cccvviieiiiiiie et e e eneas 114
Spawning Water tEMPEFALUIE ..........ccveieiieie et ste st ste e sre et sre e sre e e tesreeneneas 114
Spawning dissolved 0Xygen aSSOCIALIONS .........ccovierereiierieeieee e e 114
Spawning water VEIOCIEY/FIOW .........ccoooiiiiiiiii e e 114
Spawning pH and aluminum asSOCIALIONS ...........ccvevueriiiieiiie e 115
Spawning feeding DENAVIOT .........ccviiiiiiieee 115
Spawning competition and Predation ............ccocoieiiiiieie e 116
Part B. Blueback Herring Egg and Larval Habitat ............ccccooiiiiiiiiiiciene 117
Geographical and temporal movement PALErNS ...........ccoeoeiriririserereee e 117
Eggs, larvae, and the saltwater INTErface .........ccccveieiiiiii e 117
Egg and larval substrate assoCIations ...........cccceiveiieiiiiieiieie e 117
Egg and larval depth @SSOCIAtIONS .........ccoiiiiiiiiiiiieie e 117
Egg and larval water teMPEFatUIe .........cccocoiieieiieieee et 117
Egg and larval dissolved 0Xygen assOCIAtiONS ..........cccccveieereeiieeieeseeseese e sie e eseeeseeens 118
Egg and larval pH and aluminum @ssoCIations ...........ccevriririnenieiese e 118
Egg and larval water VEIOCITY/FIOW .........ccoviiiiiie et 119
Egg and larval suspended solid asSOCIAtIONS ..........ccccveviieiiiiiieiiie e 119
Egg and larval feeding BEhaVIOr ..o 120
Egg and larval competition and predation ... 120
Eggs, larvae, and ChIOTINE ..o e 120
Part C. Blueback Herring Juvenile Riverine/Estuarine Habitat .............cccccooiiiiiennnene 121
Geographical and temporal movement Patterns .........ccoccovoveieiienieee s 121
Juveniles and the saltwater INtErfaCe ..........cooiiiiiei e 122
Juvenile SUbStrate asSOCIAtIONS ........ccviiiiriieieieieee e 122
Juvenile depth @SSOCIALIONS ..........ecviriiiiiiiei e 123
Juvenile Water tEMPEIATUIE .......c.ooiiii et 123
Juvenile dissolved 0Xygen asSOCIAtIONS .......c.cceieeieiiiieieie s erre et 124
Juvenile pH and aluminum asSOCIALIONS ..........cccviiiiiiriieiee s 125
Juvenile water VEIOCIEY/FIOW .........ooi i 125
Juvenile feeding DENAVION .........cc.viiiii e e 125
Juvenile competition and Predation ... 126
Juveniles and alkalinity, carbon dioxide, and chlorine ...........cccccoociieiiiiiininie e 127
Part D. Blueback Herring Late Stage Juvenile and Adult Marine Habitat .................... 128
Geographical and temporal Patterns at SEA ..........ccereieieriririse e 128
Salinity @SSOCIAIONS AL SBA ......eiveiieeieeeieeiie ettt et se e e e seeeneeneas 129
Depth asSOCIALIONS AL SEA .....cccvveiieeieeiiesie et sre e e e e ee e 129
Temperature asSOCIAtIONS At SEA .......cvcvveiiiieieiieie ettt sre e sre e e e e 129
Feeding DENAVION @t SBA .......ccoiiiiiece e 130
Competition and predation At SEA .........cccccveiieeiiie i s 130

viii



Section Il.  Significant Environmental, Temporal, and Spatial Factors Affecting

Distribution of Blueback HErring ........ccccoovevieii i 131
Section I11. Blueback Herring Literature Cited ...........cccooviiiiiiieniinie e 133
Chapter 6. Habitat Areas of Particular Concern for AlOSINES ........c.cccvvvviveveicieieereseee 147
Section I. Identification and Distribution of Habitat and Habitat Areas of

Particular Concern for AlOSINES .........cociiiiieiiiie e 148

Section Il. Present Condition of Riverine Habitats and Habitat Areas of Particular
CoNCEIN TOF AIOSINES ... 149
HADITAE QUANTITY ..ottt seesteeneenne s 149
HaDItat QUALITY .....eeeee e e e 150
Section 111. Alosine HAPCS Literature Cited ........c.ccoveverereninisisisieesese s 151
Chapter 7. American Eel (Anguilla rostrata) ..........cccceoeieiininiiiiiseeeeee s 153
Section I. American Eel Description of Habitat ...........cccccoieiiiiniiiniices 154
American Eel General Habitat Description and Introduction ..............cccccecvvieiveieieenne. 154
Part A. American Eel Spawning Habitat ............cccooeieiiiiiiiiieeee e 156
Geographical and temporal patterns of Migration ............ccoccoeveiniininineneneeese e 156
Spawning and the saltwater iNtErface ..........ccooioiiiiiie e s 157
Spawning substrate asSOCIALIONS .......c.cccveiieiieerir e seees 157
Spawning depth aSSOCIALIONS ........c.civiieieii e es 157
SPaWNING Water tEMPETATUIE .......c..oiveieieieiiriste ettt 158
Spawning feeding DENAVIOL .........ccviiiiii e s 158
Spawning competition and Predation ............ccccceveeieiiiie s 158
Part B. American Eel Egg and Larval Habitat ...............ccccooov i, 159
Geographical and temporal movement Patterns ..........ccccevievieviesie s 159
Eggs, larvae, and the saltwater interface ..........ccocveveieii e 161
Egg and larval substrate aSSOCIALIONS ..........ccuiiiiririirieieieise st 161
Egg and larval depth @SSOCIAtIONS .........ccceiiiiiiieiee e ee e e re e e e sreesreeas 161
Egg and larval water temMPEratUre .........cccccveveieiieieie st 161
Egg and larval competition and predation ... 161
Part C. American Eel Elver (including Glass Eel) Habitat .............cccccoeviiviivicieennnn, 163
Geographical and temporal movement Patterns .........cccocooveieiieieeie s 163
Elvers and the saltwater iNterface ..........ccovviiiie i s 164
Elver substrate asSOCIAtIONS .........eoiiiiiieiiie ettt 164
Elver depth @SSOCIALIONS ........c.cciiieiiiiiiccc st sttt nnas 165
EIVer water teMPEIATUIE .........cooiiiieieee et 165
Elver water VEIOCITY/TIOW ........ooiiiiiece e et re e re e 165
Elver feeding DENAVIOL .......cooiii i 166
Glass eel competition and Predation ..........cccccoiiieriiiiiee s s 166
Part D. Yellow-phase American Eel Habitat .............ccccooveiviii i 167
Geographical and temporal movement Patterns .........cccccocveieieieece e 167
Habitat influence on sexual differentiation ............cccocvoveii e 169
Yellow eels and the saltwater INTErface ..........ccocveeeiiiieer e 170
Yellow eel SubStrate asSOCIAtIONS ........coviiiieiiiieie sttt 170
Yellow eel depth @SSOCIALIONS .......cveiiiiieiiieiie et 171
Yellow eel Water tEMPEIALUIE .......cccoiieieieiie ettt sreere e aesre e e e e 171
Yellow eel dissolved 0Xygen aSSOCIALIONS ........cccveviveveeiieiieie e se e e ae e 172
Yellow eel water VEIOCITY/FIOW .......cooviiiiiie e 172



Atlantic Coast Diadromous Fish Habitat

Yellow eel feeding DENAVIOT ........cccooiiiiiiicc e 172
Part E. Silver American Eel Habitat ............ccocooiiiiiiiiii e 174
Geographical and temporal patterns at SEA .........cccceveevieiree e 174
Silver eel salinity @SSOCIALIONS ........ccciiiieiiiii e 175
Silver eel sUDStrate aSSOCIALIONS ........cceeiiiieiee st 175
Silver eel depth @SSOCIATIONS .......cccviiiiieiiciic e e 175
Silver eel temperature aSSOCIALIONS .........ccccveiiiiiieiice e 176
Silver eel feeding DENAVION ..o 177
Silver eel competition and Predation ............cccooeriiiiie e s 177
Section II. Identification and Distribution of Habitat Areas of Particular Concern for
AMETICAN BRI .o 178
Section Ill. Present Conditions of Habitat and Habitat Areas of Particular Concern for
AMETICAN BRI oo 179
HADITAL QUANTITY ...veeveciececcece ettt saesre e nre s 179
HaDITAL QUATTEY ... 179
Section IV. Significant Environmental, Temporal, and Spatial Factors Affecting
Distribution of American Eel .........ccooiiiiiiiiie s 180
Section V. American Eel Literature Cited .........ccocvieiiiiniieniiiniee e 182
Chapter 8. Atlantic Sturgeon (Acipenser oxyrinchus 0XyrinChus) ..........cccccevvenieniiencnennn. 195
Section I. Atlantic Sturgeon Description of Habitat ............ccoocooviiiiiiiiieceee s 196
Atlantic Sturgeon General Habitat Description and Introduction ............ccccccevveveieennns 196
Part A. Atlantic Sturgeon Spawning Habitat ............ccoocoiiiiiiiiini e 197
Geographical and temporal patterns of migration ............ccoccooeieninieeieni e 198
Spawning location (geographiCal) ........cccccveieeiiie i 199
Spawning location (ECOI0GICAI) ........cocviiiiiec e 216
Maturation and Spawning PEriodiCIY .......ccceeiiiiiieriiie e e 216
Spawning and the saltwater INtErface ........ccccccvvvviii i 217
Spawning SUbStrate asSOCIALIONS .........c.cciiiieiiiiii et 217
Spawning depth @SSOCIATIONS .......c..cviiiiiiiiierieie e e 218
Spawning Water tEMPEFALUIE ..........ooieieieee et sre e eeseeeeeneas 219
Spawning water VEIOCIEY/FIOW .........cccocviiiiici e 220
Spawning and Other Water PAraMELETS ..........ccuiiiererieieieie e 220
Spawning feeding DENAVIOL ... s 221
Spawning competition and Predation ............ccccceviieiiiieiiic i 221
Part B. Atlantic Sturgeon Egg and Larval Habitat ..............cccoociiviiiiiiiiiieeeceeen, 223
Geographical and temporal movement Patterns .........ccoocooveeiiiieeiese e 223
Eggs, larvae, and the saltwater interface .........c.cocveveieii i 224
Egg and larval substrate aSSOCIALIONS ..........cccvviiririirieieieisie st 224
Egg and larval depth @sSOCIAtIONS .........ccooiiiiieiieiee e e 225
Egg and larval water teMPErature .......cccoccveieeiieeiee i ee e se e st s e see e eneeenne e 225
Egg and larval feeding BEhaVIOr ...........ccooiiiii e 225
Egg and larval competition and predation ... 225
Part C. Atlantic Sturgeon Juvenile Estuarine Habitat .............cccoocovivviiiiiiinnnsccien, 227
Geographical and temporal movement PAternS ...........ccoeoeirinireneereees e 227
Juveniles and the saltwater iNtErface ... 228
Juvenile subStrate asSOCIATIONS .......c.coiiiiiiiie e 229
Juvenile depth @SSOCIALIONS ........c.cciiieiiiie it 229
Juvenile Water tEMPEIATUIE ..........ooviiiiiiieiet e 231



Juvenile dissolved 0Xygen asSOCIAtIONS .......c.cceiveieriiieiese e 232

Juvenile feeding DENAVION ........c.ooviiii s 232
Juvenile competition and Predation ... 232
Part D. Atlantic Sturgeon Late Stage Juvenile and Adult Marine Habitat .................... 234
Geographical and temporal Patterns at SEA .........ceovveeiiereriee e 234
Substrate asSOCIAIONS At SEA .......cc.eiiiieriirieie ettt et es 234
Depth aSSOCIALIONS AL SEA .....uvevveivieie ittt et st ra e sre e be e sresreenaenre s 235
Feeding DENAVION @t SBA .......cciiiiiiece e 235
Competition and predation @t SEA ..........cccooveiiriiiieieieee e 235
Section II. Identification and Distribution of Habitat Areas of Particular Concern for
ALIANTIC STUMJEON .. sre e 236
Section I11. Present Conditions of Habitat and Habitat Areas of Particular Concern for
ALIANTIC STUMJEON .ot ae e 237
HADITAL QUANTITY ...veeveciececcece ettt saesre e nre s 237
HaDITAL QUATTEY ... 237
Section IV. Significant Environmental, Temporal, and Spatial Factors Affecting
Distribution of AtlantiC STUIGEON .......c.coveiiiiiie e 238
Section V. Atlantic Sturgeon Literature Cited .........cocovereieniniiniiieiee e 241
Chapter 9. Striped Bass (Morone saxatilis) ...........ccccovveiiiieiiiieiinsiee e 255
LI\ [T 0o g T Ty o USROS 256
Section I. Striped Bass Description of Habitat ............ccccocevviii i 256
Striped Bass General Habitat Description and Introduction ............ccccvvenininnniennnnn 256
Habitat Suitability INdeX MOEIS ........cccoveiieiceee s 258
Part A. Striped Bass Spawning Habitat ............ccooeiiiiiiniiie e 260
Geographical and temporal patterns of migration ............ccoccoovveeninieeieni e 260
Spawning location (geographiCal) ........cccccveiieeiie e 260
Spawning 10cation (ECOIOGICAL) ......oceiviieiiiiiie s 263
Maturation and Spawning PEriodiCIY .......cc.ceeiiiiiieriiie e e 265
Spawning and the saltwater INtErface ... 266
Spawning SUbStrate asSOCIALIONS .........c.cciviieiiiiii ettt 266
Spawning depth @SSOCIATIONS .......c..cveiiiiiiiiirieie e e 267
Spawning Water tEMPEFALUIE ..........coieieiieeeie ettt see e e eeseeeeeneas 267
Spawning dissolved 0Xygen assOCIAtIONS .........cccvveveieiiieiececie e 268
Spawning water VEIOCITY/TIOW ........ociiiiiieieici e 268
Spawning suspended Solid aSSOCIALIONS ........c.ccviieiiiiiie e 269
Spawning feeding BENAVIOL .........coiiiiii e 269
Part B. Striped Bass Egg and Larval Habitat ...........cccccovviiiiiiiiieceee 270
Geographical and temporal movement Patterns .........ccoocooveieiienieee e 270
Eggs, larvae, and the saltwater interface .........cccocveeieii i 271
Egg and larval substrate aSSOCIALIONS ..........ccciiiiririirieieieise st 271
Egg and larval depth @ssOCIAtiONS .........ccooiiiiieiiiiee e 272
Egg and larval water teMPErature .......cccoccveieeiieeiee s ee e e st e e ae e e neeenre e 272
Egg and larval dissolved oxygen assoCiations ............ccccevivieiiieiesiene e 274
Egg and larval pH aSSOCIALIONS ..........cciiiiiiieiiiiiiie e 275
Egg and larval water VEIOCITY/FIOW ..........cceeiieiee e 276
Egg and larval suspended solid asSOCIAtIONS ..........ccceveeiiiiiiieiece e 276
Egg and larval feeding DENAVIOT .........cccooiiiiiiiii e 276
Egg and larval competition and predation ..o 277

Xi



Atlantic Coast Diadromous Fish Habitat

Effects of contaminants on eggs and larvae ..........ccccocvvveviviiie s 278
Other factors involving €ggs and larvVag ...........coceeeeriininiini e 279
Part C. Striped Bass Juvenile/Adult Riverine/Estuarine Habitat ...............cccccovevevieenenn 280
Geographical and temporal movement Patterns .........cccccocveieieieece e 280
Juveniles/adults and the saltwater INtErface ..o 282
Juvenile/adult substrate asSOCIALIONS ..........ccooviiiieiiiieiere e e e 282
Juvenile/adult depth @SSOCIALIONS .........ccccveiiiiiiice e e 282
Juvenile/adult water TEMPEIATUIE ..........ccooiiiiiiieieeeee s 283
Juvenile/adult dissolved 0xygen assoCIiatioNS ...........ccocveriiiieiereniere e 285
Juvenile/adult pH @SSOCIALIONS .........cccveiiiiiiiiieie et e e e nee e sreenns 285
Juvenile/adult water VEIOCILY/TIOW .........ccooiiiiiiiiieee s 285
Juvenile/adult suspended S0lid @SSOCIATIONS ..........ccerveiiieiriiirer s 286
Juvenile/adult feeding DENAVION ........cceoiiviiie e 286
Juvenile/adult competition and predation ... 289
Effects of contaminants on juveniles/adults ... 290
Effects of parasites and diseases on juveniles/adults ...........cccccvvevieiiiiiiiii e 291
Part D. Striped Bass Late Stage Juvenile and Adult Marine Habitat .............cccccceneee. 292
Geographical and temporal Patterns at SEA .........cecvvviriereriee e 292
Salinity aSSOCIATIONS AL SBA ....vvcveeiieeieiieeiie e e re et e e e re e sre e s e e s e e e be e reenreenrees 294
Substrate aSSOCIAtIONS AL SEA .......eiveverieririieiirisie ettt e 294
Depth aSSOCIALIONS AL SEA .....c.vevereeiieiieiieie ettt 294
Water temperature assOCIatioNS At SEA ........cccevverieerierieerieeseese e e nteesre e e e e 295
Water velocCity/flow assoCIations @t SEA ........c.cccvvveriiiiiie e 295
Feeding DENAVION @t SBA .......coeiieieiee e 295
Section Il. Identification and Distribution of Habitat Areas of Particular Concern for Striped
BiaSS e 297
Section I1l. Present Conditions of Habitat and Habitat Areas of Particular Concern for
SHAPEA BASS .ttt et 298
HADITAE QUANTITY ..ottt sttt seeseeenee e 298
HaDItat QUALITY .....eeeee e e e 299
Section IV. Significant Environmental, Temporal, and Spatial Factors Affecting
Distribution Of Striped BasS .........cccoviieieiiiieie et 300
Section V. Striped Bass Literature Cited ..........ccccceiiieiiiiiiiieie e 302
Chapter 10. Threats to DiadromOouS SPECIES ........cccuuiririeiierienie et 327
Part I. ldentification Of ThIalS .........cccoiieiiie e 328
Threat #1. Barriers to Upstream and Downstream Migration ...........ccccccvvvevieevieinenns 328
Section 1.1A. Dams and Hydropower Facilities ...........c.ccoovririiieiinenencsesiseens 328
Issue 1.1A.1. Blocked or restricted UPSIream aCCESS ........cccvrverreeeerinierieniesreeeesieniens 328
Issue 1.1A.2. Impacts during downstream migration ..........cc.ccooceeerierenieeieseseee s 330
Issue 1.1A.3. Delayed MIgration .......ccccccveiieiieeiieciic et 332
Issue 1.1A.4. Changes to the river SYSIEM .....cccccviieiiieee e 332
Issue 1.1A.5. SeCONdary IMPACES .......cocirirririeieieieisi et 333
Section 1.1B. Avoiding, Minimizing, and Mitigating Impacts of Dams
and Hydropower FaCilities ..........cccovviieiiece e 334
Approach 1.1B.1. ReEMOVING UAMS .....cccveiiiiiiiieiiic e e ettt 334
Approach 1.1B.2. Installing or modifying fish passage facilities ..........c.ccccevvvvevernnane. 335
Approach 1.1B.2A. FOr UPSream PASSAQE ......ccovrererierieriereeeeiesiesiesiesieseeseeesneenens 335
Approach 1.1B.2A. 1. FiSNWAYS .....cccveieriiiieie e 335

Xii



Approach 1.1B.2A.2. PiPe PASSES ....cccveveieeieriesteeiesteseeiese e e srestaeseesressaeeens 336

Approach 1.1B.2A.3. Locks and liftS ..........ccooeriiiiiicieiiceseeeee e 336
Approach 1.1B.2A.4. EASEMENLS .......ccveiiiieieieeieee et 337
Approach 1.1B.2B. For downstream PasSage .......cccceevverereereseeieesesieeiesreseesnens 337
Approach 1.1B.3. Operational modifiCations ............cccooviiriiininineieeee e 338
Approach 1.1B.4. Streambank stabilization ...........c.cccoooiiiiiiiniiii e, 339
Approach 1.1B.5. FiSh transfers ... 339
Section 1.2. Road Culverts and Other Sources of Blockage ...........ccooevvvereniennennn. 340
ISSUE 1.2A. ROAA CUIVEITS ...ooeeiiiiie ettt st eneas 340
Issue 1.2B. Other man-made SIFUCIUFES .........ccoiiiieiieieeeee e 341
Issue 1.2C. NatUural DAITIETS ....ccccveiiiiiiieie et sre s nne s 341
Threat #2. Water Withdrawal FaCIlIties ...........ccooviiiiiiniieiiee s 341
Section 2.1A. Hydropower, Drinking Water, Irrigation, and
Snow-making FaCilities ..........ccccovveiiiiiii e 341
Issue 2.1A.1. Impingement and entraiNnmeNt ..........ccoceiiveiieiiiieere e 341
Issue 2.1A.2. Alteration of stream physical characteristics .............ccceovviriiniiieieiennns 343
Section 2.1B.  Avoiding, Minimizing, and Mitigating Impacts of Water
Withdrawal Facilities .........cccovieiiiiiiiiiiie e 343
Approach 2.1B.1. Use of technology and water velocity modification ......................... 343
Threat #3. Toxic and Thermal DiSCharges .........ccooveieriiiieiiee et 343
Section 3.1A. Industrial Discharge Contamination ...........cccoeveveviveiesiiesieeseeneenes 343
Issue 3.1A.1. Chemical effects 0N fiSh .........ccooiiiiiiiiii e 343
Issue 3.1.2. Sewage effeCts 0N fiSh ..o 345
Issue 3.1.3. Thermal effects On fiSh ..o 346
Section 3.1B: Avoiding, Minimizing, and Mitigating Impacts of Toxic
and Thermal DISCharges .........ccccevvviieiiieii e 346
Approach 3.1B.1. Proper treatment of facility discharge ..........ccccccoveviiniviiecineee 346
Threat #4. Channelization and Dredging ........ccocceeeieeiiiin e 348
Section 4.1A. Impacts of Dredging on Fish Habitat ............ccccceoeiiiiiieniciciecece, 348
Issue 4.1A.1. Primary environmental impacts of channelization ...............c..ccccoveeenin. 348
Issue 4.1A.2. Secondary environmental impacts of channelization ...............ccccceeeeie. 349
Issue 4.1A.3. Impacts of channelization on fish physiology and behavior ................... 349
Issue 4.1A.4. Increase iN DOAt SIFKES ........ccocoieriiieiiisir e 351
Section 4.1B: Avoiding, Minimizing, and Mitigating Impacts of
ChannEliZation ........ccooveieiieieeie e 351
Approach 4.1B.1. Seasonal restrictions and proper material disposal ...............c....... 351
Threat #5. Land USe ChanQge ......cccccceiieeiieiieiieie e este st see s ae e nne e 351
Section 5.1A. AGICUITUIE ..o 352
Issue 5.1A.1. Sedimentation and irrigation .............ccccooeeieiieniienienieie e 352
Issue 5.1A.2. NULFENt 10AAING ....ocoviiiiiiieceece e 353
ISSUE 5.1A.3. HYPOXI ...eevieiiiieieiieiieie sttt 353
Section 5.1B. Avoiding, Minimizing, and Mitigating Agricultural Impacts ........... 354
Approach 5.1B.1. Erosion control and best management practices ...........cccocvevvernenee. 354
Section 5.2A. LOQQING/FOIESIIY ...ccveiuieiee ettt 355
ISSUE 5.2A. 1. LOGGING .oiiveiieeiieeitiesie et eie sttt e ee e ste e ste e ste e s e s nae s be e taesreesraeeneeeneeennee e 355
Section 5.2B. Avoiding, Minimizing, and Mitigating Logging Impacts ................. 355
Approach 5.2B.1: Best management PractiCes ..........ccvvviverereererieeiee e eee e 355
Section 5.3A: Urbanization and Non-Point Source Pollution ...........ccccooviviiinenn, 356
Issue 5.3A.1: Pollution impacts on fish and fish habitat ...............ccccoiiiiiiiis 356



Atlantic Coast Diadromous Fish Habitat

Section 5.3B: Avoiding, Minimizing, and Mitigating Impacts of

Urbanization and Non-Point Source Pollution ..o, 356
Approach 5.3B.1: Best management PractiCes .........ccccvvveveivsieresie e se s 356
Threat #6. AtmosSpheric DEPOSItION ........cciviiiiiieiece e 357
Section 6.1A: AtmMOSPheric DEPOSITION ......ccociveiieiiiiiiiiesiseeee e 357
Issue 6.1A.1: Acid rain and IoW PH ........coooiiiiiiii e 357

Section 6.1B: Avoiding, Minimizing, and Mitigating Impacts of
AtMOSPheric DEPOSITION .......ooviiiiiiiieieeie s 358
Approach 6.1B.1: Reduction of airborne chemicals ...........ccccoooiiiiiiiiiiii e, 358
Threat #7. Reduced DiSSOIVEd OXYQEN ....ocuiiiiiiiieieeie et 358
Section 8.1A: Reduced DisSOIVEd OXYJEN .....ccveiieiiieieciiesieeie s 358
Issue 8.1A.1: HypoxXia and @nOXia .......cccecvevviieieiicie et 358
Threat #8. Global Warming ...t 360
Section 8.1A: Global Warming ..o 360
Issue 8.1A.1: Habitat modifiCations ...........cccoevriieienienieree e 361
Issue 8.1A.2: Temperature Change ........cccccvvieiieieiieceece s 362
ISSUE 8.1A.3: Sea I8VEI FISE ..c.viieieiieecee s 363
Part 1. Effects of Habitat Degradation on Harvesting and Marketability ............c.cccceovnne. 364
Part I11. Diadromous Threats Identified in State Wildlife Action Plans ............c.ccccceevevnnn. 366
PUIPOSE AN SCOPE ..ottt sb bbbt 366
IdENtIfYING TRFEALS ....cvviiiieiie et enre s 367
SWAP INFOrmation BY SEALE ........ccociiiiiiiiiiiiesii et 367
IVIBINE . ettt bbbt bbb bRttt b b bt r e 367
NEW HAMPSNITE ..o 368
MASSACHUSELES ....cvveuveieiti ittt sttt bbb ne e 370
RNOCE ISIANA ...t ee s 374
(O] 10 Tox {1 | USSR TTPTPRTRPRPRN 376
INEW YOTK ettt ettt ettt e e st e be e s e ereesteaneesneenne s 378
I LTV T 57 SRR 380
DEIAWAIE ... .ottt ettt ettt et e st e e te et are e re e e eneenreenee s 383
Y2 - o Lo OSSR UOOSUSSRRR 386
District Of COIUMDIA .....voiviiiieece e nne s 389
RV AT 1L SRS 392
[N\ o] 1 g =T o] 1o OSSPSR 399
SOULN CArOLING ....oviieiiceeee e bbb 404
[C1=T0] o I R TR UR TR UTPPR P PTRURPROON 407
(o] ¢ I TSP ORPP 408
Part IV. Threats Literature CItEA .........cccoviieiieiie i nne s 421

Chapter 11. Diadromous Fish Habitat Conservation and Restoration

Recommendations and/or ReqQUIrEMENTS .........cccoovreriiininiinieeee e 445
Group I. Recommendations for All Commission-Managed Diadromous Species .............. 446
Dams and Other ODSIFUCTIONS ........cviiiiiiiie i 446
Water Quality and Contamination .............coceviririnieienenesiesese e 447
Habitat Protection and ReSIOration ............cocooeiiriiiiiiie e 448
PEIMITLING vttt ettt ettt et e et e e nb e b e e be e st e sreenbeenee e 448
(@] 117 PSSP PP PP PRURPROR 449

Xiv



Group Il. Alosine-Specific ReCOMMENUALIONS .........cccoeiieiiiieiieie e 449

Dams and Other ODBSIFUCTIONS ........cvviiiiiieieieceeee e 449
Habitat Protection and ReSIOratioN ..........cccooiiiiiiiiiiiie e 450
PEIMITLING ©.ovveeeieiiece et et e st eteeseesse e teaseeaseenteeneenreesreenee e 450
Stock Restoration and ManagemEeNt ...........ccooeeueririieienie e 450
River-Specific Habitat Recommendations ..........ccccocviieiieieiiiesi e 451
Group 1. American Eel-Specific Recommendations ..........c.ccccceverieienniinie e 451
Dams and Other ODSIFUCTIONS ........ccvoiiiiiii e 451
Water Quality and Contamination .........ccoceoueiiriinie e e 453
Group 1V. Atlantic Sturgeon-Specific Recommendations ...........ccccevviveerveresiiesesieseeniens 453
Dams and Other ODSIIUCTIONS .......ccuiiiiiiiiieie e 453
Habitat Protection and ReSIOration ............cccoeiiriiiiiiie e 453
Group V. Striped Bass-Specific Recommendations ...........ccoovveeieiiieneenisie e 454
Dams and Other ODBSIFUCTIONS ........ccviiiiiiiiii e 454
Water Quality and Contamination .........ccooceouiieeninie e e 454
Habitat Protection and ReSIOration ............cocooiiiririiiine e 454
PEIMITEING ..ttt ettt ettt e b et e e nb et e e s beentenreenbe e e e 455
Chapter 12. Future Habitat Research Information Needs for Diadromous Species ......... 457
Group I. Research Needs for All Commission-Managed Diadromous Species .................. 458
Dams and Other ODSIIUCTIONS .......ccueiiiiieiiiie et 458
Water Quality and Contamination .........ccccceoieiieiieie i 458
Habitat Protection and ReSIOratioN ..........cccooiiiiiiniiiie e 458

(@] 11 TSP TSR P PP PRURPROR 459
Group I1. Alosine-Specific ReSearch NEedS .........ccooeiirieiiieniiie e 459
Water Quality and Contamination .........ccccceeieiieiieie e 459
Habitat Protection and ReSIOration ...........ccocooiiiriiniieiene e 459
IVHIGTATION ...ttt bbb bbbttt bbb 459
(@11 PSSP UTT PRSP 460
Group I11. American Eel-Specific Research Needs ... 460
Dams and Other ODSIFUCTIONS ........cveiiiiiiii e 460
Water Quality and Contamination .............coeviririnieienenesie e 460
Habitat Protection and ReSIOration ...........ccccoiiiriiniiiene s 460
IVHIGIATION ...t b bbbttt ettt bbb 461
PAFASITISIM ...ttt bttt e b bbbt bt s et et bbb enbeeneeneaneas 461
FEBAING ettt bbbttt h bbb 462
(@11 SRR U TR 462
Group 1V. Atlantic Sturgeon-Specific Research Needs .........ccoovveeveiiiiiiene e 462
Dams and Other ODSIFUCTIONS ........cveiiiiiiiii i 462
BYCAICN ..t 462
POPUIALION STALUS ....ecviieieiieeie sttt re et e et e e enreenne e e 462
Culture and StoCK ENNANCEMENT ........oivieiiiiiiiee ettt 462
TaAQQING QNG TISSUES ...vveveereeiieitieite et e steeste st esteesre et e s teeste s e e staeteessesbaebesseesreesneassesneeneens 463
MaALUITEY BN AGING .ottt bttt e et bbb nbe e e 463

XV



Atlantic Coast Diadromous Fish Habitat

LIST OF TABLES

American shad tables

Table 2-1. American shad temporal spawning trends along the Atlantic coast
OF NOFtN AMETICA ...ttt bbb 9-10

Table 2-2. Percentage of repeat spawners for American shad along the Atlantic
C0aSt OFf NOIh AMEIICA ....ccoiiiiiiiieeee e 11

Table 2-3. American shad migration and spawning temperatures for the Atlantic

(0101 OO PR PP 13-14
Table 2-4. American shad egg development time at various temperatures ............ccccceevvennenn. 20
Table 2-5. American shad larval temperature tolerance ranges ..........cccooevvrveriveresieeseenenn 20
Table 2-6. American shad egg and larval environmental pH tolerance ranges ...................... 22
Table 2-7. Overwintering habitats for juvenile American shad along the Atlantic coast ...... 26

Table 2-8. Temperature tolerances, preferences, and cues for juvenile American

] - Lo [PPSR 28-29
Table 2-9. Significant environmental, temporal, and spatial factors affecting

distribution of American Shad ...........ccocviiiiiiii i 38-39
Hickory shad tables

Table 3-1. Hickory shad spawning temperatures for locations along the Atlantic coast
OF NOMh AMEIICA ... 61

Table 3-2. Significant environmental, temporal, and spatial factors affecting
distribution of hickory shad ... 67-68

Alewife tables

Table 4-1. Reported spawning seasons for alewife along the Atlantic coast of North
F A 141 o USSR OSPSSPRPRN 75

Table 4-2. Percentage of repeat spawners for alewife along the Atlantic coast of North
F N 14 1=] o S PSSRPRSPPRR 77

Table 4-3. Alewife spawning temperatures for locations along the Atlantic coast of North
F N 141 o RSO U OSPSSPPSN 79

XVi



Table 4-4.

Table 4-5.

Juvenile alewife temperature tolerances/preferences along the Atlantic coast .....87

Significant environmental, temporal, and spatial factors affecting
distribution Of @leWITE .......cvoiiiii 94-95

Blueback herring tables

Table 5-1.

Table 5-2.

Juvenile blueback herring water temperature associations ...............cc....... 123-124

Significant environmental, temporal, and spatial factors affecting
distribution of blueback herring ..., 131-132

American eel tables

Table 7-1.

Table 7-2.

Yellow-phase American eel home range estimates (adapted from
THOMAS 2006) ....ccvveieiieiieeie ettt rn 168

Significant environmental, temporal, and spatial factors affecting
distribution of American el ... 180-181

Atlantic sturgeon tables

Table 8-1.

Table 8-2.

Table 8-3.

Table 8-4.

Table 8-5.

Table 8-6.

Table 8-7.

Table 8-8.

Age and size range of Atlantic sturgeon throughout their life cycle .................. 197

Spawning (and post-spawn) substrate type for Atlantic sturgeon along the
ATANTIC COBST ..o bee e re e 218

Spawning (and non-spawn) depth ranges for Atlantic sturgeon along the
ATANTIC COAST ...t re e 219

Spawning and migration temperatures for Atlantic sturgeon along the
ATTANTIC COAST ...ttt et neesreeae e 220

Salinity tolerance ranges for young juvenile Atlantic sturgeon along the
ATANTIC COAST ... re e 229

Depth ranges for young juvenile Atlantic sturgeon along the Atlantic
(610 ) SO PUPPUUPPTPPRROTIN 230

Summer temperature ranges for juvenile Atlantic sturgeon along the
AIANTIC COAST ...t re e 231

Significant environmental, temporal, and spatial factors affecting
distribution of Atlantic STUIGEON ........ccoiiiiiiiiee e 240

Xvii



Atlantic Coast Diadromous Fish Habitat

Striped bass tables

Table 9-1.

Table 9-2.

Table 9-3.

Table 9-4.

Table 9-5.

Water temperature tolerance ranges for striped bass eggs .......ccccvvverernnnne 272-273
Water temperature tolerance ranges for striped bass larvae ...........cccccoevveenenn 274
Juvenile and adult riverine and estuarine salinity ranges ...........ccoocevveereninieene. 282
Water temperature ranges for juvenile riverine and estuarine striped bass ........ 284

Significant environmental, temporal, and spatial factors affecting
distribution of Striped DASS ........ccccvveiieie i 300-301

Diadromous threats tables

Table 12-1.

xviii

Threats to shad and river herring habitat .............ccccvieviiiieiicc e 364-365



Chapter 1: Introduction

Chapter 1

INTRODUCTION



Atlantic Coast Diadromous Fish Habitat

General Background

The Atlantic States Marine Fisheries Commission (hereafter referred to as ASMFC or the
Commission) is the principal agency responsible for the management of many diadromous fish
species in state waters. The mission of the Commission’s Habitat Program is to work through
the Commission, in cooperation with appropriate agencies and organizations, to enhance and
cooperatively manage vital fish habitat for conservation, restoration, and protection, and to
support the cooperative management of Commission managed species. One of the primary tasks
of the Habitat Program is to develop habitat source documents on topics of immediate and broad
interest to ASMFC Commissioners that will provide needed information to the states. In this
case, Commissioners requested detailed information on the habitat use, threats to habitat, and
habitat research needs for all life stages of the ASMFC-managed diadromous species.

ASMEFC coordinates interstate fishery management plans for seven diadromous fish
species. Of these seven species, striped bass, Atlantic sturgeon, American shad, hickory shad,
alewife, and blueback herring are anadromous; the only ASMFC-managed catadromous species
is American eel. Throughout their life history, diadromous fishes occupy a broad range of rivers,
bays, and estuaries from Florida to Canada, as well as the Atlantic Ocean. All diadromous fish
share the common need for fresh, estuarine, and marine waters at various stages in their
development. Some of these species, such as the alosines, share similar life history
characteristics and range of habitat as well.

Under the 1996 reauthorization of the Magnuson-Stevens Fishery Conservation and
Management Act, federal Fishery Management Councils were required to identify essential fish
habitat (EFH) for all species under federal management; federal agencies proposing projects
within EFH areas would then be required to consult with NMFS to determine the impact of those
projects on EFH. This mandate was required only for federally managed species, not for species
solely under the management authority of interstate Marine Fisheries Commissions. The
ASMFC subsequently chose to adopt EFH designations prepared by the federal Fishery
Management Councils for any species managed jointly or in association with the Councils. For
species solely under Commission management, the Commission has chosen to identify all habitat
and Habitat Areas of Particular Concern (HAPCs), but will refrain from identification of EFH.
The HAPC:s identified by the Commission do not require consultations, or any other regulatory
compliance authority.

HAPC:s are areas within EFH that may be designated according to the Essential Fish
Habitat Final Rule (2002) based on one or more of the following considerations: (i) the
importance of the ecological function provided by the habitat, (ii) the extent to which the habitat
is sensitive to human-induced environmental degradation, (iii) whether, and to what extent,
development activities are, or will be, stressing the habitat type, or (iv) the rarity of the habitat
type. Since descriptions of EFH are not currently included in Commission Fishery Management
Plans (FMPs), the HAPC definition has been modified to include areas within the species’
habitat that satisfy one or more of the aforementioned criteria. A HAPC is a subset of habitats
the species is known to occupy, and could include spawning habitat, nursery habitat for larvae,
juveniles, and subadults, and/or some amount of foraging habitat for mature adults. HAPCs are
geographic locations that are particularly critical to the survival of a species.
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All Atlantic coast states are impacted by numerous threats to their natural resources;
diadromous fish species are particularly vulnerable because they utilize both coastal and inland
habitat during portions of their life history. Poor water quality, altered habitat, blocked access,
suboptimal conditions, and invasive species are just a few of the conditions that jeopardize many
fish. According to the ASMFC Five-Year Strategic Plan (2009-2013), the loss and degradation
of nearshore marine and estuarine fish habitat is a significant factor affecting the long-term
sustainability of the nation’s fisheries. Diadromous fish species occupy these habitats during a
critical period in their life history; it is therefore imperative that fisheries managers provide
coordinated management of these areas.

In 2006, the National Fish Habitat Action Plan (NFHAP) was adopted to address the need
for improved coordination of fisheries conservation efforts throughout the nation. Currently, the
existing NFHAP lacks a Habitat Conservation Plan that directly addresses the needs of
diadromous fish species. This document will serve as a basis for the development of the
diadromous portion of a conservation strategy for the Atlantic Coastal Fish Habitat Partnership
(ACFHP). The ACFHP hopes to conserve habitat for Atlantic coastal, estuarine-dependent, and
diadromous fish.

Ecological Significance of Diadromous Fish Species

Diadromous fish have historically played a critical ecological role throughout the range
of their habitats. For example, in freshwater, adult shad and river herring returning to spawn are
assumed to be food for other fish, reptiles (e.g., snakes and turtles), birds (e.g., ospreys, green
herons, eagles, cormorants), and mammals (e.g., mink). Egg, larval, and juvenile shad and river
herring may also be consumed by both vertebrate and invertebrate predators in freshwater,
estuarine, and nearshore environments. Shad and river herring, which spend several years in the
marine environment growing to maturity, bring a significant source of nutrient input to
freshwater and estuarine environments. In a second example, American eel are preyed upon by a
variety of fish, mammals, and birds, including mink, raccoon, striped bass, and bald eagles. As
American eel can contribute up to 25% of the biomass in individual systems, they may be a very
important part of the food web. In a third example, documented freshwater predators of Atlantic
sturgeon include gar and sea lamprey, and in marine waters, Atlantic sturgeon may be preyed
upon by birds, seals, sharks, and other fish.

In addition, semelparous American shad in south Atlantic coastal rivers were a significant
food source before their decline. Furthermore, adult blueback herring are commonly preyed
upon by striped bass. Although striped bass populations were once depleted, they have now
fully recovered; this increased predation may have contributed to a decline in blueback herring
abundance in the Connecticut River since 1992. In recent years, predation on alewife and
blueback herring by double-crested cormorants staging near the entrance to fishways has
increased dramatically in Rhode Island rivers. Predation by otters and herons has also increased
in the same area, but to a lesser extent.

Additionally, diadromous fish have historically been a significant food source for human
consumption. For example, American eel was once an important food source to Native
Americans and early European settlers due to their high nutritional value. They are considered to
have the highest nutritional value of fish. In addition, Atlantic sturgeon have been a valuable
resource since pre-colonial times. This species was often used by Native Americans, as
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evidenced by remains at archeological sites. Atlantic sturgeon were harvested as early as the
1600’s by colonists, and were the primary cash crop in Jamestown before tobacco. Their leather
was used for clothing and bookbinding, and swim bladders were used for carriage windows and
to make gelatin for jellies, wine, beer, and glue. Atlantic sturgeon were also used as fertilizer for
plants and fuel for steam-powered vessels. In the 1870’s, a major fishery was established for
caviar, and within a hundred years, the fishery had completely collapsed.

Most American shad stocks are at historically low levels, and landings have plummeted
from a peak of 30,000 metric kg at the turn of the century to a low of 0.6 million kg in 1996.
Hickory shad, whose meat is bony and regarded as inferior to American shad, but is prized for its
roe, has supported minor commercial fisheries. It is highly sought after by sport fishermen when
adults ascend rivers and tributaries during their spawning run, and numbers of fish and landings
have increased significantly in recent years. For American eel, landings in the United States
have fallen from a high of 1.8 million pounds in 1985 to a low of 641,000 pounds in 2002. For
Atlantic sturgeon, in the late 1800’s a caviar fishery was established, and by 1890, harvest
peaked at approximately 3350 mt (7 million 1bs), which lead to a significant reduction in
population size. By 1901, landings were 10% of the former peak at 295 mt. Further reductions
in populations occurred in the 1970’s and 1990’s, with landings in the 1990s averaging 84.2 mt.
As aresult, in 1998, the ASMFC initiated a 40-year commercial fishing moratorium.

Document Content

This document is the most comprehensive compilation of habitat information to date on
Commission-managed diadromous species. The primary focus of this document is on inshore
and nearshore habitats along the Atlantic coast for all life stages of the included species, but
offshore habitat is also discussed. In contrast with the catadromous American eel, the six
anadromous species discussed spawn in fresh or brackish waters and spend a portion of their
juvenile/sub-adult life stage in freshwater and/or brackish waters. However, American eel spawn
in saltwater; following an oceanic larval stage, they migrate to fresh or brackish waters to grow
to maturity. Inland and coastal waters provide critical habitat for spawning, growth, feeding, and
in some cases, residential habitat for diadromous fish species. Thus, impacts to these areas are
likely to have consequences for species that rely on these areas.

In 1998, the Commission published the ASMFC Guidance for the Development of FMP
and Source Document Habitat Sections (since revised in the 2008 ASMFC Habitat Program
Operational Procedures Manual), which served as the primary guide for preparation of this
document. Currently, Commission FMPs and FMP amendments contain varying degrees of
habitat information, including habitat-related management objectives and recommendations.
Therefore, this document will serve as a tool for fisheries managers to amend existing FMPs to
include the most current and comprehensive habitat information.

The Commission’s FMP guidance document indicates that the best available information
and data should be used in the development of habitat sections, including, but not limited to, peer
reviewed literature, gray literature, personal communication with knowledgeable professionals,
and unpublished information with adequate citations. In accordance with this directive, this
document has utilized many available sources, including state, federal, and private sources to
cover the major sections required for FMPs. Furthermore, maps were developed using a GIS
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interface that provide a comprehensive source of spawning habitat information for Commission-
managed anadromous species (see DVD supplement).

The authors of this document mined existing data sources that identified confirmed or
suspected habitats, and those that were deemed important or essential (see text of this document
as well as tables included on supplemental DVD). Many new studies have been conducted in
recent years, including physical, chemical, and ecological requirements, and are included in this
document. Information about the condition of existing habitat has been assessed in some areas,
as well as recommendations for reversing impacts or preserving the status quo.

In addition, all Atlantic coastal states submitted a State Wildlife Action Plan (SWAP) to
the U.S. Fish and Wildlife Service in 2005. The purpose of the State Wildlife Grants Program is
to provide federal dollars to every state and territory to support conservation efforts to prevent
wildlife from becoming endangered. The amount of information on diadromous fish species
varies within individual SWAPs, but collectively, this represents a significant amount of data
that was not previously available before publication of this document. Inclusion of this
information provides fish habitat managers with additional resources to identify and protect
important habitats.

Unfortunately, we still lack a complete understanding of what habitats are essential to a
given species, what the effects of anthropogenic activities are on habitat, and what can be done to
mitigate these impacts. This document attempts to address some of these concerns. By
identifying all known and suspected habitat, habitat managers can begin to piece together the full
range of habitat that each species occupies. Information about physical, chemical, and ecological
requirements may help managers to delineate essential habitat for each species at various life
history stages. Where information exists on present condition of habitat, managers can predict
the fate of resident species. Finally, recommendations for conservation and restoration can be
developed to ensure that there will be adequate habitat for all diadromous fish species.
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Section I. American Shad Description of Habitat

American Shad General Habitat Description and Introduction

American shad (Alosa sapidissima) are an anadromous, pelagic, highly migratory,
schooling species (Colette and Klein-MacPhee 2002). The historical range of American shad
extended from Sand Hill River, Labrador, Newfoundland, to Indian River, Florida, in the western
Atlantic Ocean (Lee et al. 1980; Morrow 1980). The present range extends from the St.
Lawrence River in Canada to St. Johns River, Florida. In addition, American shad were
introduced to the Sacramento River in California, and the Columbia, Snake, and Willamette
rivers in Oregon in the late 1800s. Since that time, the species’ range in the Pacific Ocean has
expanded to Cook Inlet, Alaska, and the Kamchatka Peninsula, Russia, south to Todos Santos
Bay, Baja California (Lee et al. 1980; Howe 1981). Attempts to introduce the species in the Gulf
of Mexico, Mississippi River drainage, Colorado streams, and the Great Lakes were unsuccessful
(Walburg and Nichols 1967; Whitehead 1985). Interestingly, a landlocked population exists in a
reservoir of the San Joaquin River on the Pacific coast, but no landlocked populations have been
reported along the Atlantic coast (Zydlewski and McCormick 1997a). This document will focus
on behaviors of Atlantic populations of anadromous American shad.

American shad spend most of their lives in marine waters, with adults migrating into
coastal rivers and tributaries to spawn. On average, American shad spend four to five years at
sea, and some individuals from the southernmost range may travel over 20,000 km during this
time period (Dadswell et al. 1987). Researchers believe that the historical spawning range of
American shad included all accessible rivers and tributaries along the Atlantic coast (MacKenzie
et al. 1985). Additionally, rivers, bays, and estuaries associated with spawning reaches are used
as nursery areas by American shad (ASMFC 1999).

Over the past 170 years, declines in American shad stocks have been attributed to
overfishing, pollution, and habitat loss due to dams, upland development, and other factors
(Limburg et al. 2003). Turn of the century catch levels of 30,000 metric tons (Walburg and
Nichols 1967) have dropped considerably to a low of 600 metric tons in 1996 (ASMFC 1999).
Overfishing contributed to the decline in American shad landings in many East Coast rivers; this
decline is seen in harvest records from the 1950s to the 1970s (Talbot 1954; Walburg 1955,
1963; Williams and Bruger 1972; Sholar 1976). Unfortunately, due to habitat loss, American
shad stocks have continued to decline in many coastal rivers, including the Hudson River, New
York. However, some populations, such as in the Connecticut River, the Pawcatuck River,
Rhode Island, and the Santee River, South Carolina, have stabilized or are increasing in numbers
(ASMFC 1988; Cooke and Leach 2003).

In 1998, an assessment of American shad confirmed that most stocks were not
overfished, however, overall stock abundance was historically low. Researchers concluded that,
“the current strategy to restore American shad stocks by improving habitat and fish passage,
stocking, and inter-basin transfers will yield much stronger dividends than a strategy of stock
restoration based solely on reduction of fishing mortality” (Boreman and Friedland 2003).

Although there is an abundance of literature on adult American shad migration trends,
migration physiology, and young-of-the-year ecology, research on American shad habitat
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requirements is greatly needed. Much of the information contained in this chapter was derived
from fisheries surveys, and research studies on American shad and other fish from the sub-family
Alosinae (also referred to as “alosines”).

Part A. American Shad Spawning Habitat

Geographical and temporal patterns of migration

The existing Atlantic coast stocks of American shad have a geographic range that
currently extends from the St. Johns River, Florida, to the St. Lawrence River, Canada (see
above for historic range). Scientists estimate that this species once ascended at least 130 rivers
along the Atlantic coast to spawn, but today fewer than 70 systems have runs (Limburg et al.
2003). Most American shad return to their natal rivers and tributaries to spawn (Fredin 1954;
Talbot 1954; Hill 1959; Nichols 1966; Carscadden and Leggett 1975), although on average, 3%
stray to non-natal river systems (Mansueti and Kolb 1953; Williams and Daborn 1984; Melvin et
al. 1985). In fact, Hendricks et al. (2002) demonstrated that hatchery-reared American shad
homed to a specific tributary within the Delaware River system several years after stocking, and
also preferred the side of the tributary influenced by the plume of their natal river.

The degree of homing by American shad may depend on the nature of the drainage
system. If so, mixing of stocks and consequent straying would more likely occur in large and
diversified estuarine systems, such as the Chesapeake Bay, while more precise homing could be
expected in systems that have a single large river, such as the Hudson River (Richkus and
DiNardo 1984).

Timing Month Location Citation

Begin  December St. Johns River, FL Williams and Bruger 1972

Peak January St. Johns River, FL Leggett 1976

Begin  mid-January GA and SC Walburg and Nichols 1967,
Leggett and Whitney 1972

Begin  mid-February NC and VA Walburg and Nichols 1967,
Leggett and Whitney 1972

Peak March NC and VA Walburg and Nichols 1967;
Leggett and Whitney 1972

Peak April Potomac River Walburg and Nichols 1967;
Leggett and Whitney 1972

Peak early May Delaware River Walburg and Nichols 1967;
Leggett and Whitney 1972

Range March-June  Hudson & Connecticut rivers ~ Walburg and Nichols 1967;
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Timing Month Location Citation

Leggett and Whitney 1972
Range June-August  Androscoggin River, Maine Brown and Sleeper 2004
End July-August  Canadian rivers MacKenzie et al. 1985;

Scott and Scott 1988

Table 2-1. American shad temporal spawning trends along the Atlantic coast of North America

American shad spring spawning migrations begin in the south and move gradually north
as the season progresses and water temperatures increase (Table 2-1; Walburg 1960). Spawning
runs typically last 2-3 months, but may vary depending on weather conditions (Limburg et al.
2003). The diel timing of migration may not vary greatly from region to region. In the James
River, Virginia, spawning adults ascended mostly between 0900 and 1600 hours (Weaver et al.
2003). Arnold (2000) reported similar results in the Lehigh River, Pennsylvania, where
American shad passed primarily between 0900 and 1400 hours.

American shad show varied preferences for migration distance upstream depending on
the river system. There does not seem to be a minimum distance from brackish waters at which
spawning occurs (Leim 1924; Massmann 1952), but upstream and mid-river segments appear to
be favored (Massmann 1952; Bilkovic et al. 2002). It is not unusual for American shad to travel
25 to 100 miles upstream to spawn; some populations historically migrated over 300 miles
upstream (Stevenson 1899; Walburg and Nichols 1967). In the 18" and 19" centuries, American
shad runs were reported as far inland as 451 miles along the Great Pee Dee and Yadkin rivers in
North Carolina (Smith 1907) and over 500 miles in the Susquehanna River (Stevenson 1899).

Male American shad arrive at riverine spawning grounds before females (Leim 1924).
Females release their eggs close to the water surface to be fertilized by one or several males.
Diel patterns of egg release depend upon water turbidity and light intensity. In clear open water,
eggs are released and fertilized after sunset (Leim 1924; Whitney 1961), with peak spawning
around midnight (Massmann 1952; Miller et al. 1971; 1975). In turbid waters (or on overcast
days; Miller et al. 1982), eggs are released and fertilized during the day (Chittenden 1976a). For
example, in the Pamunkey River, Virginia, spawning has been observed throughout the day,
which may be due to relatively turbid waters damping light intensity (Massmann 1952). These
findings support the hypothesis of Miller et al. (1982) that daily spawning is regulated by light
intensity.

Another interesting aspect of American shad migration is the regional difference in
spawning periodicity. American shad that spawn north of Cape Hatteras are iteroparous (repeat
spawners), while almost all American shad spawning south of Cape Hatteras are semelparous
(die after one spawning season). This may be due to the fact that south of North Carolina the
physiological limits of American shad are stretched during long oceanic migrations; higher
southern water temperatures may also have an effect (Leggett 1969). Moreover, Leggett and
Carscadden (1978) suggest that southern stocks produce more eggs per unit of body weight than
northern populations to compensate for not spawning repeatedly.
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% of repeat

Location spawners Citations

Neuse River, NC 3 Leggett and Carscadden 1978
York River, VA 24 Leggett and Carscadden 1978
Connecticut River 63 Leggett and Carscadden 1978
Saint John River, 73 Colette and Klein-MacPhee 2002

Canada

Table 2-2. Percentage of repeat spawners for American shad along the Atlantic coast of
North America

Studies show the percentage of iteroparous adult American shad increases northward
along the Atlantic coast (Table 2-2). However, the percentage of repeat spawners may fluctuate
over time within the same river due to pollution, fishing pressure, land-use change, or other
factors (Limburg et al. 2003). Furthermore, almost 59% of American shad in the St. Lawrence
River did not spawn every year following the onset of maturation, skipping one or more seasons
(Provost 1987). Additionally, some fish spawn up to five times before they die (Carscadden and
Leggett 1975).

Members of this species exhibit asynchronous ovarian development and batch spawning.
In addition, American shad spawn repeatedly as they move upriver (Glebe and Leggett 1981a),
which some researchers think may be a function of their high fecundity (Colette and Klein-
MacPhee 2002). Estimates of egg production for the York River, Virginia, are 20,000 to 70,000
eggs per kg somatic weight spawned every four days (Olney et al. 2001).

However, some researchers believe that fecundity in American shad may be
indeterminate, and that previous annual or lifetime fecundity estimates may not be accurate
(Olney et al. 2001). Researchers examining batch fecundity of semelparous American shad in
the St. Johns River, Florida, and iteroparous individuals in the York and Connecticut rivers in
Virginia and Connecticut, respectively, found no statistically significant differences in batch
fecundity among the populations. Until spawning frequency, duration, and batch size throughout
the spawning season are known, lifetime fecundity for various stocks cannot be determined and
previous methods to determine fecundity throughout the coastal range will be inadequate (Olney
and McBride 2003). Nevertheless, the habitat productivity potential estimate used in Maine is
2.3 shad per 100 square yards of water surface area (Brown and Sleeper 2004).

It is interesting to note that Olney et al. (2001) found that approximately 70 percent of
post-spawning American shad females leaving the York River had only partially spent ovaries,
which suggests that the maximum reproduction level of most females in the river system each
year is not achieved. Researchers hypothesize that these females utilize partially spent ovaries
by reabsorbing unspawned, yoked oocytes to supplement somatic energy sources as they return
to the ocean. These fish likely have a greater potential for surviving multiple spawning events
than individuals that are fully spent and have no such energy reserves (Olney et al. 2001). Even
with energy reserves, spent adults are usually very emaciated and return to sea soon after
spawning (Chittenden 1976b), sometimes feeding before reaching saltwater (Atkins 1887).
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Layzer (1974) found that American shad selected discrete spawning sites in the
Connecticut River and remained there for most of the season despite the large area available for
spawning. Sometimes spawners forego areas with highly suitable habitats that are further
downstream, suggesting that there are other variables that influence habitat choice (Bilkovic
2000). Ross et al. (1993) suggest that choice of spawning habitat may be unrelated to physical
variables, but rather may reflect a selective pressure such as fewer egg predators in selected
habitats.

Spawning and the saltwater interface

Adult American shad may spend two to three days in estuarine waters prior to upriver
migration (Dodson et al. 1972; Leggett 1976). Leim (1924) observed spawning by American
shad in brackish waters, but other researchers believe that spawning occurs only in freshwater
(Massman 1952; MacKenzie et al. 1985). Spawning typically occurs in tidal and non-tidal
freshwater regions of rivers and tributaries (Chittenden 1976a). While in the Hudson River,
American shad ascend beyond the saltwater interface and go as far upstream as they can travel
(Schmidt et al. 1988), eggs are typically deposited slightly above the range of tide in the
Shubenacadie River, Canada (Leim 1924). In many rivers, adult spawners historically migrated
beyond tidal freshwater areas, but they can no longer reach these areas due to dam blockages
(Mansueti and Kolb 1953).

Interestingly, American shad tolerate a wide range of salinities during early
developmental stages (Chittenden 1969) and adult years (Dodson et al. 1972), even though their
eggs are normally deposited in freshwater (Weiss-Glanz 1986). Additionally, Limburg and Ross
(1995) concluded that a preference for upriver spawning sites may be genetically fixed, but its
advantage or significance was not related to salt intolerance of eggs and larvae.

Leggett and O’Boyle (1976) conducted an experiment to see if American shad require a
period of acclimation to freshwater. The researchers determined that fish transferred from
seawater to freshwater, with a 6°C temperature increase over a 2.5-hour period, experienced
physiologic stress and a 54% mortality rate five hours later. Furthermore, adults did not survive
transfers from saltwater (27 ppt) to freshwater with a 14°C temperature increase. Mortality rates
varied from 0 to 40% for transfers from waters with salinities ranging from 13 to 25 ppt to
freshwater and temperature increases up to 6°C. However, adult American shad may be better
adapted to transfers from freshwater to saltwater. They tolerated transfers from freshwater to 24
ppt and temperature increases of up to 9°C (Leggett and O’Boyle 1976).

Spawning substrate associations

Spawning often occurs far upstream or in river channels dominated by flats of sand, silt,
muck, gravel, or boulders (Mansueti and Kolb 1953; Walburg 1960; Walburg and Nichols 1967;
Leggett 1976; Jones et al. 1978). The importance of substrate type to American shad spawning
behavior is still debated. Bilkovic et al. (2002) concluded that substrate type was not predictive
of spawning and nursery habitat in two Virginia rivers that were surveyed. Similarly,
Krauthamer and Richkus (1987) do not consider substrate type to be an important factor at the
spawning site since eggs are released into the water column.

12



Chapter 2: American Shad

However, eggs are semi-buoyant and may eventually sink to the bottom. Thus, areas
predominated by sand and gravel may enhance survival because there is sufficient water velocity
to remove particles and prevent suffocation if eggs settle to the bottom (Walburg and Nichols
1967). Furthermore, Layzer (1974) noted that survival rates of shad eggs were highest where
gravel and rubble substrates were present. Likewise, Hightower and Sparks (2003) hypothesize
that larger substrates are important for American shad reproduction, based on observations of
spawning in the Roanoke River, North Carolina. Other researchers have also observed American
shad spawning primarily over sandy bottoms free of mud and silt (Williams and Bruger 1972).

Spawning depth associations

Depth is not considered a critical habitat parameter for American shad in spawning
habitat (Weiss-Glanz et al. 1986), although Witherell and Kynard (1990) observed adult
American shad in the lower half of the water column during the upstream migration. Once they
reach preferred spawning areas, adults have been found at river depths ranging from 0.45 to 10 m
(Mansueti and Kolb 1953; Walburg and Nichols 1967). However, depths less than 4 m are
generally considered ideal (Bilkovic 2000).

Ross et al. (1993) observed that the greatest level of spawning occurred where the water
depth was less than 1 m in the Delaware River. Other studies suggest that adults select river
areas that are less than 10 ft deep (3.3 m) or have broad flats (Mansueti and Kolb 1953; Leggett
1976; Kuzmeskus 1977). Adults may reside in slow, deep pools during the day, and in the
evening move to shallower water where riffle-pools may be present to spawn (Chittenden 1969;
Layzer 1974). During the spawning event, females and males can be found close to the surface
for the release and fertilization of eggs (Medcof 1957).

Stier and Crance (1985) suggest that for all life history stages, including spawning, egg
incubation, larvae, and juveniles, the optimum depth range is between 1.5 and 6.1 m. Depths
less than 0.46 m (for spawning adults, larvae, and juveniles) and 0.15 m (for egg incubation), and
depths greater than 15.24 (for all life history stages) are considered unsuitable (Stier and Crance
1985). However, recent studies on optimal habitat for spawning events have found that these
areas may be defined more narrowly than indicated by studies focused primarily on egg
collection. For example, sites deeper than 2 m in the Neuse River, North Carolina, were used
less extensively than expected for spawning based on depth availability within the spawning
grounds and over the entire river (Beasley and Hightower 2000; Bowman and Hightower 2001).

Spawning water temperature

Activity Temperature (°C) Location Citation

Migration 5-23 Throughout range  Walburg and Nichols 1967
Migration (peak) 8.6-19.9 (16 - 19) North Carolina Leggett and Whitney 1972
Peak migration 16.5-215 Southern rivers Leggett 1976

Spawning 8-26 Throughout range  Walburg and Nichols 1967,
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Activity Temperature (°C) Location Citation

Stier and Crance 1985
Optimum spawning 14 - 20 Throughout range  Stier and Crance 1985
Optimum spawning 14 -245 Throughout range  Ross et al. 1993

Table 2-3. American shad migration and spawning temperatures for the Atlantic coast

Spawning for American shad may occur across a broad range of temperatures (Table 2-
3). Water temperature is the primary factor that triggers spawning, but photoperiod, water flow
and velocity, and turbidity also exert some influence (Leggett and Whitney 1972). Based on the
temperature range reported by Leggett and Whitney (1972), Parker (1990) suggests that pre-
spawning adults tolerate higher temperatures as they undergo physiological changes and become
sexually ripe.

Most spawning occurs in waters with temperatures between 12-21°C (Walburg and
Nichols 1967; Leggett and Whitney 1972). Generally, water temperatures below 12°C cause
total or partial cessation of spawning (Leim 1924). However, Jones et al. (1978) reported
American shad moving into natal rivers when water temperatures were 4° C or lower.
Additionally, Marcy (1976) found that peak spawning temperatures varied from year to year.
For example, peak spawning temperatures in the Connecticut River were 22°C and 14.8°C in
1968 and 1969, respectively (Marcy 1976).

Other factors, such as the pace of gonadal and egg development may also be related to
water temperature. Mansueti and Kolb (1953) found that shad ovaries developed more slowly at
12.8°C than at 20 to 25°C. In theory, eggs may develop slowly at first then mature rapidly with
higher temperatures (DBC 1980).

Spawning dissolved oxygen associations

American shad require well-oxygenated waters in all habitats throughout their life history
(MacKenzie et al. 1985). Jessop (1975) found that migrating adults require minimum dissolved
oxygen (DO) levels between 4 and 5 mg/L in the headwaters of the Saint John River, New
Brunswick. Dissolved oxygen levels below 3.5 mg/L have been shown to have sub-lethal effects
on American shad (Chittenden 1973a); levels less than 3.0 mg/L completely inhibit upstream
migration in the Delaware River (Miller et al. 1982). Additionally, dissolved oxygen levels less
than 2.0 mg/L cause a high incidence of mortality (Tagatz 1961; Chittenden 1969), and below
0.6 mg/L cause 100% mortality (Chittenden 1969). Although minimum daily dissolved oxygen
concentrations of 2.5 to 3.0 mg/L should be sufficient to allow American shad to migrate through
polluted areas, Chittenden (1973a) recommends that suitable spawning areas have a minimum of
4.0 mg/L. Miller et al. (1982) propose even higher minimum concentrations, suggesting that
anything below 5.0 mg/L should be considered potentially hazardous to adult and juvenile
American shad.
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Spawning water velocity/flow

Water velocity (m/sec) is an important parameter for determining American shad
spawning habitat (Stier and Crance 1985). Walburg (1960) found that spawning and egg
incubation most often occurred where water velocity was 0.3 to 0.9 m/s. In support, Stier and
Crance (1985) suggested that this was the optimum range for spawning areas. Ross et al. (1993)
observed that American shad spawning activity was highest in areas where water velocity ranged
from 0.0 to 0.7 m/s; this suggested that there was no lower suitability limit during this stage and
that the upper limit should be modified. However, Bilkovic (2000) determined that the optimum
water velocity range for eggs and larvae was 0.3 to 0.7 m/s, and hypothesized that some
minimum velocity was required. A minimum velocity is needed in order to prevent siltation and
ensure that conditions conducive to spawning and egg incubation occur (Williams and Bruger
1972; Bilkovic 2000).

Appropriate water velocity at the entrance of a fishway is also important for American
shad migrating upstream to spawning areas. Researchers found that water velocities of 0.6 to 0.9
m/s at the entrance to a pool-and-weir fishway was needed to attract American shad to the
structure (Walburg and Nichols 1967). The Conowingo Dam fish lift on the Susquehanna River
uses entrance velocities of 2 to 3 m/s to attract American shad to the lift (R. St. Pierre, U.S. Fish
and Wildlife Service, personal communication). At other sites, such as the Holyoke Dam in
Massachusetts, American shad have trouble locating fishway entrances among turbulent
discharges and avoid the area; thus, too much water velocity and/or turbulence may actually
deter this species (Barry and Kynard 1986).

Ross et al. (1993) noted that habitat selection among spawning adult American shad
favored relatively shallow (0.5 to 1.5 m) mid-river runs with moderate to high current velocity
(0.3-0.7 m/s). To a lesser degree, adults also were located in channels (deeper, greater current
velocities, little if any SAV) and SAV shallows (inshore, high densities of SAV, low current
velocities). The researchers found adults seemed to avoid pools (wide river segment, deep, low
current velocities) and riffle pools (immediately downstream of riffles, deep water, variable
current velocity and direction) that contained both deep and slow water. This avoidance of pools
and riffle pools may be explained by the fact that the preferred run habitat contained both swift
and shallow water characteristics. Channels and SAV shallows may be either swift or shallow;
these characteristics may lead to higher survivability of newly spawned eggs compared to deep
pool habitat (Ross et al. 1993). Similarly, Bilkovic et al. (2002) found the greatest level of
spawning activity in runs.

Water velocity may also contribute in some way to weight loss and mortality during the
annual spawning migration, especially for male American shad. Males typically migrate
upstream earlier in the season when water velocities are greater, thus expending more energy
than females (Glebe and Leggett 1973; DBC 1980).

In addition, areas with high water flows provide a cue for spawning American shad (Orth
and White 1993). In 1985, a rediversion canal and hydroelectric dam constructed between the
Cooper River and Santee River, South Carolina, increased the average flow of the Santee River
from 63 m*/s to 295 m®/s. (Cooke and Leach 2003). The increased river flow and access to
spawning grounds through the fish passage facility have contributed to increases in American
shad populations. Although the importance of instream flow requirements has been previously
recognized with regard to spawning habitat requirements or recruitment potential (Crecco and
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Savoy 1984; ASMFC 1985; Crecco et al. 1986; Ross et al. 1993; Moser and Ross 1994), Cooke
and Leach (2003) suggested that river flow might be an important consideration for restoring
alosine habitat.

Water flow may have additional importance for American shad populations in the future.
Although Summers and Rose (1987) did not detect direct relationships between stock size and
river flow or water temperature, they found that spawning stock size, river flow rate, and
temperature were important predictors of future American shad population sizes. These
researchers suggested that future studies incorporate a combination of environmental variables,
rather than a single environmental variable, to determine what stimuli affect stock size.

Spawning suspended solid associations

Adults appear to be quite tolerant of turbid water conditions. In the Shuebenacadie River,
Nova Scotia, suspended solid concentrations as high as 1000 mg/L did not deter migrating adults
(Leim 1924). Furthermore, Auld and Schubel (1978) found that suspended solid concentrations
of 1000 mg/L did not significantly affect hatching success of eggs.

Spawning feeding behavior

Early research suggested that adult American shad did not feed in freshwater during
upstream migration or after spawning (Hatton 1940; Moss 1946; Nichols 1959) because the most
available food source in the freshwater community was too small to be retained by adult
gillrakers (Walburg and Nichols 1967). Atkinson (1951) suggested that American shad stopped
feeding due to the physical separation from suitable food sources rather than a behavioral or
physiological reduction in feeding.

More recent studies of feeding habits of American shad in the York River, Virginia,
found that individuals did, in fact, feed as they migrated from the oceanic to coastal waters
(Chittenden 1969, 1976b; Walters and Olney 2003). Walters and Olney (2003) compared
stomach fullness of migrating American shad with individuals in the ocean and estuary, and
found that as American shad moved from oceanic waters to coastal and estuarine waters their
diet composition changed from oceanic copepods, such as Calanus finmarchicus, to other
copepods, such as C. typicus and Acartia spp. (Walters and Olney 2003). The estuarine mysid
shrimp Neomysis americana became an important component, replacing euphausids in spent and
partially spent adults. Minor amounts of other crustaceans were also found in spent American
shad stomachs including cumaceans, sevenspine bay shrimp (Crangon septemspinosa), and
gammarid amphipods, as well as woody and green plant debris that had little or no nutritional
value (Walters and Olney 2003). This finding suggested that these fish fed if there was suitable
prey available (Atkinson 1951).

The ability to feed during migration and after spawning may be an important factor in
decreasing post-spawning mortality of American shad (Walters and Olney 2003). Migration
requires significant energetic expenditures and causes weight loss (Glebe and Leggett 1981a;
1981b); the resumption of feeding likely represents a return to natural feeding patterns, which
allows the fish to begin regaining lost energy reserves (Walter and Olney 2003). Finally, the
ability to survive spawning has been correlated with the degree of energy lost (Glebe and Leggett
1981b; Bernatchez and Dodson 1987). Therefore, American shad that feed actively before and
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after spawning may have a higher likelihood of repeat spawning. Additionally, individuals
whose spawning grounds are in closer proximity to estuarine food sources (and do not expend as
much energy as those that have to travel farther), and emigrating fish that have partially spent
ovaries that can be reabsorbed for energy (Olney et al. 2001), may have a higher frequency of
repeat spawning and lower energy expenditures (Walter and Olney 2003).

Spawning competition and predation

Early studies found that seals and humans preyed upon adult American shad (Scott and
Crossman 1973), but the species appeared to have few other predators (Scott and Scott 1988).
Erkan (2002) found that predation of alosines has increased in Rhode Island rivers, noting that
the double-crested cormorant often takes advantage of American shad staging near fishway
entrances. Predation by otters and herons has also increased, but to a lesser extent (D. Erkan,
Rhode Island Division of Fish and Wildlife, personal communication). A recent study strongly
supports the hypothesis that striped bass predation on adult American shad in the Connecticut
River has resulted in a dramatic and unexpected decline in American shad abundance since 1992
(Savoy and Crecco 2004). Researchers further suggest that striped bass prey primarily on
spawning adults because their predator avoidance capability may be compromised at that time,
due to a strong drive to spawn during upstream migration. Rates of predation on ages 0 and 1
alosines was also much lower (Savoy and Crecco 2004).

In south Atlantic coastal rivers where the percentage of repeat spawning is low or non-
existent, adult American shad that die after spawning may contribute significant nutrient input
from the marine system into freshwater interior rivers (ASMFC 1999). Garman (1992)
hypothesized that before recent declines in abundance, the annual input of marine-derived
biomass of post-spawning alosines was an important seasonal source of energy and nutrients for
the non-tidal James River.
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Part B. American Shad Egg and Larval Habitat

Geographical and temporal movement patterns

American shad eggs and larvae have been found at, or downstream of, spawning
locations. Upstream areas typically have extensive woody debris where important larval and
juvenile American shad prey items reside, and spawning there may ensure that eggs develop
within favorable habitats (Bilkovic et al. 2002).

Once American shad eggs are released into the water column, they are initially semi-
buoyant or demersal. Survival of eggs is dependent on several factors, including current
velocity, dissolved oxygen, water temperature, suspended sediments, pollution, and predation
(Krauthamer and Richkus 1987; Bailey and Houde 1989). Whitworth and Bennett (1970)
monitored American shad eggs after they were broadcast and found that they traveled a distance
of 5 to 35 m downstream before they sank or became lodged on the bottom. Other researchers
reported similar observations (Barker 1965; Carlson 1968; Chittenden 1969).

Laboratory experiments suggested that sinking rates for American shad eggs were around
0.5 to 0.7 m/min (1.6 to 2.4 ft/min), with newly spawned eggs sinking at a quicker rate, although
hydrodynamic and tidal effects were not accounted for in the experiments (Massmann 1952;
Chittenden 1969). Other factors, such as amount of woody debris, influence how far eggs travel
and may prevent eggs from settling far from the spawning site (Bilkovic 2000). Once eggs sink
to the bottom, they are swept under rocks and boulders and are kept in place by eddy currents. In
addition, eggs may become dislodged and swept downstream to nearby pools (DBC 1980).

American shad yolk-sac larvae may not use inshore habitat as extensively as post-yolk-
sac larvae (Limburg 1996). One early study (Mitchell 1925, cited by Crecco et al. 1983) found
that yolk-sac larvae were near the bottom and swam to shore as the yolk-sac reabsorbed.
Metzger et al. (1992) also found yolk-sac larvae mostly in offshore areas along the bottom, while
post yolk-sac larvae were more concentrated in quiet areas near shorelines (Cave 1978; Metzger
etal. 1992). Yolk-sac larvae are typically found deeper in the water column than post-larvae,
due to their semi-buoyant nature and aversion to light. Post-larvae, in contrast, are more
abundant in surface waters, especially downstream of spawning sites (Marcy 1976).

Yolk-sac larvae exhaust their food supply within 4 to 7 days of hatching (Walburg and
Nichols 1967), usually when they are approximately 10 to 12 mm total length (TL) (Marcy
1972). Survival is affected by water temperature, water flow, food production and density, and
predation (State of Maryland 1985; Bailey and Houde 1989; Limburg 1996). Larvae may drift
passively into brackish water shortly after hatching occurs, or can remain in freshwater for the
remainder of the summer (State of Maine 1982); often they aggregate in eddies and backwaters
(Stier and Crance 1985). Ross et al. (1993) reported that American shad larvae frequent riffle
pools where water depth is moderate and velocity and direction vary. Alternatively, larvae in the
Mattaponi and Pamunkey rivers, Virginia, were dispersed from the upper through the downriver
areas. Unlike the presence of eggs, which can be predicted in most cases using physical habitat
and shoreline/land use ratings, distinct habitat associations could not be discerned for larval
distributions. This may be due to the fact that larvae were carried further downstream than eggs,
dispersing them into more variable habitats (Bilkovic et al. 2002).
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Eggs, larvae, and the saltwater interface

Although American shad eggs are generally deposited in freshwater, it is unknown
whether they hatch in freshwater, brackish water, or in both (Weiss-Glanz 1986). Early attempts
to acclimate larval shad to seawater resulted in high mortality rates (Milner 1876). Leim (1924)
purported that successful development of embryos and larvae occurs under low salinity
conditions. In the Shubenacadie River, Canada, eggs and larvae were most often observed in
areas with a salinity of 0 ppt (range 0 to 7.6 ppt). Additionally, while larvae may tolerate
salinities as high as 15 ppt, these conditions often result in death. Leim (1924) also found that
temperature may influence salinity sensitivities, with lower temperatures (i.e., 12°C) resulting in
more abnormalities at 15 and 22.5 ppt than higher temperatures (i.e., 17°C).

In another study, Limburg and Ross (1995) found that salinities of 10 to 20% were
favorable for post-yolk sac American shad larvae, and concluded that estuarine salinities neither
depressed growth rates nor elevated mortality rates of larval American shad compared with
freshwater conditions. These researchers concluded that other ecological factors may play a
greater role in influencing spawning site selection by American shad than the physiological
effects of salinity.

Egg and larval substrate associations

Areas with sand or gravel substrates may be better for egg and larval survival because
they allow sufficient water velocity to remove silt or sand that can suffocate eggs (Walburg and
Nichols 1967). Additionally, survival rates of American shad eggs have been found to be
highest among gravel and rubble substrates (Layzer 1974). According to Krauthamer and
Richkus (1987), bottom composition is not a critical factor in the selection of spawning locations
for American shad. After American shad eggs are fertilized, they either sink to the bottom where
they become lodged under rocks and boulders, or they are swept by currents to nearby pools
(Chittenden 1969). Bilkovic (2000) concluded that substrate type was not a good predictor of
spawning and nursery habitat in rivers.

Egg and larval depth associations

Eggs are slightly heavier than water, but may be buoyed by prevailing currents and tides.
Most eggs settle at, or near, the bottom of the river during the water-hardening stage (Leim 1924;
Jones et al. 1978). In the Connecticut River, American shad eggs are distributed almost
uniformly between the surface and the bottom of the river. Larvae are more than twice as
abundant in surface waters, and are even more abundant in the water column as they move
downstream (Marcy 1976).

Walburg and Nichols (1967) found 49% of American shad eggs in waters shallower than
3.3 m (10 ft), 30% in water 3.7 to 6.7 m (11 to 20 ft), and 21% in water 7 to 10 m (21 to 30 ft).
Similarly, Massman (1952) reported that five times more eggs per hour were collected at depths
ranging from 1.5 to 6.1 m (4.9 to 20.0 ft), than in deeper waters of the Pamunkey and Mattaponi
rivers. In the same river systems, Bilkovic et al. (2002) found eggs at depths of 0.9 to 5.0 m, and
larvae at 1 to 10 m.
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Egg and larval water temperature

Days Temperature  Reference
15.5 12°C Leim 1924
17 12°C Ryder 1887
7 17° C Leim 1924
3 24° C MacKenzie et al. 1985
2 27° C Rice 1878

Table 2-4. American shad egg development time at various temperatures

Rate of development of shad eggs is correlated with water temperature (Table 2-4;
Mansueti and Kolb 1953). According to Limburg (1996), within the temperature range of 11 to
27°C, the time it takes for eggs to develop can be expressed as:

l0ge(EDT) = 8.9 — 2.484 x loge(T), where EDT is egg development time in days
and T is temperature in degrees Celsius

Estimates of near-surface water temperatures suitable for development and survival of
American shad eggs range from 8 to 30°C (Walburg and Nichols 1967; Bradford et al. 1968;
Stier and Crance 1985; Ross et al. 1993). Leim (1924) suggests that optimal conditions for
American shad egg development occur in the dark at 17°C and 7.5 ppt salinity.

Characterization Temperature (°C) Citation

Suitable 10 - 27 Bradford et al. 1968
Suitable 13.0-26.2 Ross et al. 1993
Suitable 10 - 30 Stier and Crance 1985
Optimal 15.5-26.5 Leim 1924

Optimal 15-25 Stier and Crance 1985

Table 2-5. American shad larval temperature tolerance ranges

Water temperatures above 27°C can cause abnormalities or a total cessation of larval
American shad development (Bradford et al. 1968). Few larvae have been found living in
temperatures above 28°C (Table 2-5; Marcy 1971; 1973), and no viable larvae develop from
eggs incubated above 29°C (Bradford et al. 1968). Ross et al. (1993) recommend that further
sampling be conducted for post-larval stages at temperatures greater than or equal to 27°C to
confirm upper optimal temperature preferences. In this study, the researchers found no reduction
in density of larvae at the upper thermal limit (26 to 27°C) in areas sampled along the Delaware
River (Ross et al. 1993).
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Laboratory experiments have shown that American shad eggs can tolerate extreme
temperature changes as long as the exposure is of relatively short duration (Klauda et al. 1991).
Temperature increases after acclimation at various temperatures produced variable results;
however, some eggs were found to withstand temperatures of 30.5°C for 30 minutes and 35.2°C
for 5 minutes (Schubel and Koo 1976). Furthermore, sensitivity to temperature change decreases
as eggs mature (Koo et al. 1976).

Shoubridge (1977) analyzed temperature regimes in several coastal rivers throughout the
range of American shad, and found that as latitude increases: 1) the duration of the temperature
optima for egg and larval development decreases, and 2) the variability of the temperature
regime increases. Based on Shoubridge’s work, Leggett and Carscadden (1978) suggest that
variation in American shad egg and larval survival, year-class strength, and recruitment also
increases with latitude.

Crecco and Savoy (1984) found that low water temperatures (with high rainfall and river
flow) were significantly correlated with low American shad juvenile abundance during the
month of June in the Connecticut River, while high water temperatures (with low river flow and
rainfall) were significantly correlated with high juvenile abundance. In addition, depressed water
temperatures can retard the onset and duration of American shad spawning (Leggett and Whitney
1972), larval growth rate (Murai et al. 1979), and the production of riverine zooplankton
(Chandler 1937; Beach 1960).

Egg and larval dissolved oxygen associations

Miller et al. (1982) concluded that the minimum dissolved oxygen level for both eggs and
larvae of American shad is approximately 5 mg/L. This is the value that Bilkovic (2000)
assigned for optimum conditions for survival, growth, and development of American shad.

Although specific tolerance or optima data for eggs and larvae is limited, there are studies
that note the presence or absence of eggs and larvae under certain dissolved oxygen conditions
(Bilkovic et al. 2002). In the Neuse River, North Carolina, American shad eggs were collected
in waters with dissolved oxygen levels ranging from 6 to 10 mg/L (Hawkins 1979). Marcy
(1976) did not find any American shad eggs in waters of the Connecticut River where dissolved
oxygen concentrations were less than 5 mg/L. Bilkovic (2000) found variations in dissolved
oxygen concentrations for eggs (10.5 mg/L), yolk-sac larvae (9.0 mg/L), and post-larvae (8.1
mg/L) in the Mattaponi and Pamunkey rivers.

Marcy (1976) determined that the dissolved oxygen LCsq values (i.e., concentration that
causes 50% mortality) for American shad eggs in the Connecticut River were between 2.0 and
2.5 mg/L. In the Columbia River, the LCso was close to 3.5 mg/L for eggs and at least 4.0 mg/L
for a high percentage of hatched eggs and healthy larvae; less than 1.0 mg/L dissolved oxygen
resulted in total mortality (Bradford et al. 1968). Klauda et al. (1991) concluded that a good
hatch with a high percentage of normal larvae required dissolved oxygen levels during egg
incubation of at least 4.0 mg/L, based on observations by both Maurice et al. (1987) and
Chittenden (1973a). Finally, it is worth noting that cleanup of the Delaware River has had a
measurably positive effect on increasing dissolved oxygen concentrations in that system
(Maurice et al. 1987).
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Egg and larval pH and aluminum associations

Level pH Citation
Tolerance- egg 55-9.5 Bradford et al. 1968
Tolerance- egg 6.0-7.5 Klauda 1994
Tolerance- egg 6.5-8.5 Bilkovic et al. 2002

LDso- egg 55 Klauda 1994
Mortality- egg <5.2 Bradford et al. 1968

Tolerance- larvae 6.7-9.9 Klauda 1994
Tolerance- larvae 6.5-9.3 Bilkovic et al. 2002
Optimal- larvae >7.0 Leach and Houde 1999
Tolerance- both 6.0-9.0 Leim 1924
Table 2-6. American shad egg and larval environmental pH tolerance ranges

A number of researchers have examined the effects of pH on American shad eggs and
larvae (Table 2-6). Klauda (1994) hypothesized that even infrequent and temporary episodes of
critical or lethal pH and aluminum exposures in spawning and nursery areas could contribute to
significant reductions in egg or larval survival and slow stock recovery. Similarly, Leach and
Houde (1999) noted that sudden drops in pH levels, such as those associated with rainfall, could
cause sudden mortalities for American shad larvae.

In a laboratory study, Klauda (1994) subjected eggs, yolk-sac larvae, and post-larvae to
an array of acid and aluminum conditions; larvae appeared to be more sensitive to acid and
aluminum pulses than eggs. When eggs were subjected to aluminum pulses, critical conditions
were met at pH 5.7 (with 50 or 200 pg/L Al) and pH 6.5 (with 100 ug/L Al) for 96-hour
treatments. The least severe treatment that resulted in critical conditions for 1 to 3 day old yolk-
sac larvae was a 24 h exposure to pH 6.1 with 92 pg/L Al. The least severe treatment that
resulted in a lethal condition for yolk-sac larvae was a 24 h exposure to pH 5.5 with 214 pg/L Al.
Furthermore, post-larvae (6 to 16 days old) were found to be more sensitive to acid and
aluminum pulses than both eggs and yolk-sac larvae. Critical conditions occurred at pH 5.2
(with 46 pg/L Al) and pH 6.2 (with 54 or 79 ug/L Al) for 8 hours, and lethal conditions occurred
at pH 5.2 (with 63 pg/L Al) for 16 hours (Klauda 1994).

Egg and larval water velocity/flow

Several studies report water velocity preferences for larval American shad, with 0 to 1.0
m/s the most commonly reported range (Walburg 1960; Walburg and Nichols 1967; Stier and
Crance 1985; Bilkovic et al. 2002). Kuzmeskus (1977) found freshly spawned eggs in areas with
water velocity rates between 0.095 and 1.32 m/s. Williams and Bruger (1972) noted that
increased siltation may result if water velocities are less than 0.3 m/s, causing increased egg
mortality from suffocation and bacterial infection.
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Freshwater discharge can influence both eggs and larvae of American shad. Increased
river flow can carry eggs from favorable nursery habitat to unfavorable areas that reduce their
chance for survival. Lower flows may result in favorable hydrodynamic, thermal, and feeding
conditions (Crecco and Savoy 1987a; Limburg 1996). Larval and juvenile American shad may
select eddies and backwater areas where water flow is reduced (Crecco and Savoy 1987b).
Limburg (1996) found that high spring river discharges coupled with low temperatures and low
food availability contributed to high larval mortality in the Hudson River. Larvae that hatched
after May, when the highest discharges occurred, had a higher survival rate (Limburg 1996).
Furthermore, year-class strength and river flow showed a significant negative correlation in
studies conducted on the Connecticut River (Marcy 1976). Larval survival rates have also been
negatively correlated with increased river flow in June, but positively correlated with June river
temperatures (Savoy and Crecco 1988).

Although hydrographic turbulence may affect larval American shad survival rates, the
precise mechanisms of this influence are uncertain because daily river flow and rainfall levels are
nonlinear, time-dependent processes that may act singularly or in combination with other factors,
such as temperature and turbidity (Sharp 1980). Decreased temperatures can affect larval growth
rates (Murai et al. 1979) and riverine zooplankton production that American shad may require
for nourishment (Chandler 1937; Beach 1960). Turbulence can also cause turbidity, which may
compromise the ability of larval fish to see their prey (Theilacker and Dorsey 1980). Increased
turbidity may also affect the food web. Turbidity can cause reduced photosynthesis by
phytoplankton, which in turn may lead to elimination of the cladocerans and copepods that
American shad feed upon (Chandler 1937; Hynes 1970; Crecco and Blake 1983; Johnson and
Dropkin 1995).

Egg and larval suspended solid associations

American shad eggs are less vulnerable to the effects of suspended solids than larvae.
For example, Auld and Schubel (1978) found that suspended solid concentrations of up to 1000
mg/L did not significantly reduce hatching success, while larvae exposed to concentrations of
100 mg/L, or greater, had significantly reduced survival rates.

Egg and larval feeding behavior

Predation and starvation are considered the primary causes of mortality among larval fish
of many marine species (May 1974; Hunter 1981). Newly hatched American shad larvae must
begin feeding within 5 days, or they will die from malnutrition (Wiggins et al. 1984).
Furthermore, older larvae have significantly reduced survival rates if they are deprived of food
for as little as 2 days (Johnson and Dropkin 1995). Researchers have also found that larvae fed
at intermediate prey densities of 500 L™ survived as well as those fed at high prey densities, and
significantly higher than starved larvae, which indicates that some minimal level of feeding in
riverine reaches can increase survival (Johnson and Dropkin 1995).

Crecco et al. (1983) suggest that larval American shad survival rates are related to spring
and summer zooplankton densities. Additionally, despite larval American shad abundance being
highest during May, Limburg (1996) determined that year-class was established by cohorts
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hatched after June 1 due to more favorable conditions, including warmer temperatures, lower
flow rates, and higher zooplankton densities.

Once the yolk-sac is absorbed, American shad larvae consume zooplankton, copepods,
immature insects, and adult aquatic and terrestrial insects (Leim 1924; Mitchell 1925; Maxfield
1953; Crecco and Blake 1983; Facey and Van Den Avyle 1986). Several researchers have noted
varying levels of selectivity for copepods and cladocerans (Crecco and Blake 1983; Johnson and
Dropkin 1995), but zooplankton and chironomids generally comprise the bulk of larval diets
(Maxfield 1953; Levesque and Reed 1972). Larval American shad feeding occurs most actively
in late afternoon or early evening, usually peaking between 1200 h and 2000 h (Johnson and
Dropkin 1995); feeding is least intensive near dawn (Massman 1963; Grabe 1996). Larval
American shad are opportunistic feeders, shifting their diet depending on availability, river
location, and their size (Leim 1924; Maxfield 1953; Walburg 1956; Levesque and Reed 1972;
Marcy 1976).

Researchers have also attempted to determine if the patchiness of planktonic prey has any
effect on cohort survival. Letcher and Rice (1997) found that increasing levels of patchiness
enhances survival when productivity or average prey density is low, but will reduce cohort
survival when productivity is high. Thus, except when average prey densities of plankton are
particularly high, prey patchiness may be a requirement for survival of fish larvae (Letcher and
Rice 1997).

Egg and larval competition and predation

American shad eggs and larvae are preyed upon primarily by American eels (Anguilla
rostrata) and striped bass (Morone saxatilis) (Mansueti and Kolb 1953; Walburg and Nichols
1967; Facey et al. 1986), although they may be preyed upon by any fish that is large enough to
consume them (McPhee 2002). According to Johnson and Ringler (1998), American shad larvae
that were stocked in the Susquehanna River, Pennsylvania, experienced the lowest percentage
mortality at releases of 400,000 to 700,00 larvae. A high rate of larval mortality at releases up to
400,000 may have been due to depensatory mechanisms, and releases above 700,000 may have
resulted in increased predator aggregation at the site. Although some individual predators
consumed up to 900 American shad larvae, mortality of larvae at the stocking site was usually
less than 2% (an insignificant source of mortality) (Johnson and Ringler 1998).

Eggs, larvae, and contaminants

Bradford et al. (1968) found that the lethal dose (LDso) of sulfates for American shad
eggs is >1000 mg/L at 15.5° C. The LDs of iron for eggs is greater than 40 mg/L between pH
5.5 and 7.2 (Bradford et al. 1968). American shad eggs that are exposed to zinc and lead
concentrations of 0.03 and 0.01 mg/L experience high mortality rates within 36 hours (Meade
1976). In addition, when water hardness is low (i.e., 12 mg/L), the toxicity of the zinc and lead
are intensified (Klauda et al. 1991).
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Part C. American Shad Juvenile Riverine/Estuarine Habitat

Geographical and temporal movement patterns

American shad larvae are transformed into juveniles 3 to 5 weeks after hatching at around
28 mm total length (TL) (Jones et al. 1978; Crecco and Blake 1983; Klauda et al. 1991;
McCormick et al. 1996); they disperse at, or downstream of, the spawning grounds, where they
spend their first summer in the lower portion of the same river. While most young American
shad use freshwater nursery reaches (McCormick et al. 1996), it is thought that their early ability
to hypo-osmoregulate allows them to utilize brackish nursery areas during years of high juvenile
abundance (Crecco et al. 1983). Juveniles are typically 7 to 15 cm in length before they leave
the river and enter the ocean (Talbot and Sykes 1958). For example, in the Hudson River,
juvenile American shad and blueback herring were found inshore during the day, while alewives
predominated inshore at night (McFadden et al. 1978; Dey and Baumann 1978). Additionally,
American shad juveniles use the headpond of the Annapolis River, Nova Scotia, as a nursery
area, which has surface water salinities of 25 to 30%; they were observed remaining in the
offshore region of the estuary for almost a month before the correct cues triggered emigration
(Stokesbury and Dadswell 1989). Farther south, O’Donnell (2000) found that juvenile American
shad in the Connecticut River began their seaward emigration at approximately 80 days post-
hatch.

In addition, juvenile American shad may demonstrate temporal and latitudinal migration
trends. It seems that juveniles in northern rivers emigrate seaward first, and those from southern
rivers emigrate progressively later in the year (Leggett 1977a). For example, downstream
emigration peaks at night (i.e., at 1800-2300 hours) (O’Leary and Kynard 1986; Stokesbury and
Dadswell 1989) in September and October in the Connecticut River, late October in the Hudson
River (Schmidt et al. 1988), and late October through late November in the Upper Delaware
River and Chesapeake Bay (Krauthamer and Richkus 1987) and the Cape Fear River, North
Carolina (Fischer 1980). Interestingly, some researchers (Chittenden 1969; Limburg 1996;
O’Donnell 2000) found evidence that juvenile emigration was already underway by mid-
summer, indicating that movement may be triggered by cues other than declining fall
temperatures.

The combination of factors that trigger juvenile American shad emigration is uncertain,
but some researchers suggest that decreased water temperatures, reduced water flow, or a
combination of both during autumn appear to be key factors (Sykes and Lehman 1957; Walburg
and Nichols 1967; Moss 1970). In the Susquehanna River, an increase in river flow from
October through November may actually help push juveniles downstream (R. St. Pierre, U.S.
Fish and Wildlife Service, personal communication). Miller et al. (1973) suggest that water
temperature is more important than all other factors, because it directly affects the juvenile
American shad. The lower lethal temperature limit that triggers the final movement of juveniles
from fresh water is approximately 4 to 6°C (Chittenden 1969; Marcy 1976). In addition,
Zydlewski and McCormick (1997a) observed changes in osmoregulatory physiology in
migrating juvenile American shad, and concluded that these changes were part of a suite of
physiological alterations that occur at the time of migration. While these changes are strongly
affected by temperature, researchers suggest that other environmental and/or ontogenetic factors
may have an influence on timing of migration (Zydlewski and McCormick 1997a).
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Another migration theory deals with the age and growth of juvenile American shad.
Limburg (1996) suggested that at the population level, temperature may provide the stimulus for
fish to emigrate, or it may be a gradual process that is cued by size of fish, with early cohorts
leaving first. Several researchers (Chittenden 1969; Miller et al. 1973; Limburg 1996;
O’Donnell 2000) have observed younger, smaller young-of-the-year American shad in upstream
reaches, while older and larger individuals within the same age cohorts are found downstream
earlier in the season. This apparent behavior has lead researchers to hypothesize that as
American shad grow and age, they move downstream (Chittenden 1969; Miller et al. 1973,
Limburg 1996; O’Donnell 2000). Similarly, both Chittenden (1969) and Marcy (1976) suggest
that factors associated with size appear to initiate the earlier stages of seaward emigration.

In contrast, Stokesbury and Dadswell (1989) suggest that size at emigration may not be
the important factor that triggers migration, but that environmental stress may reach a point
where seaward movement is necessary regardless of a critical size. O’Leary and Kynard (1986)
and Stokesbury and Dadswell (1989) found that American shad movement typically occurred
during quarter to new moon periods when water temperatures dropped below 19°C and 12°C,
respectively. In these cases, decreasing water temperatures and the new moon phase, which
provided dark nights, were considered to be more important in providing cues for emigration
than increased river flow.

Habitat Type Location Citation
sound Long Island Savoy 1993
offshore estuary New Jersey Milstein 1981; Cameron and Pritchard 1963

brackish/ freshwater ~ Potomac River  Hammer 1942
estuary Neuse River, NC Holland and Yelverton 1973

Table 2-7. Overwintering habitats for juvenile American shad along the Atlantic coast

Following downstream migration in late fall, juvenile American shad may spend their
first year near the mouths of streams, in estuaries, or in other nearshore waters (Hildebrand 1963;
Colette and Klein-MacPhee 2002), or they may move to deeper, higher salinity areas, such as in
portions of the lower Chesapeake Bay (Table 2-7; Hildebrand and Schroeder 1928). In their
southern range, some juveniles may stay in the river for up to one full year (Williams and Bruger
1972). In South Carolina, juvenile American shad were found predominantly in deeper, channel
habitats of estuarine systems, during fall and winter. Small crustaceans preyed upon by
American shad are generally abundant near the bottom in these areas (McCord 2003).

Juveniles and the saltwater interface

Early studies of juvenile American shad describe a variety of responses to changes in
salinity. When accompanied by temperature changes, juveniles generally adapt to abrupt
transfers from freshwater to saltwater, but high mortality results when transferred from saltwater
to freshwater (Tagatz 1961). For example, Tagatz (1961) observed 60% mortality for juveniles
in isothermal transfers (21°C) from freshwater to 30 ppt saltwater; however, no individuals
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survived transfers from freshwater (21.1°C) to 33 ppt saltwater (7.2 to 12.8°C). Freshwater
transfers to 15 ppt in association with a temperature decrease less than 4°C also resulted in high
mortalities (30 to 50%). Conversely, at temperature increases greater than 14°C, all juvenile
American shad survived abrupt transfers from saltwater (15 ppt and 33 ppt) to freshwater (Tagatz
1961).

In another study, Chittenden (1973b) observed 0% mortality in isothermal transfers
(17°C) from freshwater or 5 ppt to 32 ppt seawater. Additionally, juveniles transferred from 30
ppt seawater to freshwater suffered 100% mortality, but no mortalities resulted when they were
transferred from 5 ppt to freshwater. In general, American shad are considered to be capable of
surviving a wide range of salinities at early life stages, especially if salinity changes are gradual
(Chittenden 1969).

Experiments conducted on American shad and other anadromous fish (Rounsefell and
Everhart 1953; Houston 1957; Tagatz 1961; Zydlewski and McCormick 1997a, 1997b) have
demonstrated that most fish undergo physiological changes before emigrating to saltwater. This
ability to adapt to changes in salinity occurs at the onset of metamorphosis for American shad,
between 26 and 45 days post-hatch. Zydlewski and McCormick (1997b) noted that the ability to
osmoregulate in full-strength seawater is an important factor that limits American shad early life
history stages to freshwater and low-salinity estuaries. The researchers suggested that a decrease
and subsequent loss of hyper-osmoregulatory ability may serve as a proximate cue for juveniles
to begin their downstream migration (Zydlewski and McCormick 1997b).

Juvenile substrate associations

Although juvenile American shad are often most abundant where boulder, cobble, gravel,
and sand are present (Walburg and Nichols 1967; Odom 1997), substrate type is not considered
to be a critical factor in nursery areas (Krauthamer and Richkus 1987). Ross et al. (1997) found
no overall effect of habitat type on juvenile American shad relative abundance in the upper
Delaware River, indicating that juveniles use a wide variety of habitat types to their advantage in
many nursery areas. These researchers suggest that in contrast to earlier life stages and spawning
adults, pre-migratory juveniles may be habitat generalists; however, a positive relationship was
found between abundance of juvenile American shad and percent of SAV cover in SAV habitats
only. In addition, Odom (1997) found that juvenile American shad favored riffle/run habitat in
the James River, especially areas with extensive beds of water stargrass (Heteranthera dubia).
These areas provided flow-boundary feeding stations where juveniles could feed on drifting
macroinvertebrates while reducing their energy costs (Odom 1997).

Estuarine productivity is linked to freshwater detrital nutrient input to the estuary (Biggs
and Flemer 1972; Hobbie et al. 1973; Saila 1973; Day et al.1975) and detritus production in the
salt marsh (Teal 1962; Odum and Heald 1973; Reimhold et al. 1973; Stevenson et al. 1975).
Based on the assumption that the amount of submerged and emergent vegetation will be a
qualitative estimate of the estuary’s secondary productivity, and therefore, food availability
(zooplankton) to juvenile American shad, Stier and Crance (1985) suggest that estuarine habitat
with 50% or more vegetation coverage is optimal.

It is important to note that, although no link has been made between the presence of SAV
and abundance of alosines, there seems to be a general agreement that there is a correlation
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between water quality and alosine abundance (B. Sadzinski, Maryland Department of Natural
Resources, personal communication). Abundance of SAV is often used as an indirect measure of
water quality, with factors such as available light (Livingston et al. 1998), salinity, temperature,
water depth, tidal range, grazers, suitable sediment quality, sediment nutrients, wave action,
current velocity, and chemical contaminants controlling the distribution of underwater grasses
(Koch 2001). Maryland has made it a priority to increase the amount of SAV within the
Chesapeake Bay watershed in order to improve water quality. According to B. Sadzinski
(Maryland Department of Natural Resources, personal communication), if SAV in a given area
increases, this can be used as an indicator of improved water quality, which in turn, will likely
benefit alosine species.

Juvenile depth associations

Juveniles have been observed at depths ranging from 0.9 to 4.9 m in the Connecticut
River (Marcy 1976); however, abundance is related to the distance upstream and not to depth
(MacKenzie et al. 1985). In the Connecticut River, juveniles were caught primarily at the
bottom during the day (87%) and all were caught at the surface at night (Marcy 1976).
Chittenden (1969) observed juveniles in the Delaware River most often in deeper, non-tidal
pools away from the shoreline during daylight hours; after sunset juveniles scattered and were
found at all depths (Miller et al. 1973).

Although data was sparse for depth optima for juveniles, Stier and Crance (1985)
developed a suitability index based on input provided by research scientists. They suggest that
for all life history stages, including juveniles, the optimum range for river depth is between 1.5
and 6.1 m. Depths less than 0.46 m and greater than 15.24 m are unsuitable habitat according to
the model.

Juvenile water temperature

Characterization =~ Temperature (°C) Location Citation
Optimal range 15.5-23.9 N/A Crance 1985
Optimal range 10-25 N/A Stier and Crance 1985
Range 10 - 30 Connecticut River Marcy et al. 1972
Critical maximum 34 -35 Neuse River, NC  Horton and Bridges 1973
Maximum tolerance 35 N/A Stier and Crance 1985
Minimum preference 8 N/A MacKenzie et al. 1985
Minimum tolerance 3 N/A Stier and Crance 1985
Minimum tolerance 31.6 N/A Ecological Analysts Inc. 1978

Leggett 1976; O’Leary and

Begin migration 19 Connecticut River Kynard 1986
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Characterization =~ Temperature (°C) Location Citation
Begin migration 23-26 Connecticut River Marcy 1976
Begin migration 18.3 Connecticut River Watson 1970
L . . Leggett and Whitney 1972;
Peak migration 16 Connecticut River O’Leary and Kynard 1986
Peak migration 15.1 North Carolina ?I;g/fs and Depres 1979; Boreman
End migration 8.3 Delaware River  Chittenden and Westman 1967
End migration 8.3 Chesapeake Bay = Chesapeake Bay Program 1988

Table 2-8. Temperature tolerances, preferences, and cues for juvenile American shad

Juvenile American shad demonstrate some variability in temperature tolerances and
preferences among river systems (Table 2-8). Leim (1924) found that juveniles captured in the
Shubenacadie River, Canada, were usually found where temperatures tended to be the highest
compared to other regions of the river. Additionally, temperature appears to have a significant
impact on growth of juvenile American shad. Limburg (1996) found that juveniles in the
laboratory had higher initial growth rates at 28.5°C than individuals reared at lower
temperatures. O’Donnell (2000) concluded that it may be advantageous for eggs to hatch later in
the year because temperatures are higher and growth rates are faster; however, competition and
predation rates are also higher.

Juvenile American shad do not appear to be as tolerant to temperature changes as eggs of
the same species. In fact, juveniles are sensitive to water temperature changes, and actively
avoid temperature extremes, if possible. Laboratory tests suggest that juveniles can tolerate
temperature increases between 1° and 4°C above ambient temperature, but beyond that they will
avoid changes if given a choice (Moss 1970). For example, juveniles acclimated to 25° C
suffered a 100% mortality rate when the temperature was decreased to 15°C. There was also a
100% mortality rate for juveniles acclimated to 15°C and then subjected to temperatures less
than 5°C. Finally, no survival was reported for juveniles acclimated to 5°C and then exposed to
1°C (PSE&G 1982).

Juvenile dissolved oxygen associations

Minimum dissolved oxygen values have a more adverse effect upon fish than average
dissolved oxygen values; therefore, minimum dissolved oxygen criteria have been
recommended. Dissolved oxygen concentrations less than 5.0 mg/L are considered sub-lethal to
juvenile American shad (Miller et al. 1982). As with spawning areas, Bilkovic (2000) assigned a
value of greater than 5.0 mg/L dissolved oxygen as optimal for nursery areas.

Seemingly healthy juvenile American shad have been collected in the Hudson River,
New York, where dissolved oxygen concentrations were 4 to 5 mg/L (Burdick 1954). Similarly,
in headponds above hydroelectric dams on the St. John River, New Brunswick, dissolved oxygen
must be at least 4 to 5 mg/L for migrating juveniles to pass through (Jessop 1975). In the
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Delaware River, dissolved oxygen concentrations less than 3.0 mg/L blocked juvenile migration,
and concentrations below 2.0 mg/L were lethal. Emigrating juveniles have historically arrived at
the upper tidal section of the Delaware River by mid-October, but do not continue further
seaward movement until November or December, when the pollution/low oxygen conditions
dissipate (Miller et al. 1982).

Under laboratory conditions, juvenile American shad did not lose equilibrium until
dissolved oxygen decreased to 2.5 to 3.5 mg/L (Chittenden 1969, 1973a). Juveniles have been
reported to survive brief exposure to dissolved oxygen concentrations of as little as 0.5 mg/L, but
survived only if greater than 3 mg/L was available immediately thereafter (Dorfman and
Westman 1970).

Juvenile pH associations

Areas that are poorly buffered (low alkalinity) and subject to episodic or chronic
acidification may provide less suitable nursery habitat than areas that have higher alkalinities and
are less subject to episodic or chronic acidification (Klauda et al. 1991). Once juvenile
American shad move downstream to brackish areas with a higher buffering capacity, they may
be less impacted by changes in pH (Klauda 1989).

Juvenile water velocity/flow

Ideal water velocity rates are thought to range between 0.06 to 0.75 m/s for the juvenile
non-migratory stage of American shad (Klauda et al. 1991). The rate of water velocity is also
critical for fish migrating downstream that pass over spillways (MacKenzie et al. 1985).
Furthermore, it has been suggested that water flow may serve to orient emigrating juveniles in
the downstream direction. Studies conducted on American shad in the St. Johns River, Florida,
led researchers to speculate that the lack of water flow as a result of low water levels could result
in the inability of juveniles to find their way downstream (Williams and Bruger 1972).

Juvenile suspended solid associations

Ross et al. (1997) suggest that optimal turbidity values for premigratory American shad
juveniles in tributaries is between 0.75 and 2.2 NTU. While preliminary, these results could be
cautiously applied to other river systems, but consideration should be given to the range and
diversity of habitat types in the river system under study before applying the models.

Juvenile feeding behavior

Juvenile American shad begin feeding in freshwater and continue into the estuarine
environment. They favor zooplankton over phytoplankton (Maxfield 1953; Walburg 1956), and
in general, have a wider selection of prey taxa than larvae due to their increased size and the
estuaries’ higher diversity. Long, closely-spaced gill rakers enable juveniles to effectively filter
plankton from the water column during respiratory movements (Leim 1924). Juvenile American
shad are opportunistic feeders, whose freshwater diet includes copepods, crustacean
zooplankton, cladocerans, aquatic insect larvae, and adult aquatic and terrestrial insects (Leim
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1924; Maxfield 1953; Massmann 1963; Levesque and Reed 1972; Marcy 1976). After juveniles
leave coastal rivers and estuaries for nearshore waters, they may prey on some fish, such as
smelt, sand lance, silver hake, bay anchovy, striped anchovy, and mosquitofish (Leidy 1868;
Bowman et al. 2000).

Although juveniles obtain most of their food from the water column (ASMFC 1999),
many of the crustaceans that juveniles prey upon are benthic (Krauthamer and Richkus 1987).
Leim (1924) speculated that although American shad obtain a minor amount of food near the
bottom of the water column, they do not pick it off the bottom, but rather capture items as they
are carried up into the water column a short distance by tidal currents (including mollusks).

Walburg (1956) found that juvenile American shad fed primarily on suitable organisms
that were readily available. In contrast, Ross et al. (1997) found that juveniles in SAV habitat
fed principally on chironomids, while those feeding in tributaries consumed terrestrial insects
almost exclusively, despite the fact that insects were less available than other food sources.
Researchers did not attribute the differences to developmental limitations, but concluded that
there were true feeding differences between habitats. Other studies have noted different
selection of organisms along the same river, but at different locations, such as above a dam
(Levesque and Reed 1972) or downstream of a dam (Domermuth and Reed 1980).

Feeding of juvenile American shad may also differ along a stream gradient. In waters of
Virginia, Massman (1963) found that juvenile American shad upstream consume more food than
juveniles that remain downstream near their spawning grounds. The upstream sections of the
river have a higher shoreline to open water ratio that may provide a more abundant source of
terrestrial insects, a favored prey item (Massman 1963; Levesque and Reed 1972), while the
downstream sections contain more autochthonously-derived prey. In contrast, the lower reach of
the Hudson River appears to be more productive (as a function of primary productivity and
respiration rates) than upper and middle reaches (Sirois and Fredrick 1978; Howarth et al. 1992).
This greater productivity may lead to higher fish production in the lower estuary, as well as a
higher relative condition of downriver juvenile American shad earlier in the season, compared to
upriver and midriver fish (Limburg 1994).

Juvenile American shad also demonstrate diel feeding patterns. Johnson and Dropkin
(1995) found that juveniles increase feeding intensity as the day progresses, achieving a
maximum feeding rate at 2000 h. Similarly, juveniles in the Mattaponi and Pamunkey rivers in
Virginia, feed during the day with stomachs reaching maximum fullness by early evening
(Massman 1963).

In addition, at least one non-native species has proven to have an impact on young-of-
the-year American shad. In the Hudson River, there is strong evidence that zebra mussel
colonization has reduced the planktonic forage base of the species (Waldman and Limburg
2003).

Juvenile competition and predation

Juveniles in freshwater may be preyed upon by American eel, bluefish, weakfish, striped
bass, birds, and aquatic mammals (Mansueti and Kolb 1953; Walburg and Nichols 1967; Facey
et al. 1986).
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With regard to inter-species competition, differences among alosine species in terms of
distribution, diel activity patterns, and feeding habits are evident in many systems, and are likely
mechanisms that may reduce competition between juveniles of the different species (Schmidt et
al. 1988). For example, several researchers have noted that larger American shad (Chittenden
1969; Marcy 1976; Schmidt et al. 1988) and alewife (Loesch et al. 1982; Schmidt et al. 1988)
move downstream first, which helps to segregate size classes of the two species.

Secondly, there is the idea of diel, inshore-offshore segregation. Both American shad and
blueback herring juveniles occur in shallow nearshore waters during the day. However,
competition for prey between American shad and blueback herring is often reduced by: 1) more
opportunistic feeding by American shad, 2) differential selection for cladoceran prey, and 3)
higher utilization of copepods by blueback herring (Domermuth and Reed 1980). American shad
feed most often in the upper water column, the air-water interface (Loesch et al. 1982), and even
leap from the water (Massman 1963), feeding on Chironomidae larvae, Formicidae, and
Cladocera; they are highly selective for terrestrial insects (Davis and Cheek 1966; Levesque and
Reed 1972). Juvenile bluebacks are more planktivorous, feeding on copepods, larval dipterans,
and Cladocera (Hirschfield et al. 1966), but not the same cladoceran families that alewife feed
upon (Domermuth and Reed 1980).

Juveniles and contaminants

Tagatz (1961) found that the 48 h lethal concentrations (LCs) for juvenile American
shad range from 2,417 to 91,167 mg/L for gasoline, No. 2 diesel fuel, and bunker oil. The
effects of gasoline and diesel fuel are exacerbated when the dissolved oxygen concentration is
simultaneously reduced. Gasoline concentrations of 68 mg/L at 21 to 23°C resulted in a lethal
time (LTso) of 50 minutes for juveniles when dissolved oxygen was reduced to 2.6 to 3.2 mg/L.
Additionally, juveniles that were exposed to 84 mg/L of diesel fuel at 21 to 23°C with dissolved
oxygen between 1.9 and 3.1 mg/L experienced an LTz of 270 minutes (Tagatz 1961).
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Part D. American Shad Late Stage Juvenile and Adult Marine Habitat

Geographical and temporal patterns at sea

American shad typically live 5 to 7 years (Leggett 1969) and remain in the ocean for 2 to
6 years before becoming sexually mature, at which point they return to their natal rivers to spawn
(Talbot and Sykes 1958; Walburg and Nichols 1967). Both sexes begin to mature at 2 years,
with males maturing on average in 4.3 years and females maturing on average in 4.6 years. Fish
north of Cape Hatteras are iteroparous and will return to rivers to spawn when temperatures are
suitable (Leggett 1969).

Results from 50 years of tagging indicate that discrete, widely separated aggregations of
juvenile and adult American shad occur at sea (Talbot and Sykes 1958; Leggett 1977a, 1977b;
Dadswell et al. 1987; Melvin et al. 1992). These aggregations are a heterogeneous mixture of
individuals from many river systems (Dadswell et al. 1987); it is unknown if American shad
from all river systems along the east coast intermingle throughout the entire year (Neves and
Depres 1979). Populations that return to rivers to spawn are a relatively homogeneous group
(Dadswell et al. 1987), and fish from all river systems can be found entering coastal waters as far
south as North Carolina in the winter and spring (Neves and Depres 1979).

Dadswell et al. (1987) presented the following seasonal movement timeline for American
shad:

1) January & February —found offshore from Florida to Nova Scotia; spawning inshore
from Florida to South Carolina;

2) March & April -moving onshore and northward from the Mid-Atlantic Bight to Nova
Scotia; spawning from North Carolina to the Bay of Fundy;

3) Late June — concentrated in the inner Bay of Fundy, inner Gulf of St. Lawrence, Gulf
of Maine, and off Newfoundland and Labrador; spawning fish are still upstream from
Delaware River to St. Lawrence River;

4) Autumn —American shad leaving the St. Lawrence estuary are captured across the
southern Gulf of St. Lawrence, while fish leaving the Bay of Fundy are found from
Maine to Long Island; some individuals already migrated as far south as Georgia and
Florida.

Through an analysis of tag returns, occurrence records, and trawl survey data, Dadswell
et al. (1987) found that there are three primary offshore areas where aggregations of American
shad overwinter: 1) off the Scotian Shelf/Bay of Fundy, 2) in the Mid-Atlantic Bight, and 3) off
the Florida coast. It appears that the majority of American shad that overwinter along the
Scotian Shelf spawn in rivers in Canada and New England (Vladykov 1936; Melvin et al. 1985).
Fish aggregations that overwinter off the mid-Atlantic coast (from Maryland to North Carolina)
are comprised of populations that spawn in rivers from Georgia to Quebec (Talbot and Sykes
1958; Miller et al. 1982; Dadswell et al. 1987).

The regional composition of American shad aggregations overwintering off the Florida
coast is unknown. Leggett (1977a) proposed the following estimates for timing and origin of
southern migrations for overwintering off Florida based on migration rates and an average
departure date of October 1 from the Gulf of Maine/Bay of Fundy region: Rhode Island/Long
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Island coast in mid-to-late October, off Delaware Bay in early November, and off the coast of
North Carolina, Georgia, and Florida in early December. Additionally, early migration studies
of American shad found that during mild winters, small aggregations sometimes enter the sounds
of North Carolina during November and December, but disappear if the weather becomes cold
(Talbot and Sykes 1958).

Most American shad populations that overwinter off the mid-Atlantic coast (between 36°
to 40°N) migrate shoreward in the winter and early spring. Pre-spawning adults homing to rivers
in the south Atlantic migrate shoreward north of Cape Hatteras, North Carolina, then head south
along the coast to their natal rivers. The proximity of the Gulf Stream to North Carolina
provides a narrow migration corridor at Cape Hatteras through which individuals may maintain
travel in the preferred temperature range of 3 to 15°C. Although pre-spawning adults are not
required to follow a coastal route to North Atlantic rivers because temperatures in the Mid-
Atlantic Bight are generally well within a tolerable range in the spring, tag returns indicate that
most individuals likely enter coastal waters in the lower mid-Atlantic region, and then migrate
north along the coast (Dadswell et al. 1987).

South of Cape Cod, pre-spawning American shad migrate close to shore (Leggett and
Whitney 1972), but north of that point the migration corridor is less clear (Dadswell et al. 1987).
Pre-spawning adults may detour into estuaries during their coastal migration; however, the
timing and duration of the stay is unknown (Neves and Depres 1979). Although poorly
documented, immature American shad (age 1+) may also enter estuaries and accompany adults
to the spawning grounds, more than 150 km upstream (Limburg 1995, 1998). Additionally, non-
spawning adults have been recorded in brackish estuaries (Hildebrand 1963; Gabriel et al. 1976).

Dadswell et al. (1987) found three primary offshore summer aggregations of American
shad: 1) Bay of Fundy/Gulf of Maine, 2) St. Lawrence estuary, and 3) off the coast of Newfound
and Labrador. Neves and Depres (1979) also found distinct summer aggregations on Georges
Bank and south of Nantucket Shoals. Furthermore, American shad from all river systems,
including those from south Atlantic rivers, have been collected at the Gulf of Maine feeding
grounds during the summer (Neves and Depres 1979). While individuals from north Atlantic
rivers are most abundant in the Bay of Fundy in the early summer, the appearance of American
shad from the southern range does not peak until mid-summer (Melvin 1984; Dadswell et al.
1987). These migrating groups are a mixture of juveniles, immature sub-adults, and spent and
resting adults that originate from rivers along the entire East Coast (Dadswell et al. 1983). Since
there are very few repeat spawners in the southern range, the majority (76%) of American shad
that migrate to the Bay of Fundy from areas south of Cape Lookout, North Carolina, are
juveniles (Melvin et al. 1992).

American shad enter the Bay of Fundy in early summer and move throughout the inner
Bay of Fundy for four months in a counterclockwise direction with the residual current
(Dadswell et al. 1987). As water temperatures decline in the fall, American shad begin moving
through the Gulf of Maine, and continue to their offshore wintering grounds. This species has
been captured in late fall and winter 80 to 95 km offshore of eastern Nova Scotia (Vladykov
1936), 65 to 80 km off the coast of Maine, 40 to 145 km off southern New England, and 175 km
from the nearest land of southern Georges Bank (Colette and Klein-MacPhee 2002; Dadswell et
al. 1987).
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Salinity associations at sea

During their residence in the open ocean, American shad sub-adults and adults will live
in seawater that is approximately 33 ppt. During coastal migration periods, pre-spawning adults
may detour into estuaries where water is more brackish, but the timing and duration of the stay is
unknown (Neves and Depres 1979).

Depth associations at sea

While it is known that adult American shad move offshore to deeper waters during the
fall and early winter, information regarding preferred depths is lacking. American shad have
been found throughout a broad depth range in the ocean, from surface waters to depths of 340 m
(Walburg and Nichols 1967; Facey and VVan Den Avyle 1986). Alternatively, catch data
analyses showed that this species has been caught at depths ranging from surface waters to 220
m (Walburg and Nichols 1967), but are most commonly found at intermediate depths of 50 to
100 m (Neves and Depres 1979). Seasonal migrations are thought to occur mainly in surface
waters (Neves and Depres 1979).

The summer and autumn months are a time of active feeding for American shad, and
analyzing stomach contents has served as a means to infer distribution in the water column.
Studies by Neves and Depres (1979) suggested that American shad follow diel movements of
zooplankton, staying near the bottom during the day and dispersing in the water column at night.
Other researchers (Dadswell et al. 1983) have suggested that light intensity may control depth
selection by American shad. For example, American shad swim much higher in the water
column in the turbid waters of Cumberland Basin, Bay of Fundy, than they do in clear coastal
waters, where they are found in deeper water. Both areas are within the same surface light
intensity range (Dadswell et al. 1983).

Temperature associations at sea

Early studies by Leggett and Whitney (1972) found that American shad move along the
coast via a “migrational corridor” where water temperatures are between 13 and 18°C. Neves
and Depres (1979) later modified the near-bottom temperature range from 3 to 15°C, with a
preferred range of 7 to 13°C. These researchers also hypothesized that seasonal movements are
broadly controlled by climate, and that American shad follow paths along migration corridors or
oceanic paths of “preferred” isotherms. Melvin et al. (1985) and Dadswell et al. (1987) revised
this theory with data indicating movement of American shad across thermal barriers. It was
determined that American shad remain for extended periods in temperatures outside their
“preferred” range; this species migrates rapidly between regions regardless of currents and
temperatures (Melvin et al. 1985; Dadswell et al. 1987). For example, Dadswell et al. (1987)
documented non-reproductive American shad migrating from wintering grounds in the Mid-
Atlantic Bight through the Gulf of Maine in May-June, where a constant sub-surface temperature
of 6°C prevails, to reach the Bay of Fundy by mid-summer.

Temperature change and some aspect of seasonality (i.e., day length) may initiate
migratory behavior, but timing of the behavior by different individuals may be influenced by
intrinsic (genetic) factors and life history stage of the individual. Chance may also play a small
role in determining which direction a fish will travel, at least within a confined coastal region.
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Dadswell et al. (1987) concluded that extrinsic factors related to ocean climate, seasonality, and
currents may provide cues for portions of non-goal-oriented migration, while intrinsic cues and
bi-coordinate navigation appear to be important during goal-oriented migration.

Suspended solid associations at sea

Due to extreme turbidity, the American shad preference zone for light intensity in
summer and fall in the Bay of Fundy is limited to surface waters (2 to 10 m). Although this
makes the fish more susceptible to fishing gear that operates near surface waters, these waters are
highly productive sources of zooplankton. Sight-oriented planktivores may be at a disadvantage
in these turbid waters, but American shad, which can use a filter-feeding mechanism, may have a
competitive advantage (Dadswell et al. 1983).

Feeding behavior at sea

While offshore, American shad are primarily planktivorous, feeding on the most readily
available organisms, such as copepods, mysid shrimps, ostracods, amphipods, isopods,
euphausids, larval barnacles, jellyfish, small fish, and fish eggs (Willey 1923; Leim 1924;
Maxfield 1953; Massmann 1963; Levesque and Reed 1972; Marcy 1976). Themelis (1986)
found that in the Bay of Fundy, American shad mostly consume planktonic and epibenthic
crustaceans. Differences in dominant prey items may be attributed to changing availability of
zooplankton assemblages and the size of the American shad. Juveniles feed more extensively on
copepods than adults and a smaller proportion of their diet is composed of large prey items such
as euphausids and mysids (Themelis 1986). In earlier studies, Leim (1924) reported similar
observations, with copepods decreasing in importance in the diets of American shad over 400
mm in length. Detritus has also been found in the stomachs of American shad, but it probably
provides little nutritional value and is simply ingested during the course of feeding (Themelis
1986).

The Bay of Fundy is regarded as the primary summer feeding grounds for American
shad, however, the entire bay does not provide optimal feeding conditions for adults. For
example, although both adult and juvenile American shad feed readily in the oceanic lower Bay
of Fundy, only juveniles feed to a large extent within the turbid and estuarine waters of the upper
bay. This is attributed to the juvenile’s ability to successfully filter smaller prey items that
dominate the upper bay (Themelis 1982).

Competition and predation at sea

Once in the ocean, American shad are undoubtedly preyed upon by many species
including sharks, tunas, king mackerel, bluefish, striped bass, Atlantic salmon, seals, porpoises,
other marine mammals, and seabirds, given their schooling nature and lack of dorsal or opercular
spines (Melvin et al. 1985; Weiss-Glanz et al. 1986).

Current laboratory research by Plachta and Popper (2003) has found that American shad
can detect ultrasonic signals to at least 180 kHz, which is within the range that echolocating
harbour porpoises and bottlenose dolphins use to track alosines. In this laboratory environment,
American shad have been observed modifying their behavior in response to echolocation beams,
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such as turning slowly away from the sound source, forming very compact groups, and
displaying a quick “panic” response. Although behavior in a natural environment may be
different from that observed in experimental tanks, this study suggests that American shad may
have evolved a mechanism to make themselves less “conspicuous” or less easily preyed upon by
echolocating odontocetes (Plachta and Popper 2003).

37



Atlantic Coast Diadromous Fish Habitat

uwnjo9
G wnwiuny MO} MO dIN alqeLren a|qelieA
. . . . . Jajem pue aoepns
.cmun_g_m_%mm .UM.M.o%Mm .umw__ﬂ_umm .umw__ﬂ_umm .cmmumgm.._,gﬁmm :panioday seaJe Bulumeds Jo weansumop
fewndo rewndo rewndo ewndo [ewndo .H.@-m% ainyesadwsy uo m%_ncw%n aenle]
4IN 4IN 4IN 4IN 0-0T [ewhdo uolrezlfiag Jaue sAep L1-¢
. . . . . ¥¢'ST-97°0
:9|qeJs|oL :9|qeJs|oL :9|qeJs|oL :9|qeJs|oL :9|qeJs|oL -alqeA[0L
[eAIAINS 1531y J1ajem Mojeys
G WNWIUIA MO} MO aney pues pue a|qeueA a|gelieA ul Euo o M_wc 5
:panioday :panioday ‘a|qgnJ ‘[anels :parioday :papioday I won QHQ Ines b
4IN 60-€0 :panioday 4IN 4IN -peHlodey ESISUMOD AL 10
. . . . 4IN seaJe Bulumeds e (uoissaiboid yuiou
‘rewndo ‘rewndo 4IN ‘fewndo ‘rewndo i 663
4IN 4IN rewndo 4IN 05-g ‘lewndo 0} YInos) 1snbny/-18qusAoN-pIN
:9|qeJsjoL :9|qeJsjoL 4IN :9|qeJsjoL :9|qeJsjoL . dIN
. :9|qeJsjo L
:9|qeJajoL
10198} sieak
juenodwi ue
A Jlap|nog lajemuysaly UsaMIaq AleA
¥ WnWIuly st Anaojan ‘moyy | e ¢ d|qelieA
g [anelb ‘s ‘pues Apson AKew pue abuel . epeue)
:parioday MOJS Jajaid . . :parioday . )
:panoday :panioday SS0.10® SoLIeA o JaA1Y 92UBIMET 1S 01 BpLIO|
4IN Inq sjood proay T9-91 . 1npv
-jewndo “pavioday 4IN 4IN :pelioday ewndo 13AIY SUyor IS WoJy saLreIngL pue Buiumeds
: n__.z : 60-60 Jlewndo ‘lewndo SvZ-vT v.N.mH..o#.o S1aALl [ereu Ul (uoissalboud yuou :
-a|qead|0L - jewndo 4IN 4IN ‘lewndo -a1qed[0L 03 Y3Nn0s) I1SnBNY-I3qUWAON-PIIN
’ ’ n__.z :3|qeJs|oL :3|qeJs|oL 9Z-8 ’
-alqRAI0L :9]qeJs|o L
(1/6w) (08s/w)
usbAxQ FSTRIEY ayeaysgqns bﬁ_um_ﬁ_wm ol EMW_WNWEP_. sM%mvn_ uo11ed0] PUB Jes A JO sWl | abe1s ayi
paAjossid juaIn) o
'PUNO4 uoIneWLIOMU| ON = 4IN “ewndo Jo saduaiajaid Jeligey Se 10U ‘8oualayal [elsuab e se papiAoid SI uolew.oyul ay)
hmmm@ca \CSmE 9}1] JUBWUOJIAUB J1UB320-)}|Npe @c_c>>mgm-coc pue JuswuoJIAUS J1Uead0o/aulienlisa—1jnpeqns ayl 104 ‘pajou
aq [[IM 11 ‘ISIX3 01 UMOU| SI abuel 214198dS e alayAA '1Se0D) 1se3 ay) Buoje 1nd20 Jeyl SWwaisAs Jualap)ip syl ssedwodus
Jeys senjeaA Jo abuel peouq e sapnjaul elep @c_>>o__ou— 3yl ‘SWvISAS usamlaq suolielleA ajigns aq Aew 313y} cmso_\_:m
‘Jeyl 910U ases|d ‘pPeys UedLIBWY JO uonnglisip bunodayje si01oe) [eireds pue ‘jeiodwsa) ‘[elUsWUOIIAUG JURIIUBIS "6-Z 3]0eL
peys uedldswy JO uoiNglaisig buildsyly Sa0lde4 Jelleds pue ‘jedodwa ] ‘JeluswuodiAuz JUedIIUbIS "] UoI11d8S

38



Chapter 2: American Shad

uopjuejdooz

aloysyo Buinow — uwnmny (f
lopelqe]

Jaremyjes Eaﬁmm_ yum suonelbiw aip puUe puBIPUNOIMBN PUB ‘BUIBIA SWLOJIAU
. n___/m_ . n__nﬂ_m . mnm__ﬁ_v/ﬁ_um 01 yspjoelg %Mtwhomhwmw a|qissod ‘ajqeeA 10 JN9 ‘aduaime] 1S JO 4|NS Jauul w o_cmmo.o 3
.cmw_ﬁ_u/_ oy .cmw_z d P Hu__z d :pandodey _ ”cwt_m_a_mm 0 :parioday ‘Apun4 Jo Aeg Jauul —aung aje (g \mc:msmm
‘lewnd ‘lewnd Jlewndo dIN e1-/ W 001-05 UMOLDIUN - w_s_o<
[ewindo [ewindo et ‘lewndo . ‘rewndo sI a1noJ uonelbiw — Bunds (g 6 d
dIN dIN dIN n__.Z ‘fewndo W ops 21095 ulumedas
-IqeIsI0L -IqeIsI0L -QlqetsloL :9|qeJsjoL . SIGELIEA 0] SJajem agepIng BAON pue ‘ybig onuepw-pIA 8yl "LON
lqedal0L :9|qeJsjoL ‘ep1io]4 J0 aIoysyo JauIMmIBAQ (T 2 HNPEANS
‘Buiyorey Jaye sieak 9-g
uonelbiw AVS ‘pues ‘|jonelh paleJa|o} sdwiay Jaybiy
G WNWIUIA J1o} papaau ‘319goa ‘1apjnog 118m abueyd 1e Jaybiy ymmoib a|geLieA
:parioday 91eJapOIN :parioday lenpelio ‘a1qeLeA :panioday SJa7eM USDIOEIq SE JE) JUBWIUOAIAUT
4IN :pauioday AVS +%0G/M :panioday :panioday 19671 se seale BLILMEGS JO WEANSUMOG BULIBALY
‘rewndo 80-T0 sease A|qissod 4IN G2-0T ‘rewndo BUILTEY JONE SHAOM G-€ —3[lusang
4IN ‘lewndo ‘lewndo ‘lewndo ‘lewndo v2'ST-97°0 . Ares
9|qeJsjoL 4IN =11\ 0€-0 GE-€ 9|qeJsjoL
:9|qe49]0L :9|qel9|0 L :9|qel9|0 L :9|qeJsjoL
(1/6w) (o8s/w)
usbAxQ FSTRIEY ayeaysgqns bﬁ_um_ﬁ_wm ol EMW_WMWEP_. ;M%mvn_ uo11ed0T] PUB Jes A JO BWl | abe1s ayi
panjossid jusaInd

39



Atlantic Coast Diadromous Fish Habitat

Section I1l. American Shad Literature Cited

Arnold, D. A. 2000. Lehigh River American shad: The first six years. Pennsylvania Angler and
Boater 69(3): 18-21.

Atkins, C. G. 1887. The river fishes of Maine. Pages 673-728 in George B. Goode and
Associates. History and methods of the fisheries: The fisheries and fishery industry of the
United States, volume | (Section 5). Bulletin of the United States Fish Commission,
Washington, D.C.

Atkinson, C. E. 1951. Feeding habits of adult shad (Alosa sapidissima) in fresh water. Ecology
32: 556-557.

ASMFC (Atlantic States Marine Fisheries Commission). 1985. Fishery management plan for the
anadromous alosid stocks of the eastern United States: American shad, hickory shad,
alewife, and blueback herring. ASMFC Fishery Management Report No. 6, Washington,
D.C.

ASMFC (Atlantic States Marine Fisheries Commission). 1988. Supplement to the fishery
management plan for the anadromous alosid stocks of the eastern United States:
American shad, hickory shad, alewife, and blueback herring. ASMFC Fishery
Management Report No. 12, Washington, D.C.

ASMFC (Atlantic States Marine Fisheries Commission). 1999. Amendment 1 to the interstate
fishery management plan for shad and river herring. ASMFC Fishery Management
Report No. 35, Washington, D.C.

Auld, A. H., and J. R. Schubel. 1978. Effects of suspended sediments on fish eggs and larvae: A
laboratory assessment. Estuarine and Coastal Marine Science 6: 153-164.

Bailey, K. M., and E. D. Houde. 1989. Predation on eggs and larvae of marine fishes and the
recruitment problem. Advances in Marine Biology 25: 1-83.

Barker, J. 1965. Observations on some areas of the Delaware River between Belvidere and
Scudders Falls, New Jersey in respect to their utilization by American shad, Alosa
sapidissima (Wilson), for spawning purposes in 1963 and 1964. New Jersey Department
of Conservation and Economic Development Miscellaneous Report 28, Trenton, New
Jersey.

Barry, T., and B. Kynard. 1986. Attraction of adult American shad to fish lifts at Holyoke Dam,
Connecticut River. North American Journal of Fisheries Management 6: 223-241.

Beach, N. W. 1960. A study of the planktonic rotifers of the Oequeoe River system, Presque Isle
County, Michigan. Ecological Monographs 30: 339-357.

Beasely, C. A., and J. E. Hightower. 2000. Effects of a low-head dam on the distribution and
characteristics of spawning habitat used by striped bass and American shad. Transactions
of the American Fisheries Society 129: 1316-1330.

Bernatchez, L., and J. J. Dodson. 1987. Relationship between bioenergetics and behavior in
anadromous fish migrations. Canadian Journal of Fisheries and Aquatic Sciences 44:
399-407.

40



Chapter 2: American Shad

Biggs, R. B., and D. A. Flemer. 1972. The flux of particulate carbon in an estuary. Marine
Biology 12: 11-17.

Bilkovic, D. M. 2000. Assessment of spawning and nursery habitat suitability for American shad
(Alosa sapidissima) in the Mattaponi and Pamunkey Rivers. Doctoral dissertation. The
College of William and Mary, Williamsburg, Virginia.

Bilkovic, D. M., C. H. Hershner, and J. E. Olney. 2002. Macroscale assessment of American
shad spawning and nursery habitat in the Mattaponi and Pamunkey Rivers, Virginia.
North American Journal of Fisheries Management 22: 1176-1192.

Boreman, J. 1981. Life histories of seven fish species that inhabit the Hudson River estuary.
National Marine Fisheries Service, Northeast Fisheries Center Laboratory Reference
Document No. 81-34, Woods Hole, Massachusetts.

Boreman, J., and K. D. Friedland. 2003. Sensitivity of American shad to changes in fishing
mortality. Pages 267-273 in K. E. Limburg and J. R. Waldman, editors. Biodiversity,
status, and conservation of the world’s shads. American Fisheries Society Symposium 35,
Bethesda, Maryland.

Bowman, S., and J. E. Hightower. 2001. American shad and striped bass spawning migration and
habitat selection in the Neuse River, North Carolina. Final report to the North Carolina
Marine Fisheries Commission, North Carolina Cooperative Fish and Wildlife Research
Unit, North Carolina Sate University, Raleigh, North Carolina.

Bowman, R. E., C. E. Stillwell, W. L. Michaels, and M. D. Grosslein. 2000. Food of Northwest
Atlantic fishes and two common species of squid. NOAA Technical Memorandum No.
NMFS-F/NE-155, Silver Spring, Maryland.

Bradford, A. D., J. D. Miller, and K. Buss. 1968. Bio-assays on eggs and larval stages of
American shad Alosa sapidissima. Pages 52-60 in F. T. Carlson, editor. Suitability of the
Susquehanna River for restoration of shad. U.S. Department of the Interior, Maryland
Board on Natural Resources, New York Conservation Department, and Pennsylvania
Fish Commission.

Brown, M., and B. Sleeper. 2004. Anadromous Fish Restoration in the Androscoggin River
Watershed - 2003 Report on the Operation of the Brunswick Fishway FERC # 2284,
Maine Department of Marine Resources in Cooperation with NMFS (P.L. 89-304),
Augusta, Maine.

Burdick, G. E. 1954. An analysis of the factors, including pollution, having possible influence on
the abundance of shad in the Hudson River. New York Fish and Game Journal 1: 188-
205.

Cameron, W. M., and D. W. Pritchard. 1963. Estuaries. Pages 306-324 in M. N. Hill. The sea,
volume 2: The composition of seawater comparative and descriptive oceanography.
Interscience, New York, New York.

Carlson, F. T., editor. 1968. Suitability of the Susquehanna River for restoration of shad. U.S.
Department of the Interior, Maryland Board on Natural Resources, New York
Conservation Department, and Pennsylvania Fish Commission.

41



Atlantic Coast Diadromous Fish Habitat

Carscadden, J. E., and W. C. Leggett. 1975. Life history variations in populations of American
shad, Alosa sapidissima (Wilson), spawning in tributaries of the St. John River, New
Brunswick. Journal of Fish Biology 32: 653-660.

Cave, J. R. 1978. American shad, Alosa sapidissima, larval distribution, relative abundance and
movement in the Holyoke Pool, Connecticut River, Massachusetts. Masters thesis.
University of Massachusetts, Amherst, Massachuetts.

Chandler, D. C. 1937. Fate of typical lake plankton in streams. Ecological Monographs 7: 445-
479.

Chesapeake Bay Program. 1988. Habitat requirements for Chesapeake Bay living resources.
Chesapeake Executive Council, Annapolis, Maryland.

Chittenden, M. E., Jr. 1969. Life history and ecology of the American shad, Alosa sapidissima,
in the Delaware River. Doctoral dissertation. Rutgers University, New Brunswick, New
Jersey.

Chittenden, M. E., Jr. 1973a. Effects of handling on oxygen requirements of American shad
(Alosa sapidissima). Journal of the Fisheries Research Board of Canada 30: 105-110.

Chittenden, M. E., Jr. 1973b. Salinity tolerances of young American shad, Alosa sapidissima.
Chesapeake Science 14: 207-210.

Chittenden, M. E., Jr. 1976a. Present and historical spawning grounds and nurseries of American
shad, Alosa sapidissima, in the Delaware River. Fishery Bulletin 74: 343-352.

Chittenden, M. E., Jr. 1976b. Weight loss, mortality, feeding, and duration of residence of adult
American shad, Alosa sapidissima, in fresh water. Fishery Bulletin 74: 151-157.

Chittenden, M. E., Jr., and J. R. Westman. 1967. Highlights of the life history of the American
shad in the Delaware River. Presentation of the Delaware River Basin Commission at a
public hearing on water quality standards for the Delaware River, Trenton, New Jersey.

Collette, B., and G. Klein-MacPhee, editors. 2002. Bigelow and Schroeder’s fishes of the Gulf of
Maine, 3" edition. Smithsonian Institution Press, Washington, D.C.

Cooke, D. W., and S. D. Leach. 2003. Beneficial effects of increased river flow and upstream
fish passage on anadromous alosine stocks. Pages 331-338 in K. E. Limburg, and J. R.
Waldeman, editors. Biodiversity, status, and conservation of the world’s shads. American
Fisheries Society Symposium 35, Bethesda, Maryland.

Crecco, V. A, and M. M. Blake. 1983. Feeding ecology of coexisting larvae of American shad
and blueback herring in the Connecticut River. Transactions of the American Fisheries
Society 112: 498-507.

Crecco, V. A., and T. F. Savoy. 1984. Effects of fluctuations in hydrographic conditions on year-
class strength of American shad (Alosa sapidissima) in the Connecticut River. Canadian
Journal of Fisheries and Aquatic Sciences 41: 1216-1223.

42



Chapter 2: American Shad

Crecco, V. A., and T. F. Savoy. 1987a. Review of recruitment mechanisms of the American
shad: The critical period and match-mismatch hypotheses reexamined. Pages 455-468 in
M. J. Dadswell, R. J. Klauda, C. M. Moffitt, and R. L. Saunders, editors. Common
strategies of anadromous and catadromous fishes. American Fisheries Society
Symposium 1, Bethesda, Maryland.

Crecco, V. A.,and T. F. Savoy. 1987b. Effects of climatic and density-dependent factors on
intra-annual mortality of larval American shad. Pages 69-81 in R. D. Hoyt, editor.
Proceedings of the 10™ annual larval fish conference. American Fisheries Society
Symposium 2, Bethesda, Maryland.

Crecco, V. A, T. F. Savoy, and L. Gunn. 1983. Daily mortality rates of larval and juvenile
American shad (Alosa sapidissima) in the Connecticut River with changes in year-class
strength. Canadian Journal of Fisheries and Aquatic Sciences 40: 1719-1728.

Crecco, V. A, T. F. Savoy, and W. Whitworth. 1986. Effects of density-dependent and climatic
factors on American shad, Alosa sapidissima, recruitment: A predictive approach.
Canadian Journal of Fisheries and Aquatic Sciences 43: 457-463.

Dadswell, M. J., G. D. Melvin, and P. J. Williams. 1983. Effect of turbidity on the temporal and
spatial utilization of the inner Bay of Fundy by American shad (Alosa sapidissima)
(Pisces: Clupeidae) and its relationship to local fisheries. Canadian Journal of Fisheries
and Aquatic Sciences 40 Supplement 1: 322-330.

Dadswell, M. J., G. D. Melvin, P. J. Williams, and D. E. Themelis. 1987. Influences of origin,
life history, and chance on the Atlantic coast migration of American shad. Pages 313-330
in M. J. Dadswell, R. J. Klauda, C. M. Moffitt, and R. L. Saunders, editors. Common
strategies of anadromous and catadromous fishes. American Fisheries Society
Symposium 1, Bethesda, Maryland.

Davis, J. R., and R. P. Cheek. 1966. Distribution, food habits, and growth of young clupeids,
Cape Fear River system, North Carolina. Proceedings of the 20th Annual Conference of
the Southeastern Association of Game and Fish Commissions: 250-260.

Day, J. W., Jr., T. J. Butler, and W. H Connor. 1975. Productivity and nutrient export studies in a
cypress swamp and lake system in Louisiana. Pages 255-269 in M. Wiley, editor.
Estuarine processes, Vol. 2: Circulation, sediments, and transfer of material in the
estuary. Academic Press, New York, New York.

DBC (Delaware Basin Fish and Wildlife Management Cooperative). 1980. Strategic fishery
management plan for the American shad (Alosa sapidissima) in the Delaware River
Basin.

Dey W. P., and P. C. Baumann. 1978. Community dynamics of shore zone fish populations in
the Hudson River estuary: 108" Annual American Fisheries Society Meeting, Kingston,
Rhode Island.

Dodson, J. J., W. C. Leggett, and R. A. Jones. 1972. The behavior of adult American shad (Alosa
sapidissima) during migration from salt to freshwater as observed by ultrasonic tracking
techniques. Journal of the Fisheries Research Board of Canada 29: 1445-1449.

43



Atlantic Coast Diadromous Fish Habitat

Domermuth, R. B., and R. J. Reed. 1980. Food of juvenile American shad, Alosa sapidissima,
juvenile blueback herring, Alosa aestivalis, and pumpkinseed, Lepomis gibbosus, in the
Connecticut River below Holyoke Dam, Massachusetts. Estuaries 3: 65-68.

Dorfman, D., and J. Westman. 1970. Responses of some anadromous fishes to varied oxygen
concentrations and increased temperatures. Office of Water Resources Research Project
No. B-012-NJ, Rutgers University, New Brunswick, New Jersey.

Ecological Analysts, Inc. 1978. Hudson River thermal effects studies for representative species:
Second progress report. Prepared for Central Hudson Gas and Electric Corporation,
Poughkeepsie, New York.

Erkan, D. E. 2002. Strategic plan for the restoration of anadromous fishes to Rhode Island
coastal streams. Rhode Island Department of Environmental Management, Division of
Fish and Wildlife, Completion Report in fulfillment of Federal Aid in Sportfish
Restoration Project No. F-55-R, Jamestown, Rhode Island.

Facey, D. E., and M. J. Van Den Avyle. 1986. Species profiles: Life histories and environmental
requirements of coastal fishes and invertebrates (South Atlantic) — American shad. U.S.
Fish and Wildlife Service Biological Report No. 82 (11.45), and U.S. Army Corps of
Engineers Report No. TR EL-82-4, Washington D.C.

Fischer, C. A. 1980. Anadromous fisheries research program Cape Fear River System Phase II.
North Carolina Department of Natural and Community Development, Division of Marine
Fisheries Completion Report for Project No. AFCS-15, Morehead, City, North Carolina.

Fredin, R. A. 1954. Causes of fluctuations in abundance of Connecticut River shad. U.S. Fish
and Wildlife Service Fisheries Bulletin 54: 247-259.

Gabriel, W. L., W. C. Leggett, J. E. Carscadden, and B. D. Glebe. 1976. Origin and
characteristics of “fall-run” American shad (Alosa sapidissima) from the St. John River,
New Brunswick. Journal of the Fisheries Research Board of Canada 33: 1764-1770.

Garman, G. C. 1992. Fate and potential significance of postspawning anadromous fish carcasses
in an Atlantic coastal river. Transactions of the American Fisheries Society 121: 390-394.

Glebe, B. D., and W. C. Leggett. 1973. Weight loss and associated energy expenditure of
American shad during the freshwater migration. Progress Report on Project No. AFC 8-2
Conn. National Marine Fisheries Service, Silver Spring, Maryland.

Glebe, B. D., and W. C. Leggett. 1981a. Temporal, intra-population differences in energy
allocation and use by American shad Alosa sapidissima during the spawning migration.
Canadian Journal of Fisheries and Aquatic Sciences 38: 795-805.

Glebe, B. D., and W. C. Leggett. 1981b. Latitudinal differences in energy allocation and use
during the freshwater migrations of American shad (Alosa sapidissima) and their life
history consequences. Canadian Journal of Fisheries and Aquatic Sciences 38: 806-820.

Grabe, S. A. 1996. Feeding chronology and habits of Alosa spp. (Clupeidae) juveniles from the
lower Hudson River estuary, New York. Environmental Biology of Fishes 47: 321-326.

Hammer, R. C. 1942. The homing instinct of the Chesapeake shad, Alosa sapidissima, as
revealed by a study of scales. Master’s thesis. University of Maryland, College Park,
Maryland.

44



Chapter 2: American Shad

Hatton, S. R. 1940. Progress report on Central Valley fisheries investigation. California Fish and
Game 26: 335-373.

Hawkins, J. H. 1979. Anadromous fisheries research program — Neuse River. North Carolina
Department of Natural Resources and Community Development, Division of Marine
Fisheries, Morehead City, North Carolina.

Hendricks, M. L., R. L. Hoopes, D. A. Arnold, and M. L Kaufman. 2002. Homing of hatchery-
reared American shad to the Lehigh River, a tributary to the Delaware River. North
American Journal of Fisheries Management 22: 243-248.

Hightower, J. E., and K. L. Sparks. 2003. Migration and spawning habitat of American shad in
the Roanoke River, North Carolina. Pages 193-199 in K. E. Limburg, and J. R. Waldman,
editors. Biodiversity, status, and conservation of the world’s shads. American Fisheries
Society Symposium 35, Bethesda, Maryland.

Hildebrand, S. F., and W. C. Schroeder. 1928. Fishes of Chesapeake Bay. United States Bureau
of Fisheries Bulletin 53.

Hildebrand, S. F. 1963. Family Clupeidae. Pages 257-454 in H. B. Bigelow, editor. Fishes of the
Western North Atlantic, part 3. Sears Foundation for Marine Research, Yale University,
New Haven, Connecticut.

Hill, D. R. 1959. Some uses of statistical analysis in classifying races of American shad (Alosa
sapidissima). U.S. Fish and Wildlife Service Fisheries Bulletin 59: 268-286.

Hirschfield, H. 1., J. W. Rachlin, and E. Leff. 1966. A survey of invertebrates from selected sites
of the lower Hudson River. Pages 230-257 in Hudson River ecology. New York State
Department of Environmental Conservation, Albany, New York.

Hobbie, J. E., B. J. Copeland, and W. G. Harrison. 1973. Sources and fates of nutrients of the
Pamlico River Estuary, North Carolina. Pages 287-302 in L. E. Cronin, editor. Estuarine
research, volume 1: Chemistry, biology, and the estuarine system. Academic Press, New
York, New York.

Holland, B. F., Jr., and G. F. Yelverton. 1973. Distribution and biological studies of anadromous
fishes offshore NC. North Carolina Department of Natural and Economic Resources
Special Science Report No. 24, North Carolina.

Horton, D. B., and D. W. Bridges. 1973. A study to predict the effects of thermal additions in the
Bay River and Neuse River area of North Carolina. U.S. Department of the Interior
Office of Water Research and Technology Report No. OWRT-004-NC, Washington,
D.C.

Houston, A. H. 1957. Responses of juvenile chum, pink, and coho salmon to sharp sea-water
gradients. Canadian Journal of Zoology 35: 371-383.

Howarth, R. H., R. Marino, R. Garritt, and D. Sherman. 1992. Ecosystem respiration and organic
carbon processing in a large, tidally influenced river: The Hudson River.
Biogeochemistry 16: 83-102.

Howe, K. M. 1981. Preliminary checklist of the fishes of the northeastern Pacific Ocean
(revised). Unpublished manuscript. School of Fisheries, University of Washington,
Seattle, Washington.

45



Atlantic Coast Diadromous Fish Habitat

Hunter, J. R. 1981. Feeding ecology and predation of marine fish larvae. Pages 33-77 in R.
Lasker, editor. Marine fish larvae: Morphology, ecology, and relation to fisheries.
University of Washington Press, Seattle, Washington.

Hynes, H. B. N. 1970. The ecology of running waters. University of Toronto Press, Toronto,
Canada.

Jessop, B. M. 1975. A review of the American shad (Alosa sapidissima) stocks of the St. John
River, New Brunswick, with particular references to the adverse effects of hydroelectric
development. Canadian Fisheries and Marine Services Resource Division, Branch
Maritime Regulation, Technical Report No. 75-6: 1-23.

Jones, P. W., F. D. Martin, and J. D. Hardy, Jr. 1978. Development of fishes of the mid-Atlantic
Bight. An atlas of egg, larval and juvenile stages, volume I, Acipenseridae through
Ictaluridae. U.S. Fish and Wildlife Service Report No. FWS/OBS-78/12, Washington
D.C.

Johnson, J. H., and D. S. Dropkin. 1995. Effects of prey density and short term food deprivation
on the growth and survival of American shad larvae. Journal of Fish Biology 46: 872-
879.

Johnson, J. H., and N. H. Ringler. 1998. Predator response to releases of American shad larvae in
the Susquehanna River basin. Ecology of Freshwater Fish 7: 192-199.

Klauda, R. J. 1989. Definitions of critical environmental conditions for selected Chesapeake Bay
finfishes exposed to acidic episodes in spawning and nursery areas. John’s Hopkins
University, Applied Physics Laboratory, Shady Side, Maryland.

Klauda, R. J. 1994. Lethal and critical effects thresholds for American shad eggs and larvae
exposed to acid and aluminum in the laboratory, with speculation on the potential role of
habitat acidification on stock status in Maryland. Pages 7-39 in J. E. Cooper, R. T. Eades,
R. J. Klauda, and J. G. Loesch, editors. Anadromous Alosa Symposium. American
Fisheries Society Tidewater Chapter, Bethesda, Maryland.

Klauda, R. J., S. A. Fischer, L. W. Hall, Jr., and J. A. Sullivan. 1991. American shad and hickory
shad. Pages 9.1-9.27 in S. L. Funderburk, J. A. Mihursky, S. J. Jordan, and D. Riley,
editors. Habitat requirements for Chesapeake Bay living resources, second edition.
Chesapeake Bay Program Living Resources Subcommittee, Annapolis, Maryland.

Koch, E. W. 2001. Beyond light: Physical, geological and geochemical parameters as possible
submersed aquatic vegetation habitat requirements. Estuaries 24: 1-17.

Koo, T.S. Y., C. F. Smith, M. C. Johnston, G. E. Galog, Jr., and H. L. Mathers. 1976. Effects of
heat shock on fish eggs and larvae. Chesapeake Biological Laboratory, CEES Ref. No.
76-112-CBL, Solomons, Maryland.

Krauthamer, J., and W. Richkus. 1987. Characterizations of the biology of and fisheries for
Maryland stocks of American and hickory shad. Prepared for Maryland Department of
Natural Resources, Tidewater Administration, Annapolis, Maryland.

Kuzmeskus, D. M. 1977. Egg production and spawning site distribution of the American shad,
Alosa sapidissima, in the Holyoke Pool, Connecticut River, Massachusetts. Master’s
thesis. University of Massachusetts, Amherst, Massachusetts.

46



Chapter 2: American Shad

Layzer, J. B. 1974. Spawning sites and behavior of American shad, Alosa sapidissima (Wilson),
in the Connecticut River between Holyoke and Turners Falls, Massachusetts, 1972.
Master’s thesis. University of Massachusetts, Amherst, Massachusetts.

Leach, S. D., and E. D. Houde. 1999. Effects of environmental factors on survival, growth, and
production of American shad larvae. Journal of Fish Biology 54: 767-786.

Lee, D. S., C. R. Gilbert, C. H. Hocutt, R. E. Jenkins, D. E. McAllister, and J. R. Stauffer, Jr.
1980. Atlas of North American freshwater fishes. North Carolina State Museum of
Natural History, Raleigh, North Carolina.

Leggett, W. C. 1969. Studies on the reproductive biology of the American shad Alosa
sapidissima (Wilson). A comparison of populations from four rivers of the Atlantic
seaboard. Doctoral dissertation. McGill University, Montreal, Canada.

Leggett, W. C. 1976. The American shad (Alosa sapidissima), with special reference to its
migration and population dynamics in the Connecticut River. American Fisheries Society
Monograph No. 1: 169-225.

Leggett, W. C. 1977a. Ocean migration rates of American shad (Alosa sapidissima). Journal of
the Fisheries Research Board of Canada 34: 1422-1426.

Leggett, W. C. 1977b. The ecology of fish migrations. Annual Review of Ecology and
Systematics 8: 285-308.

Leggett, W. C., and J. E. Carscadden. 1978. Latitudinal variation in reproductive characteristics
of American shad (Alosa sapidissima): Evidence for population specific life history
strategies in fish. Journal of the Fisheries Research Board of Canada 35: 1469-1478.

Leggett, W. C., and R. N. O’ Boyle. 1976. Osmotic stress and mortality in adult American shad
during transfer from saltwater to freshwater. Journal of Fish Biology 8: 459-469.

Leggett, W. C., and R. R. Whitney. 1972. Water temperature and the migrations of American
shad. Fisheries Bulletin 70: 659-670.

Leidy, J. 1868. Remarks on shad brought to our markets during the late autumnal months which
were caught in salt water, and their food. Proceedings of the Academy of Natural
Sciences, Philadelphia, Pennsylvania.

Leim, A. H. 1924. The life-history of the shad (Alosa sapidissima (Wilson)) with special
reference to the factors limiting its abundance. Contributions To Canadian Biology, New
Series 2: 161-284.

Letcher B. H., and J. A. Rice. 1997. Prey patchiness and larval fish growth and survival:
Inferences from an individual-based model. Ecological Modeling 95: 29-43.

Levesque, R. C., and R. J. Reed. 1972. Food availability and consumption by young Connecticut
River shad Alosa sapidissima. Journal of the Fisheries Research Board of Canada 29:
1495-1499.

Limburg, K. E. 1994. Ecological constraints on growth and migration of juvenile American shad
(Alosa sapidissima Wilson) in the Hudson River estuary, New York. Doctoral
dissertation. Cornell University, Ithaca, New York.

47



Atlantic Coast Diadromous Fish Habitat

Limburg, K. E. 1995. Otolith strontium traces migratory histories of juvenile American shad,
Alosa sapidissima. Marine Ecology Progress Series 119: 25-35.

Limburg, K. E. 1996. Growth and migration of 0-year American shad (Alosa sapidissima) in the
Hudson River estuary: Otolith microstructural analysis. Canadian Journal of Fisheries
and Aquatic Sciences 53: 220-238.

Limburg, K. E. 1998. Anomalous migrations of anadromous herrings revealed with natural
chemical tracers. Canadian Journal of Fisheries and Aquatic Sciences 55: 431-437.

Limburg, K. E., K. A. Hattala, and A. Kahnle. 2003. American shad in its native range. Pages
125-140 in K. E. Limburg, and J. R. Waldman, editors. Biodiversity, status, and
conservation of the world’s shads. American Fisheries Society Symposium 35, Bethesda,
Maryland.

Limburg, K. E., and R. M. Ross. 1995. Growth and mortality rates of larval American shad,
Alosa sapidissima, at different salinities. Estuaries 18: 335-340.

Livingston, R. J., S. E. McGlynn, and X. Niu. 1998. Factors controlling seagrass growth in a gulf
coastal system: Water and sediment quality and light. Aquatic Botany 60: 135-159.

Loesch, J. G., W. H. Kriete, Jr., and E. J. Foell. 1982. Effects of light intensity on the catchability
of juvenile anadromous Alosa species. Transactions of the American Fisheries Society
111: 41-44.

MacKenzie, C., L. Weiss-Glanz, and J. Moring. 1985. Species profiles: Life histories and
environmental requirements of coastal fishes and invertebrates (mid-Atlantic)-American
shad. U.S. Fish and Wildlife Service Biological Report No. 82(11.37), Washington, D.C.

Mansueti, R. J., and H. Kolb. 1953. A historical review of the shad fisheries of North America.
Chesapeake Biological Laboratory Publication No. 97, Solomons, Maryland.

Marcy, B. C., Jr. 1971. Survival of young fish in the discharge canal of a nuclear power plant.
Journal of the Fisheries Research Board of Canada 28: 1057-1060.

Marcy, B. C., Jr. 1972. Spawning of the American shad, Alosa sapidissima, in the lower
Connecticut River. Chesapeake Science 13: 116-1109.

Marcy, B. C., Jr. 1973. Vulnerability and survival of young Connecticut River fish entrained at a
nuclear power plant. Journal of the Fisheries Research Board of Canada 30: 1195-1203.

Marcy, B. C., Jr. 1976. Early life history studies of American shad in the lower Connecticut
River and the effects of the Connecticut Yankee Plant. Pages 141-168 in D. Merriman,
and L. M. Thorpe, editors. The Connecticut River ecological study: The impact of a
nuclear power plant. American Fisheries Society Monograph No. 1, Bethesda, Maryland.

Marcy, B. C., Jr., P. M. Jacobson, and R. L. Nankee. 1972. Observations on the reactions of
young American shad to a heated effluent. Transactions of the American Fisheries
Society 191: 740-743.

Massmann, W. H. 1952. Characteristics of spawning areas of shad, Alosa sapidissima (Wilson),
in some Virginia streams. Transactions of the American Fisheries Society 81: 78-93.

Massmann, W. H. 1963. Summer food of juvenile American shad in Virginia waters.
Chesapeake Science 4: 167-171.

48



Chapter 2: American Shad

Massmann, W. H., and A. L. Pacheco. 1957. Shad catches and water temperature in Virginia.
Journal of Wildlife Management 21: 351-352.

Maurice, K. R., R. W. Blye, and P. L. Harmon. 1987. Increased spawning by American shad
coincident with improved dissolved oxygen in the tidal Delaware River. Pages 79-88 in
M. J. Dadswell, R. J. Klauda, C. M. Moffitt, and R. L. Saunders, editors. Proceedings of
the international symposium on common strategies of anadromous and catadromous
fishes. American Fisheries Society, Bethesda, Maryland.

Maxfield, G. H. 1953. The food habits of hatchery-produced, pond-cultured shad (Alosa
sapidissima) reared to a length of two inches. Chesapeake Biological Laboratory
Publication No. 98, Solomons, Maryland.

May, R. C. 1974. Larval mortality in marine fishes and the critical period concept. Pages 3-19in
J. H. S. Blaxter, editor. The early life history of fish. Springer-Verlag, Berlin, Germany.

McCord, J. W. 2003. Alosid habitats for South Carolina watersheds. South Carolina Department
of Natural Resources, Office of Fisheries Management, Diadromous Fisheries Program,
Charleston, South Carolina.

McCormick, S. D., J. M. Shrimpton, and J. D. Zydlewski. 1996. Temperature effects on
osmoregulatory physiology of juvenile anadromous fish. Pages 279-301 in C. M. Wood,
and D. G. McDonald, editors. Global warming: Implications for freshwater and marine
fish. Cambridge University Press, Cambridge, United Kingdom.

McFadden, J. T., Texas Instruments, and Lawler, Matusky, & Skelly Engineers. 1978. Influence
of the proposed Cornwall pumped storage project and steam electric generating plants on
the Hudson River estuary, with emphasis on striped bass and other fish populations,
revised. Pages 7.1-7.227 in Report to Consolidated Edison Company of New York, New
York.

McPhee, J. A. 2002. The Founding Fish. Farrar, Straus, and Giroux, New York, New York.
Meade, J. W. 1976. Experimental intensive rearing of shad at Van Dyke, Pennsylvania.
Pages 211-234 in R. St. Pierre, editor. Proceedings of the workshop on American shad.
U.S. National Marine Fisheries Service, Newton Corner, Massachusetts.

Medcof, J. C. 1957. Nuptial or prenuptial behavior of the shad, Alosa sapidissima (Wilson).
Copeia: 252-253.

Melvin, G. D. 1984. The usefulness of meristic and morphometric characters in discriminating
populations of American shad (Alosa sapidissima) inhabiting Cumberland Basin, N.B.
Doctoral dissertation. University of New Brunswick, Fredericton, New Brunswick.

Melvin, G. D., M. J. Dadswell, and J. A. McKenzie. 1992. Usefulness of meristic and
morphometric characters in discriminating populations of American shad (Alosa
sapidissima) (Ostreichthyes: Clupeidae) inhabiting a marine environment. Canadian
Journal of Fisheries and Aquatic Sciences 49: 266-280.

Melvin, G. D., M. J. Dadswell, and J. D. Martin. 1985. Impact of lowhead hydroelectric tidal
power development on fisheries: I. A preparation study of the spawning population of
American shad Alosa sapidissima (Pisces: Clupeidae) in the Annapolis River, Nova
Scotia, Canada. Canadian Fisheries and Aquatic Sciences Technical Report No. 1340,
Nova Scotia, Canada.

49



Atlantic Coast Diadromous Fish Habitat

Melvin, G. D., M. J. Dadswell, and J. A. McKenzie. Usefulness of meristic and morphometric
characters in discriminating populations of American shad (Alosa sapidissima)
(Osteichthyes: Clupeidae) inhabiting a marine environment. Canadian Journal of
Fisheries and Aquatic Sciences 49: 266-280.

Metzger, S. G., R. G. Keppel, P. Geogahan, and A. W. Wells. 1992. Abundance of selected
Hudson River fish species in previously unsampled regions: Effect on standing crop
estimates. Pages 348-375 in C. L. Smith, editor. Estuarine research in the 1980s. State
University of New York Press, Albany, New York.

Miller, J. P., J. W. Friedersdorff, H. C. Mears, and C. W. Billingsley. 1973. Annual progress
report Delaware River Basin Anadromous Fish Project, AFS-2-6: July 1972 — December
1972. U.S. Fish and Wildlife Service, Washington, D.C.

Miller, J. P., J. W. Friedersdorff, H. C. Mears, J. P. Hoffman, F. R. Griffiths, R. C. Reichard, and
C. W. Billingsley. 1975. Annual progress report Delaware River Basin Anadromous Fish
Project, AFS-2-6: January 1973 -- January 1974. U.S. Fish and Wildlife Service,
Washington, D.C.

Miller, J. P., F. R. Griffiths, and P. A. Thurston-Rogers. 1982. The American shad (Alosa
sapidissima) in the Delaware River Basin. Delaware Basin Fish and Wildlife
Management Cooperative.

Miller, J. P., W. M. Zarback, J. W. Friedersdorff, and R. W. Marshall. 1971. Annual progress
report Delaware River Basin Anadromous Fish Project, AFS-2-4. U.S. Fish and Wildlife
Service, Washington, D.C.

Milner, J. W. 1876. On the transportation of shad for long distances: Experiments with a view to
transporting shad in seawater. U.S. Fisheries Commission Report 3: 323-326.

Milstein, C. B. 1981. Abundance and distribution of juvenile Alosa species off southern New
Jersey. Transactions of the American Fisheries Society 110: 306-309.

Mitchell, P. H. 1925. A report of investigations concerning shad in the rivers of Connecticut, part
1. Connecticut State Board of Fish and Game: 7-45.

Morrow, J. E. 1980. The freshwater fishes of Alaska. Alaska Northwest Publishing Company,
Anchorage, Alaska.

Moser, M. L, and S. W. Ross. 1994. Effects of changing current regime and river discharge on
the estuarine phase of anadromous fish migration. Pages 343-347 in K. R. Dryer, and R.
J. Orth, editors. Changes in fluxes in estuaries: Implications from science to management.
Olsen and Olsen, Fredensborg, Denmark.

Moss, D. D. 1946. Preliminary studies of the shad (Alosa sapidissima) catch in lower
Connecticut River, 1944. Pages 230-239 in E. M. Quee, editor. Transactions of the 11"
North American Wildlife Conference.

Moss, S. A. 1970. The responses of young American shad to rapid temperature changes.
Transactions of the American Fisheries Society 99: 381-384.

Murai, T., J. W. Muller, and J. W. Andrews. 1979. Dietary studies with American shad fry.
Progressive Fish-Culturist 41: 61-63.

50



Chapter 2: American Shad

Neves, R. J., and L. Depres. 1979. The oceanic migration of American shad, Alosa sapidissima,
along the Atlantic coast. Fishery Bulletin 77: 199-212.

Nichols, P. R. 1959. Extreme loss in body weight of an American shad (Alosa sapidissima).
Copeia : 343-344.

Nichols, P. R. 1966. Comparative study of juvenile American shad populations by fin ray and
scute counts. U.S. Fish and Wildlife Service Special Science Report in Fisheries No. 525,
Washington, D.C.

O’Donnell, M. 2000. Age, size, hatch-date, and growth rate distribution of young-of-year
American shad in the Connecticut River. Master’s thesis. University of Massachusetts,
Ambherst, Massachusetts.

O'Leary, J. A, and B. Kynard. 1986. Behavior, length, and sex ratio of seaward-migrating
juvenile American shad and blueback herring in the Connecticut River. Transactions of
the American Fisheries Society 115: 529-536.

O'Leary, J. A, and B. Kynard. 1993. Evaluation of a bypass system for spent American shad at
Holyoke Dam, Massachusetts. North American Journal of Fisheries Management 13:
782-7809.

Odom, M. 1997. Observations on habitat usage by juvenile American shad in the James River,
Virginia, in 1997. Administrative report for U.S. Fish and Wildlife Service, Washington,
D.C.

Odum, W. E., and E. J. Heald. 1973. The detritus-based food web of an estuarine mangrove
community. Pages 265-286 in L. E. Cronin, editor. Estuarine research, volume 1:
Chemistry, biology, and the estuarine system. Academic Press, New York, New York.

Olney, J. E., S. C. Denny, and J. M. Hoenig. 2001. Criteria for determining maturity stage in
female American shad, Alosa sapidissima, and a proposed reproductive cycle. Bulletin
Francais de la Péche et de la Pisciculture 362/363: 881-901.

Olney, J. E., and R. S. McBride. 2003. Intraspecific variation in batch fecundity of American
shad: Revisiting the paradigm of reciprocal latitudinal trends in reproductive traits. Pages
185-192 in K. E. Limburg, and J. R. Waldman, editors. Biodiversity, status, and
conservation of the world’s shads. American Fisheries Society Symposium 35, Bethesda,
Maryland.

Orth, D. J., and R. J. White. 1993. Stream habitat management. Pages 205-230 in C. C. Kohler,
and W. A. Hubert, editors. Inland fisheries management in North America. American
Fisheries Society, Bethesda, Maryland.

Parker, J. A. 1990. Migration patterns of American shad in the nearshore ocean waters of
southeastern North Carolina. Completion Report No. 90-1-PASRH. North Carolina
Department of Natural Resources and Community Development, Division of Marine
Fisheries, Morehead City, North Carolina.

Plachta, D. T. T., and A. N. Popper. 2003. Evasive responses of American shad (Alosa
sapidissima) to ultrasonic stimuli. Acoustics Research Letters Online 4: 25-30.

51



Atlantic Coast Diadromous Fish Habitat

Provost, J. 1987. L alose savoureuse (Alosa sapidissima, Wilson) du Fleuve Saint-Laurent:
Etude comparative des phenotypes morphologiques et de certains aspects de la biologie
de quelques populations. Master’s thesis. University of Quebec, Quebec, Canada.

Public Service Electric and Gas Company (PSE&G). 1982. American shad (Alosa sapidissima):
A synthesis of information on natural history, with reference to occurrence in the
Delaware River and estuary and involvement with the Salem Nuclear Generating Station.
Salem Nuclear Generating Station 316(b) Report, Appendix 111, Newark, New Jersey.

Reimhold, R. J., J. L. Gallager, R. A. Linthurst, and W. J. Pfeiffer. 1973. Detritus production in
coastal Georgia salt marshes. Pages 217-228 in L. E. Cronin, editor. Estuarine research,
volume 1: Chemistry, biology, and the estuarine system. Academic Press, New York,
New York.

Rice, H. J. 1878. Notes upon the development of the shad, Alosa sapidissima. Pages 95-106 in
Report of the Commissioners of Fisheries of Maryland, Annapolis, Maryland.

Richkus, W. A., and G. DiNardo. 1984. Current status and biological characteristics of the
anadromous alosid stocks of the eastern United States: American shad, hickory shad,
alewife, and blueback herring. Interstate Fisheries Management Program, Atlantic States
Marine Fisheries Commission, Washington, D.C.

Ross, R. M., R. M Bennett, and T. W. H. Backman. 1993. Habitat use and spawning adult, egg,
and larval American shad in the Delaware River. Rivers 4: 227-238.

Ross, R. M., R. M. Bennett, and J. H. Johnson. 1997. Habitat use and feeding ecology of riverine
juvenile American shad. North American Journal of Fisheries Management 17: 964-974.

Rounsefell, G. A., and W. H Everhart. 1953. Fishery science: Its methods and applications. John
Wiley & Sons, Inc., New York, New York.

Ryder, J. A. 1887. On the development of osseus fishes, including marine and freshwater forms.
U.S. Commission on Fisheries Report 13: 488-604.

Saila, S. B. 1973. Some aspects of fish production and cropping in estuarine systems. Pages 473-
493 in L. E. Cronin, editor. Estuarine research, volume 1: Chemistry, biology, and the
estuarine system. Academic Press, New York, New York.

Savoy, T. F. 1993. Nearshore residence of juvenile clupeids in Long Island Sound. Paper
presented at 49™ Northeast Fish & Wildlife Conference, Atlantic City, New Jersey.

Savoy, T. F., and V. A. Crecco. 1988. The timing and significance of density-dependent and
density-independent mortality of American shad, Alosa sapidissima. Fishery Bulletin 86:
467-482.

Savoy, T. F., and V. A. Crecco. 2004. Factors affecting the recent decline of blueback herring
and American shad in the Connecticut River. American Fisheries Society Monograph 9,
Bethesda, Maryland.

Schmidt, R. E., R. J. Klauda, and J. M. Bartels. 1988. Distributions and movements of the early
life stages of three species of Alosa in the Hudson River, community and a comparative
analysis. Canadian Journal of Fisheries and Aquatic Sciences 49: 1060-1069.

52



Chapter 2: American Shad

Schubel, J. R.,and T. S. Y. Koo. 1976. Effects of various time-excess temperature histories on
hatching success of blueback herring, American shad, and striped bass eggs. Thermal
Ecology IlI, AEC Symposium Series Conference No. 750425: 165-170.

Scott, W. B., and E. J. Crossman. 1973. Freshwater fishes of Canada. Fisheries Research Board
of Canada Bulletin 184, Ottawa, Canada.

Scott, W. B., and M. G. Scott. 1988. Atlantic fishes of Canada. Canadian Bulletin of Fisheries
and Aquatic Sciences 219: 1-731.

Sharp, G. D. 1980. Report of the workshop on effects of environmental variation on survival of
larval pelagic fishes. Pages 15-66 in Workshop on the effects of environmental variation
on the survival of larval pelagic fishes. Food and Agriculture Organization of the United
Nations, Rome, Italy.

Sholar, T. M. 1976. Status of American shad in North Carolina. Pages 17-31 in Proceedings of a
workshop on American shad. U.S. Fish and Wildlife Service and U.S. National Marine
Fisheries Service, Washington, D.C.

Shoubridge, E. A. 1977. Reproductive strategies in local population of the American shad (Alosa
sapidissima). Master’s thesis. McGill University, Montreal, Quebec, Canada.

Sirois, D. L. and S. W. Fredrick. 1978. Phytoplankton and primary productivity in the lower
Hudson River estuary. Estuarine and Coastal Marine Science 7: 413-423.

Smith, H. M. 1907. The fishes of North Carolina, volume Il. North Carolina Geological and
Economic Survey. E. M. Uzzell and Company, State Printers and Binders, Raleigh,
North Carolina.

State of Maine. 1982. Anadromous fisheries river management plan. Pages 1-29 in Statewide
River Fisheries Management Plan. Prepared by the Maine Department of Marine
Resources for the Governor's Cabinet Committee on Hydropower Policy, Section 1.

State of Maryland. 1985. Notice of proposed action: Emergency regulation. Maryland
Department of Natural Resources, Annapolis, Maryland.

Stevenson, C. H. 1899. The shad fisheries of the Atlantic coast of the United States. Pages 101-
269 in Report of the Commission for 1898, part 24. U.S. Commission of Fish and
Fisheries.

Stevenson, J. C., D. R. Heinle, D. A. Flemer, R. J Small, R. A. Rowland, and J. F. Ustach. 1975.
Nutrient exchanges between brackish water marshes and the estuary. Pages 219-240 in
M. Wiley, editor. Estuarine processes, volume 2: Circulation, sediments, and transfer of
material in the estuary. Academic Press, New York, New York.

Stier, D. J., and J. H. Crance. 1985. Habitat suitability index models and instream flow suitability
curves: American shad. U.S. Fish and Wildlife Service Biological Report No. 82(10.88),
Washington D.C.

Stokesbury, K. D. E., and M. J. Dadswell. 1989. Seaward migration of juveniles of three herring
species, Alosa, from an estuary in the Annapolis River, Nova Scotia. The Canadian Field-
Naturalist 103: 388-393.

53



Atlantic Coast Diadromous Fish Habitat

Summers, J. K., and K. A Rose. 1987. The role of interactions among environmental conditions
in controlling historical fisheries variability. Estuaries 10: 255-266.

Sykes, J. E., and B. A. Lehman. 1957. Past and present Delaware River shad fishery and
considerations for its future. U.S. Fish and Wildlife Service Research Report No. 46.

Tagatz, M. E. 1961. Reduced oxygen tolerance and toxicity of petroleum products to juvenile
American shad. Chesapeake Science 2: 65-71.

Talbot, G. B. 1954. Factors associated with fluctuations in abundance of Hudson River shad.
U.S. Fish and Wildlife Service Fishery Bulletin 56: 373-413.

Talbot, G. B., and J. E. Sykes. 1958. Atlantic coast migrations of American shad. U.S. Fish and
Wildlife Service Fishery Bulletin 58: 473-490.

Teal, J. M. 1962. Energy flow in the salt marsh ecosystem of Georgia. Ecology 43: 614-624.

Theilacker, G., and K. G. Dorsey. 1980. A review of larval fish behavior, physiology and their
diversity. Pages 105-142 in G. D. Sharp, editor. Report of the workshop on the effects of
environmental variation on the survival of larval pelagic fishes. Intergovernmental
Oceanographic Commission, IOC Workshop Report 28, Paris, France.

Themelis, D. E. 1986. Feeding ecology of American shad (Alosa sapidissima) in the lower Bay
of Fundy and Minas Basin. Master’s thesis. Acadia University, Wolfville, Nova Scotia.

Vladykov, V. D. 1936. Capsules d’oeufs de raies de I’ Atlantique canadien appartenant au genre
Raja. Le Naturaliste Canadien 63: 211-231.

Walburg, C. H. 1956. Observations on the food and growth of juvenile American shad, Alosa
sapidissima. Transactions of the American Fisheries Society 86: 302-306.

Walburg, C. H. 1955. Relative abundance of American shad, 1944-52. U.S. Fish and Wildlife
Service Research Report 38, Washington, D.C.

Walburg, C. H. 1960. Abundance and life history of the shad, St. Johns River, Florida. U.S. Fish
and Wildlife Service Fishery Bulletin 60: 487-501.

Walburg, C. H. 1963. Parent-progeny relation and estimation of optimum yield for American
shad in the Connecticut River. Transactions of the American Fisheries Society 92: 436-
4309.

Walburg, C. H., and P. R. Nichols. 1967. Biology and management of the American shad and
status of the fisheries, Atlantic coast of the United States, 1960. U.S. Fish and Wildlife
Service Special Science Report for Fisheries 550.

Waldman, J. R., and K. E. Limburg. 2003. The world’s shads: Summary of their status,
conservation, and research needs. Pages 363-369 in K. E. Limburg, and J. R. Waldman,
editors. Biodiversity, status, and conservation of the world’s shads. American Fisheries
Society Symposium 35, Bethesda, Maryland.

Walters, J. F., Ill, and J. E. Olney. 2003. Feeding behavior of American shad during spawning
migration in the York River, Virginia. Pages 201-209 in K. E. Limburg, and J. R.
Waldman, editors. Biodiversity, status, and conservation of the world’s shads. American
Fisheries Society Symposium 35, Bethesda, Maryland.

54



Chapter 2: American Shad

Watson, J. F. 1970. Distribution and population dynamics of American shad, Alosa sapidissima
(Wilson), in the Connecticut River above the Holyoke Dam, Massachusetts. Doctoral
dissertation. University of Massachusetts, Amherst, Massachusetts.

Weaver, L. A.,, M. T. Fisher, B. T. Bosher, M. L. Claud, and L. J. Koth. 2003. Boshers Dam
vertical slot fishway: A useful tool to evaluate American shad recovery efforts in the
upper James River. Pages 339-347 in K. E. Limburg, and J. R. Waldman, editors.
Biodiversity, status, and conservation of the world’s shads. American Fisheries Society
Symposium 35, Bethesda, Maryland.

Weiss-Glanz, L. S., J. G. Stanley, and J. R. Moring. 1986. Species profiles: Life histories and
environmental requirements of coastal fishes and invertebrates (North Atlantic) —
American shad. U.S. Fish and Wildlife Service Biological Report No. 82 (11.59), and
U.S. Army Corps of Engineers Report No. TR EL-82-4, Washington, D.C.

Whitehead, P. J. P. 1985. Food and Agriculture Organization species catalogue, volume 7,
clupeoid fishes of the world (suborder Clupeoidei), part I: An annotated and illustrated
catalogue of the herrings, sardines, pilchards, sprats, shads, anchovies and wolf-herrings
(Chirocentridae, Clupeidae and Pristigasteridae). FAO Fish Synopsis No. 125: 1-303.

Whitney, R. R. 1961. A report on the desirability and feasibility of passing fish at Conowingo
Dam. Pages 18-43 in R. R. Whitney. The Susquehanna fishery study, 1957-1960.
Maryland Department of Research and Education, Solomons, Maryland.

Whitworth, W. R., and D. H. Bennett. 1970. A limnological study of the lower Farmington River
with special reference to the ability of the river to support American shad. Institute of
Water Research Report No. 9, University of Connecticut, Storrs, Connecticut.

Wiggins, T. A., T. R. Bender, V. A. Mudrak, and J. A. Coll. 1984. The development, feeding,
growth and survival of cultured American shad larvae through the transition from
endogenous to exogenous nutrition. Special Publication of the Pennsylvania Fish
Commission, Benner Spring Fish Research Station.

Willey, A. 1923. Notes on the distribution of free-living Copepoda in Canadian waters.
Contributions to Canadian Biology 1: 303-334.

Williams, R. G., and G. Daborn. 1984. Spawning of American shad in the Annapolis River,
Nova Scotia, Canada. Proceedings of the Nova Scotian Institute of Science 34: 9-14.

Williams, R. O., and G. E. Bruger. 1972. Investigations on American shad in the St. Johns River.
Florida Department of Natural Resources Marine Research Laboratory Technical Series
66: 1-49.

Witherell, D. B., and B. Kynard. 1990. Vertical distribution of adult American shad in the
Connecticut River. Transactions of the American Fisheries Society 119: 151-155.

Zydlewski, J., and S. D. McCormick. 1997a. The loss of hyperosmoregulatory ability in
migration juvenile American shad, Alosa sapidissima. Canadian Journal of Fisheries and
Aguatic Sciences 54: 2377-2387.

Zydlewski, J., and S. D. McCormick. 1997b. The ontogeny of salinity tolerance in the American
shad, Alosa sapidissima. Canadian Journal of Fisheries and Aquatic Sciences 54: 182-
189.

55



Atlantic Coast Diadromous Fish Habitat

56



Chapter 3: Hickory Shad

Chapter 3

HICKORY SHAD

(Alosa mediocris)

57



Atlantic Coast Diadromous Fish Habitat

Section I. Hickory Shad Description of Habitat

Hickory Shad General Habitat Description and Introduction

Hickory shad (Alosa mediocris) are anadromous fish that spend most of their adult lives
at sea, entering brackish and freshwater only to spawn (Colette and Klein-MacPhee 2002). Little
is known about the life history and specific habitat requirements of this species. However,
coastal migrations and habitat requirements are thought to be similar to that of other alosine
species, particularly American shad (Klauda et al. 1991). Very few spawning studies have been
conducted in part due to a general lack of interest in this species relative to other alosines
(Klauda et al. 1991).

Historically, hickory shad abundance has been lower than other alosine species in many
areas (Atran et al. 1983; Speir 1987). The historical range of hickory shad is thought to have
extended as far north as the Gulf of Maine and possibly to Campobello Island, New Brunswick
(Hildebrand 1963). The current northern boundary of hickory shad is Cape Cod, Massachusetts
(Batsavage and Rulifson 1998), with the highest abundances occurring from New York
southward. According to Klauda et al. (1991), spawning does not frequently occur north of
Maryland. Hickory shad are reported to occur as far south as central Florida (Hildebrand 1963;
Williams et al. 1975; McBride 2000). Waters south of Cape Canaveral, Florida, are unsuitable
for hickory shad due to semi-tropical water temperatures (Williams et al. 1975).

Hickory shad have only supported minor commercial fisheries because the bony meat is
considered to be inferior to American shad (Whitehead 1985). However, some consider hickory
shad roe to be more delectable than the roe of any of the other river herrings (Nichols 1959).
Furthermore, adult hickory shad are highly sought after by sport fishermen when they ascend
rivers and tributaries during their spawning run (Mansueti 1962; Pate 1972). Although hickory
shad populations have not been adequately monitored, there is information indicating that some
stocks are healthy (Street 1970; Batsavage and Rulifson 1998; ASMFC 1999). Since 1989, the
Albemarle Sound, North Carolina, population of hickory shad has experienced a surge in
numbers, which supports a growing sport fishery on the Roanoke River and increased
commercial fishing in Albemarle Sound. A short life span and low fecundity, however, makes
this North Carolina population vulnerable to overharvest (Batsavage and Rulifson 1998). In
contrast, hickory shad have been found to be highly fecund in other areas. For example, egg
production was estimated to be as high as 509,749 eggs per female in the Altamaha River,
Georgia (Street 1970).

Since the mid-1990s, hickory shad numbers have increased in the upper Chesapeake Bay
and its tributaries (ASMFC 1999), including the lower Susquehanna, Potomac near Washington,
D.C., upper Rappahannock, and James rivers (R. St. Pierre, U.S. Fish and Wildlife Service,
personal communication). Some landings data also support the idea that hickory shad
populations are thriving. The National Marine Fisheries Service (NMFS) estimated that 5.6
metric tons of hickory shad were landed in 1990, and by 1999, estimated landings dramatically
increased to 61.9 metric tons (Waldman and Limburg 2003).
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Part A. Hickory Shad Spawning Habitat

Geographical and temporal patterns of migration

Little is known about hickory shad behavior or utilization of riverine or marine habitats
(Colette and Klein-MacPhee 2002). It is assumed that female hickory shad broadcast their eggs
into the water between dusk and midnight where one or more males fertilize them; this behavior
is similar to the spawning behavior of American shad (Mansueti 1962; Jones et al. 1978).
Hickory shad are known to be repeat spawners, with individuals spawning an average of three to
five times before dying (Schaeffer 1976). Unlike American shad, there is no progressive increase
in spawning frequency from south to north. Most river systems have 70 to 80% repeat spawners,
although there are exceptions (Street and Adams 1969; Loesch et al. 1979; Rulifson et al. 1982;
Richkus and DiNardo 1984). Data collected from Maryland rivers indicated that 72% of females
and 62% of males had previously spawned (B. M. Richardson, Maryland Department of Natural
Resources, personal communication). In sharp contrast, Sholar (1977) found that in the Cape
Fear River, North Carolina, only 19% of males and 9% of females were repeat spawners.

The age distribution of adult hickory shad in coastal rivers from Florida to North Carolina
ranges from two to eight years (Rulifson et al. 1982). Eighty percent of males in the Octoraro
Creek, Maryland, were sexually mature at age 2 (Schaeffer 1976). Data collected from a group of
Maryland rivers found that 50% of males and 36% of females were sexually mature at age 2; by
age 3, 89% of males and 90% of females had spawned (B. M. Richardson, Maryland Department
of Natural Resources, personal communication). Further south, in the Altamaha River, Georgia,
75% of females and 49% of males were sexually mature by age 2 (Street and Adams 1969). In
general, the majority of females are likely to become sexually mature at least one year later than
males (Klauda et al. 1991; Batsavage and Rulifson 1998).

Hickory shad ascend coastal rivers during spring migration. Although it is assumed that
these fish return to their natal rivers to spawn, there is no documented evidence of this behavior
(Batsavage and Rulifson 1998). Hickory shad distribution in the riverine environment is similar
to that of American shad (Rulifson et al. 1982). In North Carolina, the freshwater reaches of
coastal rivers are the major spawning sites for hickory shad. In the Roanoke River, eggs have
been collected during April and early May from the main channel near Weldon, North Carolina
(Sparks 1998; Harris and Hightower 2007), and larvae have been collected farther downstream
(Walsh et al. 2005). In the Neuse River, North Carolina, Pate (1972) detected spawning in
flooded swamps and sloughs off channels of tributary creeks, but not in the mainstem river.
However, Burdick and Hightower (2006) detected spawning in both mainstem Neuse River and
tributary sites. In Georgia, hickory shad apparently spawn in flooded areas off the Altamaha
River, and not in the mainstem of the upper reaches (Adams 1970). Major spawning sites in
Virginia have been discovered in mainstem rivers at the fall line, further downstream, and in
tributaries (Davis et al. 1970). Mansueti (1962) found that hickory shad spawned approximately
6 to 10 km (3.7 to 6.2 miles) upriver of major spawning sites of American shad in the mainstem
of the Patuxent River, Maryland. In contrast, hickory shad in the St. Johns River, Florida, did not
migrate as far upstream as American shad (Moody 1961). Compared to American shad and
striped bass, hickory shad in the Neuse River basin tended to spawn further downstream and
made greater use of tributaries (Burdick and Hightower 2006).
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Adult hickory shad can be found in the St. Johns River, Florida, as early as December or
possibly even November (McBride 2000), but may be absent by late January to mid-February
(Williams et al. 1975) or early March (McBride 2005). Spawning in the Santee and Cooper
rivers, South Carolina, may occur between early March through mid-May (Bulak and Curtis
1979). In the Chesapeake Bay, spawning may begin in early April (Mansueti and Hardy 1967),
and typically peaks in early May (Mansueti 1962). However, spawning may occur as late as
June in freshwaters of Virginia (Davis et al. 1970). Furthermore, a weaker second run of
spawners may also migrate later through the Chesapeake Bay (Hildebrand and Schroeder 1928).
It is unknown if the hickory shad that spawn during the fall run also participate in the spring run
(Schaeffer 1976).

Large variations in the size of young hickory shad have been reported at spawning sites.
This has lead researchers to hypothesize that this species has a protracted spawning period,
where small amounts of eggs are released over a long period of time (Mansueti 1962; DesFosse
et al. 1994). Mansueti (1962) found very few ripe-running hickory shad on the spawning grounds
in the Chesapeake Bay area, and suggested that gonads mature rapidly and spawning occurs at
night.

In Albemarle Sound, North Carolina, hickory shad appear to have a prolonged spawning
period when compared to other alosines, but that period occurs earlier in the season (Batsavage
and Rulifson 1998). It is unknown how long adult hickory shad remain in freshwater after they
have spawned.

Spawning substrate associations

B. M. Richardson (Maryland Department of Natural Resources, personal communication)
has reported catching adult hickory shad in waters of Maryland rivers, where complex structures,
such as ledges and fallen trees are present. Bottom composition in these waters tended to be mud,
sand, and/or gravel. Harris and Hightower (2007) reported that hickory shad spawning in the
Roanoke River were concentrated in areas of moderate to high water velocity and sediments
dominated by cobble, gravel, and sand, but not silt.

Spawning depth associations

Little information is available on spawning depth preferences for hickory shad. Hawkins
(1980) noted that hickory shad prefer to spawn in the deep, dark tributaries of the Neuse River,
North Carolina. Similarly, Moody (1961) found that hickory shad were more abundant (by
frequency of occurrence and by weight) in deeper water than American shad in the St. Johns
River, Florida.
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Spawning water temperature

Temperature (°C) Location Citation
13-21 Albemarle, NC Street et al. 1975
14 - 19 Tar River, NC Marshall 1976
15-22 Altamaha River, GA  Street 1970
7.8-205 Maryland rivers B. M. Richardson, MD DNR,

personal communication

Table 3-1. Hickory shad spawning temperatures for locations along the Atlantic coast
of North America

Some studies have examined spawning temperature preferences for hickory shad (Table
3-1). Spawning activity occurs in water temperatures that range from 8 to 22°C (Rulifson et al.
1982; Batsavage and Rulifson 1998), but typically peaks in waters temperatures between 15 and
19°C (Mansueti 1962; Street 1970; Pate 1972; Schaeffer 1976; Rulifson et al. 1982). In the
Neuse River, North Carolina, spawning occurred at water temperatures of 10 to 23°C , with peak
numbers of eggs collected at 12 to 16°C (Burdick and Hightower 2006). Eggs were collected in
the Roanoke River at temperatures ranging from 10.2 to 17.0°C (Harris and Hightower 2007).

Spawning dissolved oxygen associations

Adults have been found spawning in Maryland waters where the dissolved oxygen level
was between 5.7 and 11.8 mg/L (B. M. Richardson, Maryland Department of Natural Resources,
personal communication). Eggs were collected in the Roanoke River at dissolved oxygen levels
ranging from 6.76 to 11.27 mg/L (Harris and Hightower 2007).

Spawning water velocity/flow

Hawekins (1980) reported that hickory shad might prefer slow-flowing areas of the Neuse
River, North Carolina, for spawning. Conversely, hickory shad in Maryland have been reported
to favor habitat with faster moving water than that of American shad (B. M. Richardson,
Maryland Department of Natural Resources, personal communication). Roanoke River sites
where hickory shad spawning occurred had significantly higher water velocities than nearby sites
with no spawning (Harris and Hightower 2007). Main channel sites where spawning occurred
had median current velocities of 0.20 to 0.39 m/s (Harris and Hightower 2007).

Spawning feeding behavior

Pate (1972) did not find any stomach contents in over 400 adult migrating hickory shad
that he examined from the Neuse River, North Carolina. However, adult hickory shad in the St.
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Johns River, Florida, were found actively feeding, with 62.4% of the food items consisting of
fish, and to a lesser extent, crustaceans (Williams et al. 1975).

Spawning competition and predation

Although no information on predation was found in the literature, striped bass have been
reported preying heavily on hickory shad beginning in early April at Deer Creek, Maryland (B.
M. Richardson, Maryland Department of Natural Resources, personal communication).
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Part B. Hickory Shad Egg and Larval Habitat

Geographical and temporal movement patterns

In general, little is known about the movement of hickory shad eggs and larvae. Eggs are
generally adhesive and typically sink to the bottom in undisturbed or moderately agitated water,
but are semi-demersal in slow moving currents and buoyant under turbulent conditions
(Mansueti 1962).

Egg and larval depth associations

As with adult hickory shad, little habitat information is known about larval individuals.
Mansueti (1962) found hickory shad (9 to 20 mm) at depths of 20 feet at approximately 35 to 40
miles upstream from the mouth of the Patuxent River, Maryland.

Egg and larval water temperature

In the wild, hickory shad eggs have been collected in water temperatures between 9.5 and
22°C in rivers of North Carolina (Street 1970; Pate 1972; Marshall 1976; Hawkins 1980). In the
laboratory, early efforts to propagate hickory shad failed. Eventually, Mansueti (1962)
successfully hatched eggs in the laboratory at 18.3°C and 21.1°C, with hatching occurring 5 to
10 hours sooner under the warmer conditions. Prolarvae hatching occurred 2 to 3 days after
fertilization, with an average hatch time of 55 to 60 hours. Prolarvae fully absorb the yolk sac
after 4 to 5 days, and postlarvae begin feeding exogenously at this point. The size range of
postlarvae is from 5.5 to 7.0 mm (Mansueti 1962). The state of Maryland reported successful
incubation of eggs at 17.8°C (64°F), with hatching occurring in 5 to 6 days (B. M. Richardson,
Maryland Department of Natural Resources, personal communication). Newer aquaculture
spawning methods have been highly successful, and larvae and fingerlings have been
transplanted in large quantities to Chesapeake Bay tributaries (Hendricks 2003).

Egg and larval dissolved oxygen associations

Viable hickory shad eggs have been collected in the Neuse River, North Carolina, where
dissolved oxygen concentrations were between 5 and 10 mg/L (Hawkins 1980).

Egg and larval pH associations

Hickory shad eggs were found in water with a pH range of 6.4 to 6.6 in the Neuse River,
North Carolina (Hawkins 1980).
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Part C. Hickory Shad Juvenile (Riverine/Estuarine) Habitat

Geographical and temporal movement patterns

Postlarval hickory shad begin transforming into juveniles when they are 10 to 35 mm
long (Ulrich et al. 1979; Krauthamer and Richkus 1987); the minimum size at which they are
considered fully developed juveniles is 35 mm (Mansueti and Hardy 1962). Capture of juvenile
hickory shad in Maryland rivers often occurs at sharp drop-offs, in schools of several dozen,
which suggests a strong schooling behavior (B. M. Richardson, Maryland Department of Natural
Resources, personal communication).

Several studies suggest that most young hickory shad leave freshwater and brackish
habitats in early summer and migrate to estuarine nursery areas at an earlier age than other
anadromous alosines (Mansueti 1962; Adams 1970; Pate 1972; Sholar 1977). Juveniles have also
been caught in the surf zone off Long Island, New York, from April to November, which
supports this hypothesis (Schaefer 1967). In the Altamaha River, Georgia, juveniles drift
downstream and reach the estuary by late spring (Street 1970). Juveniles also drift down the Pee
Dee and Waccamaw rivers, in South Carolina, earlier than young American shad, and enter
Winyah Bay by July, remaining there throughout the first summer. By early fall, juveniles have
moved into oceanic waters (Crochet et al. 1976). Trippell et al. (2007) found a few juvenile
hickory shad in the St. Johns River, Florida, near Palatka (rkm 127), from May to October, with
the highest catch rates occurring in October.

Some juvenile hickory shad may forego estuarine waters altogether and move directly
into saltwater, unlike other alosine species that use freshwater nurseries before moving into
marine waters (Pate 1972; Sholar 1977; Batsavage and Rulifson 1998). This ability to move
directly into saltwater is believed to occur in hickory shad at an earlier age than for other
anadromous alosines (Mansueti 1962; Schaefer 1967; Adams 1970; Pate 1972; Sholar 1977;
Batsavage and Rulifson 1998). Additionally, some researchers suggest that juvenile hickory shad
initially move to shallow offshore areas in Georgia near the mouth of the Altamaha River, and
then disperse farther by August and September (Godwin and Adams 1969; Street 1970). Juvenile
hickory shad are thought to be larger in size than other alosines at similar ages due to an earlier
spawning period and a faster growth rate (Godwin and Adams 1969). Juvenile hickory shad that
are larger than average compared to other alosines have been captured in Maryland (Mansueti
1962; Virginia (Atran et al. 1983) and Georgia rivers (Adams 1970).

Juveniles and the saltwater interface

In Maryland, juvenile hickory shad were captured in waters with salinities that ranged
from 0 to 7.2 ppt (B. M. Richardson, Maryland Department of Natural Resources, personal
communication). In addition, juveniles were found during the summer in estuarine waters of the
Altamaha River, Georgia, when salinities reached 10 ppt, and during the winter, when salinities
ranged from 10 to 20 ppt (Street 1970). As noted above, juveniles may forego the oligohaline
portion of the estuary in favor of a more saline nursery environment (Pate 1972).
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Juvenile depth associations

In South Carolina, juvenile hickory shad are more predominant in shallow expanses of
sounds and bays, compared to deeper, channel habitats occupied by juvenile American shad and
blueback herring. The variation in distribution is likely the result of differences in food
preferences. Small fishes preferred by hickory shad are likely more numerous in shallower
habitats adjacent to marshlands (McCord 2003).

Juvenile water temperature

B. M. Richardson (Maryland Department of Natural Resources, personal communication)
has caught juveniles in Maryland rivers with water temperatures between 16 and 31°C, usually
corresponding to early July through early October. Davis (1973) reported that hickory shad
remain in freshwater until temperatures drop in October and November, then move downstream
as temperatures continue to decrease.

Juvenile dissolved oxygen associations

Juveniles in Maryland waters were captured where dissolved oxygen ranged from 4.1 to
10.9 mg/L (B. M. Richardson, Maryland Department of Natural Resources, personal
communication).
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Part D. Hickory Shad Late Stage Juvenile and Adult Marine Habitat

Geographical and temporal patterns at sea

As with many aspects of hickory shad life history, very little is known about the
distribution and movements of hickory shad in the ocean (Street 1970; Richkus and DiNardo
1984). Adults have been caught along the southern New England coast in the summer and fall
(Bigelow and Schroeder 1953) and off Long Island, New York (Schaefer 1967). Anglers report
catching them in nearshore waters at Cape May, New Jersey, from May to November, and then
capturing them in inlets from November through December (W. Gordon, recreational angler,
personal communication). Unlike American shad, hickory shad rarely migrate to the Gulf of
Maine or upper Bay of Fundy during the summer (M. J. Dadswell, Canada Department of
Fisheries and Oceans, personal communication). Furthermore, some researchers believe that
adults do not move far from land while at sea (Mansueti and Hardy 1967).

Temperature associations at sea

Little information is available on hickory shad habitat associations offshore. Anglers
fishing for hickory shad have reported that they will move further offshore from the nearshore
waters of New Jersey, when water temperatures reach above 21°C (W. Gordon, recreational
angler, personal communication).

Feeding behavior at sea

Adult hickory shad are piscivorous; they generally feed on sand lance, anchovies, cunner,
herring, scup, and silversides. This species may also feed on squid, fish eggs, small crabs, and
pelagic crustaceans (Hildebrand and Schroeder 1928; Williams et al. 1975; Bigelow and
Schroeder 2002).
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Section I. Alewife Description of Habitat

Alewife General Habitat Description and Introduction

The alewife (Alosa pseudoharengus) is an anadromous, highly migratory, euryhaline,
pelagic, schooling species. The species spends the majority of its life at sea, returning to
freshwater river systems along the Atlantic coast of the United States to spawn (ASMFC 1985).
While most alewife are native-anadromous fish, some have been introduced to landlocked
systems. Researchers examined two distant anadromous alewife stocks to test whether
landlocked stocks were more closely related to St. Croix anadromous stocks or to more
geographically distant anadromous stocks. Landlocked alewife were found to be distantly
related to all the anadromous stocks tested. A variety of statistical tests confirmed that
anadromous and landlocked populations of alewife in the St. Croix are genetically divergent
(FST = 0.244). These results implied that very little, if any, interbreeding occurs between the
two life history types (Bentzen and Paterson 2006; Willis 2006). Furthermore, significant
genetic differences were observed between anadromous alewife populations in the St. Croix and
anadromous populations in the LaHave and Gaspereau Rivers, as well as between the two
anadromous St. Croix samples (Dennis Stream and Milltown). These results imply homing of
alewives to their natal streams and, consequently, at least partial reproductive isolation between
spawning runs, even at the level of tributaries within the St. Croix River (Willis 2006).

The historical coastal range of the anadromous alewife was from South Carolina to
Labrador, Nova Scotia, and northeastern Newfoundland (Berry 1964; Winters et al. 1973;
Burgess 1978). However, more recent surveys indicate that they do not currently occur in the
southern range beyond North Carolina (Rulifson 1982; Rulifson et al. 1994). Alewife from the
southernmost portion of the species’ range migrate long distances (over 2000 km) in ocean
waters of the Atlantic seaboard. Patterns of migration may be similar to those of American shad
(Alosa sapidissima) (Neves 1981). Although alewife and blueback herring co-occur throughout
much of their respective ranges, alewife are typically more abundant than blueback herring in the
northern portion of their range (Schmidt et al. 2003).

Recent analyses to determine the current status of alewife in the Connecticut, Hudson,
and Delaware River systems, suggest that alewife are showing signs of overexploitation (for
example, lower mean age, fewer returning spawners, and lower overall abundance) in all of these
rivers. However, researchers noted that recently some runs in the northeastern U.S. and Canada
have shown increased alewife abundance (Schmidt et al. 2003). Furthermore, alewife appeared
to be thriving in inland waters, colonizing many freshwater bodies, including all five Great Lakes
(Waldman and Limburg 2003).

While this document will focus primarily on the anadromous alewife populations, much
of the research on specific environmental requirements of alewife, such as temperature, dissolved
oxygen, salinity, and pH, has been conducted on landlocked populations, not anadromous stocks;
therefore data should be interpreted with discretion (Klauda et al. 1991).
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Part A. Alewife Spawning Habitat

Geographical and temporal patterns of migration

The spring adult alewife migration to spawning grounds in freshwater and brackish water
progresses seasonally from south to north, with populations further north returning later in the
season as water temperatures rise. Neves (1981) suggested that alewife migrate from offshore
waters north of Cape Hatteras, encountering the same thermal barrier as American shad. Alewife
then move south along the Atlantic coast for fish homing to southern rivers, while northbound
pre-spawning adults continue traveling up the coast (Stone and Jessop 1992). The species
spawns in rivers, ponds, and lakes (lacustrine habitat), as far south as North Carolina and as far
north as the St. Lawrence River, Canada (Neves 1981; S. Lary, U.S. Fish and Wildlife Service,
personal communication).

State or region Spawning season Citations

Bay of Fundy late April or early Leim and Scott 1996; Dominy 1971,
tributaries May 1973

Gulf of St. Lawrence late May or early Leim and Scott 1996; Dominy 1971,
tributaries June 1973

late April to mid- Rounsefell and Stringer 1943; Bigelow
May P and Schroeder 1953; Havey 1961; Libby

Maine 1981

mid-May to mid- S. Lary, U.S. Fish and Wildlife Service,

June personal communication
Massachusetts early to mid-April ]?gé(élng 1921; Bigelow and Schroeder

Cooper 1961; Kissil 1969; Marcy 1969;

Mid-Atlantic and late March or early ~ Smith 1971; Saila et al. 1972; Richkus

southern New

England April 1974; Zich 1978; Wang and Kernehan
1979

Ch§sapeake Bay mid-March Jones et al. 1978; Loesch 1987

region

North Carolina late February Holland and Yelverton 1973;

Frankensteen 1976

Table 4-1. Reported spawning seasons for alewife along the Atlantic coast of North America

Alewife typically spawn from late February to June in the south, and from June through
August in the north (Table 4-1) (Marcy 1976a; Neves 1981; Loesch 1987). Spawning is
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triggered most predictably by a change in the water temperature. Movement upstream may be
controlled by water flow, with increased movement occurring during higher flow periods
(Collins 1952; Richkus 1974). However, extreme high flows can act as a velocity barrier
delaying or preventing upstream migration and access to spawning habitat (S. Lary, U.S. Fish
and Wildlife Service, personal communication).

Although adult alewife will move upstream at various times of the day, peak migration
typically occurs between dawn and noon, and from dusk to midnight (Richkus 1974; Rideout
1974; Richkus and Winn 1979). Researchers have found that high midday movement is
restricted to overcast days, and nocturnal movement occurs when water temperatures are
abnormally high (Jones et al. 1978). Typically, males arrive before females at the mouths of
spawning rivers (Cooper 1961; Tyus 1971; Richkus 1974).

There is strong evidence suggesting that alewife home to their natal rivers to reproduce;
however, some individuals have been found to colonize new areas. Alternatively, alewife may
reoccupy systems from which they have been extirpated (Havey 1961; Thunberg 1971; Messieh
1977; Loesch 1987). Messieh (1977) found that alewife strayed considerably to adjacent streams
in the St. Johns River, Florida, particularly during the pre-spawning period (late winter, early
spring), but not during the spawning run. It appears that olfaction is the primary means for
homing behavior (Ross and Biagi 1990).

Spawning location (ecological)

Alewife select slow-moving sections of rivers or streams to spawn, where the water may
be as shallow as 30 cm (Jones et al. 1978). The species may also spawn in lakes or ponds,
including freshwater coves behind barrier beaches (Smith 1907; Belding 1921; Leim and Scott
1966; Richkus 1974; Colette and Klein-MacPhee 2002). In watersheds where dams are an
impediment, spawning may occur in shore-bank eddies or deep pools below the dams (Loesch
and Lund 1977). Additionally, in New England and Nova Scotia, alewife spawn in lakes and
ponds located within coastal watersheds (Loesch 1987). For this reason, they are typically more
abundant than blueback herring in rivers with abundant headwater ponds. In rivers where
headwater ponds are absent or scarce, alewife are less abundant in headwater reaches; however,
blueback herring utilize the mainstream proper for spawning in those systems (Ross and Biagi
1990). In tributaries of the Rappahannock River, Virginia, upstream areas were found to be
more important than downstream areas for spawning alewife (O’Connell and Angermeier 1997).
Although earlier studies suggested that alewife ascend further upstream than blueback herring
(Hildebrand 1963; Scott and Crossman 1973), Loesch (1987) noted that both species have the
ability to ascend rivers far upstream.

Boger (2002) found that river herring within the Rappahannock River watershed spawned
in larger, elongated watersheds with greater mean elevation and greater habitat complexity. This
researcher suggested that such areas are likely to have more stable base flows that can maintain
suitable spawning habitat even during dry years. Additionally, spawning areas had a greater
percentage of deciduous forest and developed areas and less grassland areas (Boger 2002).
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Temporal spawning patterns

Alewife usually spawn 3 to 4 weeks before blueback herring in areas where they co-
occur; however, there may be considerable overlap (Loesch 1987) and peak spawning periods
may differ by only 2 to 3 weeks (Jones et al. 1978). In a tributary of the Rappahannock River,
Virginia, O’Connell and Angermeier (1997) found that blueback herring eggs and larvae were
more abundant than those of alewife, but alewife used the stream over a longer period of time.
The researchers also reported a minor three-day overlap of spawning by these two alosine
species. It has been hypothesized that alewife and blueback herring select separate spawning
sites in sympatric areas to reduce competition (Loesch 1987). O’Connell and Angermeier (1997)
reported that the two species used different spawning habitat due to a temporal, rather than
spatial, segregation that minimizes the competition between the two species.

Alewife may spawn throughout the day, however, most spawning occurs at night
(Graham 1956). One female fish and up to 25 male fish broadcast eggs and sperm
simultaneously just below the surface of the water or over the substrate (Belding 1921;
McKenzie 1959; Cooper 1961). Spawning lasts two to three days for each group or “wave” of
fish that arrives (Cooper 1961; Kissil 1969; Kissil 1974), with older and larger fish usually
spawning first (Belding 1921; Cooper 1961; Libby 1981, 1982). Following spawning, the adult
spent fish quickly return downstream (Colette and Klein-MacPhee 2002).

Maturation and spawning periodicity

State % of spawners Citations
Nova Scotia 60% O’Neill 1980
Maryland 30-72% Weinrich et al. 1987; Howell et al. 1990
Virginia 61% Joseph and Davis 1965
. 13.7% (1993); .
North Carolina Winslow 1995
61% (1995)
Table 4-2. Percentage of repeat spawners for alewife along the Atlantic coast of North
America

Many alewife are repeat spawners, with some individuals completing seven or eight
spawning events in a lifetime (Table 4-2) (Jessop et al. 1983). It is not clear whether there is a
clinal trend from south to north for repeat spawning (i.e., more in the north than south) (Klauda
et al. 1991), or if there is a typical percent of the annual return population that repeat spawns
(i.e., 30 to 40% repeat spawners throughout their range) (Richkus and DiNardo 1984).
Furthermore, Kissil (1974) suggested that alewife might spawn more than once in a season.

Adults will typically spend two to four years at sea before returning to their natal rivers to
spawn (Neves 1981). The majority of adults reach sexual maturity at 3, 4, or 5 years of age,
although some adults from North Carolina (Richkus and DiNardo 1984) have returned to spawn
at age-2 (Jessop et al. 1983). The oldest alewife recorded in North Carolina were age-9 (Street et
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al. 1975; Johnson et al. 1979); age-10 fish have been caught in New Brunswick (Jessop et al.
1983) and Nova Scotia (O’Neill 1980). Additionally, Kissil (1974) found that alewife spawning
in Bride Lake, Connecticut, spent three to 82 days on the spawning grounds, while Cooper
(1961) reported that most fish left within five days of spawning in Rhode Island.

Spawning and the saltwater interface

While it is known that alewife can adjust to a wide range of salinities, published data on
alewife tolerance ranges are lacking (Klauda et al. 1991). Richkus (1974) found that adults that
were transferred from freshwater to saline water (32 ppt), and vice versa, experienced zero
mortality. In the north, Leim (1924) studied the life history of American shad and noted that
they do not ascend far beyond the tidal influence of the river, yet alewife migrate as far upstream
as they can travel. He concluded that alewife may be less dependent on saltwater for
development (Leim 1924). Also, unlike American shad, some populations of alewife have
become landlocked and are not at all dependent on saltwater (Scott and Crossman 1973).

Spawning substrate associations

The spawning habitat of alewife can range from sand, gravel, or coarse stone substrates,
to submerged vegetation or organic detritus (Edsall 1964; Mansueti and Hardy 1967; Jones et al.
1978). Boger (2002) found that river herring spawning areas along the Rappahannock River,
Virginia, had substrates that consisted primarily of sand, pebbles, and cobbles (usually associated
with higher-gradient streams). In contrast, areas with little or no spawning activity were
dominated by organic matter and finer sediments (usually associated with lower-gradient streams
and comparatively more agricultural land use) (Boger 2002).

Pardue (1983) evaluated studies of cover component in alewife spawning areas,
suggesting that substrate characteristics and associated vegetation were a measure of the ability
of a habitat to provide cover to spawning adults, their eggs, and developing larvae. In high flow
areas, there is little accumulation of vegetation and detritus, while in low flow areas, detritus and
silt accumulate and vegetation has the opportunity to grow (Pardue 1983). Pardue (1983)
suggested that substrates with 75% silt (or other soft material containing detritus and vegetation)
and sluggish waters are optimal for alewife.

Spawning depth associations

Water depth in spawning habitat may be a mere 15 cm deep (Bigelow and Schroeder
1953; Rothschild 1962), or as deep as 3 m (Edsall 1964); however, spawning typically occurs at
less than 1 m (Murdy et al. 1997). Adults may utilize deeper water depths when not spawning in
order to avoid high light intensities (Richkus 1974).
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Spawning water temperature

Temperature (°C) Location Citation
14.0 — 15.5 (peak) Rhode Island Jones et al. 1978
7.0-10.9 Lower Connecticut River  Marcy et al. 1976a
10.5-21.6 Chesapeake Bay Jones et al. 1978
11-19 Patuxent River, MD J. Mowrer, Morgan State
University, unpublished data
13 (peak) Lake Mattamuskeet, NC ~ Tyrus 1974

Table 4-3. Alewife spawning temperatures for locations along the Atlantic coast of North
America

Adult alewife have been collected in temperatures ranging from 5.7°C to 32°C (Marcy
1976b; Jones et al. 1978). Spawning temperatures along the Atlantic coast fall within this
broader range (Table 4-3). There is some discrepancy regarding the minimum spawning
temperature for alewife. Although running ripe fish of both sexes have been reported at
temperatures as low as 4.2°C in the Chesapeake Bay area (Mansueti and Hardy 1967), some
researchers suggest that the minimum spawning temperature for adult alewife is 10.5°C (Cianci
1965; Loesch and Lund 1977). Additionally, lower temperatures may be dangerous for
spawning alewife. Otto et al. (1976) found that the lower incipient lethal temperature range for
adults acclimated at 15.0°C and 21.0°C was between 6°C and 8°C. In this study, no fish
survived below 3°C, regardless of acclimation temperature (Otto et al. 1976). Furthermore, at
temperatures below 4.5°C, normal schooling behavior was significantly reduced for adult alewife
from Lake Michigan (Colby 1973).

As water temperatures rise, alewife migration eventually slows. Cooper (1961) noted
that upstream migration ceased in a Rhode Island stream when temperatures reached 21°C, while
Edsall (1970) reported that spawning ceases altogether at 27.8°C. Ultimately, higher
temperatures may cause problems for alewife. In fact, Otto et al. (1976) found that upper
incipient lethal temperatures (temperature at which 50% of the population survives) ranged from
23.5°C to 24.0°C for adults that were acclimated at temperatures of 10°C, 15°C, and 20°C.
Another study reported upper incipient lethal temperatures of 29.8°C and 32.8°C at acclimation
temperatures of 16.9°C and 24.5°C, respectively (Stanley and Holzer 1971). In addition,
McCauley and Binkowski (1982) reported upper incipient lethal temperatures of 31°C to 34°C
after acclimation at 27°C for a northern population of adults.

In general, alewife may prefer cooler water, and northern populations may be more cold
tolerant than other migratory anadromous fish (Stone and Jessop 1992). Richkus (1974) showed
that the response of migrating adults to a particular hourly temperature was determined by their
relationship to a changing baseline temperature, and not on the basis of the absolute value of
temperature. Stanley and Colby (1971) found that decreasing temperatures (from 16°C to 3°C at
a rate of 2.5°C per day) reduced adult alewife ability to osmoregulate. Adults were also shown
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to survive temperature decreases of 10°C, regardless of acclimation temperature, if the
temperature did not drop below 3°C (Otto et al. 1976).

Spawning dissolved oxygen associations

There is little information regarding sensitivities of various life history stages of alewife
to dissolved oxygen (Klauda et al. 1991). In one study, adults exposed to dissolved oxygen
concentrations ranging from 2.0 to 3.0 mg/L for 16 hours in the laboratory experienced a 33%
mortality rate. Alewife were able to withstand dissolved oxygen concentrations as low as 0.5
mg/L for up to 5 minutes, as long as a minimum of 3.0 mg/L was available, thereafter (Dorfman
and Westman 1970). Additionally, Jones et al. (1988) suggested that the minimum dissolved
oxygen concentration for adult alewife is 5.0 mg/L.

Spawning water velocity/flow

Increased movement upstream occurs during higher water flows (Collins 1952; Richkus
1974), while spawning typically takes place in quiet, slow-moving waters for alewife (Smith
1907; Belding 1921; Marcy 1976a). Some researchers have noted differential selection of
spawning areas in alewife. For example, in Connecticut, alewife choose slower moving waters
in Bride Lake (Kissil 1974) and Higganum and Mill creeks, while blueback herring select fast-
moving waters in the upper Salmon River and Roaring Brook (Loesch and Lund 1977). In other
areas where alewife and blueback herring are forced to spawn in the same vicinity due to blocked
passage (Loesch 1987), alewife generally spawn along shorebank eddies or deep pools, whereas,
blueback herring will typically select the main stream flow for spawning (Loesch and Lund
1977). In North Carolina, alewife utilize slow moving streams and oxbows (Street et al. 2005).

Spawning pH associations

Few researchers have reported on pH sensitivity in alewife (Klauda et al. 1991). Byrne
(1988) found that the average pH level was 5.0 in several streams in New Jersey where alewife
spawning was known to occur. Laboratory tests found that fish from those streams could
successfully spawn at a pH as low as 4.5 (Byrne 1988). In another study, adult alewife tolerated
a pH range of 6.5 to 7.3 (Collins 1952). When aluminum pulses were administered in the
laboratory, critical conditions for spawning could occur during an acidic pulse between pH 5.5
and 6.2, with concomitant concentrations of total monomeric aluminum ranging from 15 to 137
pg/L for a pulse duration of 8 to 96 hours (Klauda 1989). Klauda et al. (1991) suggested a pH
range of 5 to 8.5 as suitable for alewife eggs, but no range was provided for spawning.

Spawning feeding behavior

Adult alewife typically do not feed during their upstream spawning run (Bigelow and
Schroeder 1953; Colby 1973). Spent fish that have reached brackish waters on their downstream
migration will feed voraciously, mostly on mysids (Colette and Klein-MacPhee 2002). While
adults may consume their own eggs during the spawning run (Edsall 1964; Carlander 1969),
juveniles reportedly feed more actively on them (Colette and Klein-MacPhee 2002).
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Spawning competition and predation

Adult alewife and blueback herring play an important role in the food web and in
maintaining the health of the ecosystem. In the inland freshwater and coastal marine
environments they provide forage for bass, trout, salmonids, other fish, ospreys, herons, eagles,
kingfishers, cormorants, and aquatic fur-bearing mammals (Colby 1973; Royce 1943; Scott and
Scott 1988; Loesch 1987; S. Lary, U.S. Fish and Wildlife Service, personal communication). In
the marine environment, they are eaten by a variety of predators, such as bluefish, weakfish,
striped bass, cod, pollock, and silver hake, as well as marine mammals and sea birds.
Additionally, alewife are a host to native freshwater mussels, which they carry up and down
rivers in their gills. Furthermore, spawning alewife heading upriver give cover to out-migrating
Atlantic salmon smolts in the spring (S. Lary, U.S. Fish and Wildlife Service, personal
communication).

Erkan (2002) notes that predation of alosines has increased dramatically in Rhode Island
rivers in recent years, especially by the double-crested cormorant, which often takes advantage
of fish staging near the entrance to fishways. Populations of nesting cormorant colonies have
increased in size and expanded into new areas. Predation by otters and herons has also
increased, but to a lesser extent (D. Erkan, Rhode Island Department of Environmental
Management, personal communication).

In many coastal communities, the annual alewife run is an integral part of the local
culture, and local residents have initiated efforts to protect and restore their cultural link to this
fishery, to develop effective management strategies for restoration, to establish self-sustaining
harvest levels, and to enhance community education (S. Lary, U.S. Fish and Wildlife Service,
personal communication).

Factors affecting stock size

At low stock levels, Havey (1973) and Walton (1987) demonstrated a weak relationship
between spawning stock and abundance of juvenile migrant alewife. Jessop (1990) found a stock
recruitment relationship for the spawning stock of river herring and year-class abundance at age
3. Despite these results, most studies have been unable to detect a strong relationship between
adult and juvenile abundance of clupeids (Crecco and Savoy 1984; Henderson and Brown 1985;
Gibson 1994; Jessop et al. 1994). Researchers have suggested that although year-class is driven
mostly by environmental factors (see subsequent sections), if the parent stock size falls below a
critical level due to natural and manmade environmental impacts, the size of the spawning stock
will likely become a factor in determining juvenile abundance (Kosa and Mather 2001).
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Part B. Alewife Egg and Larval Habitat

Geographical and temporal movement patterns

Fertilized eggs remain demersal and adhesive for several hours (Mansueti 1956; Jones et
al. 1978), after which they become pelagic and are transported downstream (Wang and Kernehan
1979). Marcy (1976a) observed eggs more often near the bottom than at the surface in the
Connecticut River. Eggs may hatch anywhere from 50 to 360 hours (2 to 15 days) after
spawning, depending on water temperature (Fay et al. 1983); however, eggs most often hatch
within 80 to 95 hours (3 to 5 days) (Edsall 1970).

Within two to five days of hatching, the yolk-sac is absorbed and larvae begin feeding
exogenously (Cianci 1965; Jones et al. 1978). Post-yolk-sac larvae are positively phototropic
(Odell 1934; Cianci 1965). Dovel (1971) observed larvae near or slightly downstream of
presumed spawning areas in the Chesapeake Bay, where the water was less than 12 ppt salinity
(Dovel 1971). Larvae were also found in or close to observed spawning areas in Nova Scotia
rivers in relatively shallow water (2 m) over sandy substrate (O’Neill 1980).

Eggs, larvae, and the saltwater interface

Dovel (1971) found that 99% of alewife eggs in the upper Chesapeake Bay were in
freshwater (0 ppt). Larvae were collected where salinities ranged from 0 to 8 ppt, but again,
most (82%) were collected in freshwater (Dovel 1971). Klauda et al. (1991) suggested that the
optimal range for alewife egg development is 0 to 2 ppt. Additionally, growth rates of larval
alewife are considerably faster in saltwater compared to freshwater at temperatures of 26.4°C
(Klauda et al. 1991).

Egg and larval substrate associations

As with spawning habitat, Pardue (1983) suggested that optimal egg and larval habitat is
found in substrates of 75% silt or other soft material containing detritus and vegetation.

Egg and larval water temperature

For alewife in general, average time to median hatch varies inversely with temperature.
Edsall (1970) reported the following hatch times for alewife eggs taken from Lake Michigan: 2.1
days at 28.9°C, 3.9 days at 20.6°C, and 15 days at 7.2°C. Reported hatch times in saltwater are
comparable: 2 to 4 days at 22°C (Belding 1921); 3 days at 23.8°C to 26.8°C, and 3 to 5 days at
20°C (Mansueti and Hardy 1967); 6 days at 15.5°C (Bigelow and Welsh 1925).

Kellogg (1982) found that eggs from the Hudson River, New York, achieved maximum
hatching success at 20.8°C. Edsall (1970) reported some hatching at temperatures ranging from
6.9°C to 29.4°C for eggs from Lake Michigan; however, temperatures below 11°C caused a high
percentage of deformed larvae. The optimum hatching performance occurred between 17.2°C
and 21.1°C. Although this was the suggested optimal range, it was determined that considerable
hatch rates and proper development could occur over a broader range from 10.6°C to 26.7°C
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(Edsall 1970). Furthermore, in the upper Chesapeake Bay, alewife eggs were collected where
temperatures ranged from 7°C to 14°C, with 70% of eggs found between 12°C and 14°C (Dovel
1971).

Edsall (1970) correlated egg mortality with incubation temperature. His equation follows
for predicting incubation time of alewife eggs using a relationship with temperature:

t=6.335x 10°(T) %
where t=time in days
T = incubation temperature in degrees Fahrenheit

Several researchers have attempted to determine the effects of temperature on alewife
eggs. One study on the effects of power plants on alewife eggs found that they suffered no
significant mortality or abnormal egg development after acclimation at 17° C, and subsequent
exposure to 24.5° C for 6 to 60 minutes (Schubel and Auld 1972). Koo et al. (1976) determined
that the critical thermal maximum (CTM) for alewife eggs was 35.6° C, acclimated at 20.6° C,
with a critical exposure period of 5 to 10 minutes.

Larval alewife were collected at water temperatures between 4°C and 27°C in the upper
Chesapeake Bay, although 98% were collected at water temperatures of 25°C (Dovel 1971). In
laboratory experiments, larvae acclimated at 18.6°C withstood temperatures as high as 33.6°C
for one hour (Koo et al. 1976). The upper temperature tolerance limit for yolk-sac larvae from
the Hudson River, New York, acclimated at around 15°C was 31°C (Kellogg 1982); their
preferred range when acclimated at 20° C appears to be 23°C to 29°C (EA 1978; Kellogg 1982).
Although alewife eggs taken from Lake Michigan were able to hatch at temperatures as low as
6.9°C, larvae held at incubation temperatures below 10.6°C had a 69% rate of deformities
(Edsall 1970).

Dovel (1971) found that growth rates of alewife larvae were much lower in freshwater
compared to slightly saline water (1.0 to 1.3 ppt) at 26.4°C. He also observed substantial growth
increases with small temperature increases above 20.8°C. Average daily weight gain for alewife
larvae has been directly correlated with water temperature. The maximum larval growth rate
was 0.084 g/day at 29.1°C; net gain in biomass (a function of survival and growth) was highest
at 26.4°C (Kellogg 1982).

Based on Kellogg’s (1982) observations that the optimum growth temperature (26°C)
exceeds peak spawning temperatures by about 10°C to 13°C, it was suggested that the survival
and early development of young alewife would not likely be threatened by rapid warming trends
following spawning or by moderate thermal discharges. Furthermore, it was indicated that above
normal temperature elevations following spawning and hatching would probably be beneficial to
alewife populations (Kellogg 1982).

Egg and larval dissolved oxygen associations

Jones et al. (1988) determined that the minimum dissolved oxygen concentration
requirement for eggs and larvae is 5.0 mg/L. Furthermore, O’Connell and Angermeier (1997)
found that dissolved oxygen and current velocity were the strongest predictors of alewife early
egg presence in a Virginia stream.
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Egg and larval pH and aluminum associations

Klauda et al. (1991) suggest that a range of pH 5.0 to 8.5 for both the alewife egg and
prolarva life stage is optimal. Klauda et al. (1987) suggested that during an acidic pulse between
pH 5.5 and 6.2, critical conditions associated with more than 50% direct mortality could occur.
Klauda et al. (1991) found that larvae subjected to a single 24-hour, acid-only pulse of pH 4.5
experienced no mortality, while those subjected to a 24-hour single acid pulse and 446 pg/L
inorganic monomeric aluminum pulse suffered a 96% mortality rate. A single 12-hour acid-only
pulse of 4.0 resulted in 38% mortality (Klauda et al. 1991).

Egg and larval water velocity/flow

Sismour (1994) observed a rapid decline in abundance of early preflexion river herring
larvae in the Pamunkey River, Virginia, following high river flow in 1989. This observation lead
to speculation that high flow leads to increased turbidity, which reduces prey visibility, leading
to starvation of larvae (Sismour 1994). Additionally, O’Connell and Angermeier (1997) found
that current velocity and dissolved oxygen were the strongest predictors of alewife early egg
presence in a Virginia stream. Further north, drought conditions in Rhode Island in the summer
of 1981 were strongly suspected of impacting the 1984-year class, which was only half of its
expected size (ASMFC 1985). In tributaries of the Chowan system, North Carolina, water flow
was related to recruitment of larval river herring (O’Rear 1983).

Egg and larval suspended solid associations

Alewife eggs subjected to suspended solids concentrations up to 1000 mg/L did not
exhibit a reduction in hatching success (Auld and Schubel 1978). Despite these results, high
levels of suspended sediment may significantly increase rates of egg infection from naturally
occurring fungi, as was witnessed in earlier experiments (Schubel and Wang 1973); this can lead
to delayed mortality (Klauda et al. 1991).

Egg and larval feeding behavior

Once alewife larvae begin feeding exogenously, they select relatively small cladocerans
and copepods, adding larger species as they grow (Norden 1968; Nigro and Ney 1982). Alewife
larvae are highly selective feeders (Norden 1967), usually favoring cladocerans (mainly Cyclops
sp. and Limnocalanus sp.) and copepods over other food types (Norden 1968; Johnson 1983).

Egg and larval competition and predation

Alewife eggs may be consumed by yellow perch, white perch, spottail shiner, and other
alewife (Edsall 1964; Kissil 1969). Alewife larvae are preyed upon by both vertebrate and
invertebrate predators (Colby 1973).
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Part C. Alewife Juvenile Riverine/Estuarine Habitat

Geographical and temporal movement patterns

In North Carolina, juveniles may spend the summer in the lower ends of rivers where
they were spawned (Street et al. 1975). In the Chesapeake Bay, juveniles can be found in
freshwater tributaries in spring and early summer, but may head upstream in mid-summer when
saline waters encroach on their nursery grounds (Warriner et al. 1970). Some juveniles in the
Chesapeake Bay remain in brackish water through the summer (Murdy et al. 1997).

Further north, juveniles in the Hudson River usually remain in freshwater tributaries until
June (Schmidt et al. 1988). In contrast to the inshore abundance of American shad and blueback
herring during the day, juvenile alewife were found to be most abundant in inshore areas at night
in the Hudson River (McFadden et al. 1978; Dey and Baumann 1978). Hudson River juveniles
were observed in shallow portions of the upper and middle estuary in late June and early July,
where they remained for several weeks before moving offshore (Schmidt et al. 1988). Alewife
typically spend three to nine months in their natal rivers before returning to the ocean (Kosa and
Mather 2001).

In the summer in the Potomac River, juveniles are abundant near surface waters during
the day; however, they shift to mid-water and bottom depths in September, where they remain
until they emigrate in November (Warriner et al. 1970). Juvenile alewife respond negatively to
light and follow diel movement patterns similar to blueback herring. Nevertheless, there appears
to be some separation between the alewife and blueback herring as they emigrate from nursery
grounds in the fall. The difference occurs most notably at night when alewife can be found more
frequently at mid-water depths, while blueback herring are found mostly at the surface (Loesch
and Kriete 1980). This behavior may reduce interspecific competition for food, given that the
species’ diets are similar (Davis and Cheek 1966; Burbidge 1974; Weaver 1975).

Once water temperatures begin to drop in the late summer through early winter
(depending on geographic area), juveniles start heading downstream, initiating their first phase of
seaward migration (Pardue 1983; Loesch 1987). Some researchers have found that movement of
alewife peaks in the afternoon (Richkus 1975a; Kosa and Mather 2001), while others have found
that it peaks at night (Stokesbury and Dadswell 1989). Migration downstream is also prompted
by changes in water flow, water levels, precipitation, and light intensity (Cooper 1961; Kissil
1974; Richkus 1975a, 1975b; Pardue 1983). Other researchers have suggested that water flow
plays only a minor role in providing migration cues under riverine conditions. Rather, these
researchers think that migration timing is triggered by water temperature and moon phases that
provide dark nights (i.e., new and quarter moons) (O’Leary and Kynard 1986; Stokesbury and
Dadswell 1989). Additionally, Stokesbury and Dadswell (1989) found that alewife remained in
the offshore region of the Annapolis estuary, Nova Scotia, for nearly one month before the
correct migration cues triggered emigration. Furthermore, large juveniles begin moving
downstream before smaller juveniles (Schmidt et al. 1988), inhabiting saline waters before they
begin their seaward migration (Loesch 1969; Marcy 1976a; Loesch and Kriete 1980).

The influence and magnitude of migration cues on emigrating alewife may vary
considerably. Richkus (1975a) observed waves of juvenile alewife leaving systems following
environmental changes (e.g., changes in water flow, water levels, precipitation, and light
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intensity), but the number of fish leaving was unrelated to the level of magnitude of the change.
Most fish (60% to 80%) emigrated during a small percentage (approximately 8%) of available
days. These waves also lasted two to three days, regardless of the degree of environmental
change (Richkus 1975a). Similarly, other researchers have observed that the majority (>80%) of
river herring emigrate in waves (Cooper 1961; Huber 1978; Kosa and Mather 2001). Richkus
(1975a) also noted that in some instances, high abundances of juvenile alewife may trigger very
early (i.e., summer) emigration of large numbers of small juveniles from the nursery area, which
is likely a response to a lack of forage. Additionally, juvenile migration of alewife occurs about
one month earlier than that of blueback herring (Loesch 1969; Kissil 1974).

Although most juveniles emigrate offshore during their first year, some overwinter in the
Chesapeake (Hildebrand 1963) and Delaware bays (Smith 1971). Marcy (1969) suggested that
many juveniles (age-1+) spend their first winter close to the mouth of their natal river due to
their presence in the lower portion of the Connecticut River in early spring. Other researchers
concur that some juvenile alewife may remain in deep estuarine waters through the winter
(Hildebrand and Schroeder 1928). There is some indication that alewife in northern states may
remain in inshore waters for one to two years (Walton 1981). Conversely, since juvenile river
herring cannot survive water temperatures of 3°C or below (Otto et al. 1976), they likely do not
overwinter in coastal systems where temperatures are below 3°C (Kosa and Mather 2001).

Juveniles and the saltwater interface

Richkus (1974) reported that juvenile alewife that were transferred from freshwater to
saline water (32 ppt), and vice versa, experienced zero mortality. Juvenile alewife in the upper
Chesapeake Bay were found in salinities ranging from 0 to 8 ppt, but most (82%) were collected
from freshwater (Dovel 1971). Furthermore, Pardue (1983) suggested that salinities less than or
equal to 5 ppt are optimal for juveniles of this species.

Juvenile substrate associations

Olney and Boehlert (1988) found juvenile alewife among submerged aquatic vegetation
(SAV) beds of the lower Chesapeake Bay and suggested that SAV likely confers some level of
protection from predation. No other information was available regarding substrate preferences
for juvenile alewife.

Juvenile depth associations

Jessop (1990) reported that juvenile alewife were completely absent from near-surface
water during daylight hours. No other information was available regarding depth preferences or
optima for juvenile alewife.
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Juvenile water temperature

Acclimation Temp
Characterization 0 Range Location Citation
Temp (°C) °C)
Optimal N/A 15-20 Many Pardue 1983
Suitable N/A 10 - 28 Many Klauda et al. 1991
Present N/A 4-27  Upper Chesapeake Bay Dovel 1971
13.5- . Davis and Cheek
Present N/A 9.0 Cape Fear River, NC 1966
Avoidance 26 >34 Delaware River PSECG 1984
=2 Meldrim and Gift
. eldrim ana Gift
Preferred 15-21 (at4—7 Delaware River 1971; PSE&G 1982
ppt)
Preferred 15-18 25.0 Lake Michigan Otto et al. 1976

Table 4-4. Juvenile alewife temperature tolerances/preferences along the Atlantic coast

Temperature tolerance range estimates for juvenile alewife vary somewhat between
researchers (Table 4-4). Dovel (1971) found that ninety-eight percent of juvenile alewife in the
upper Chesapeake Bay were collected at 25°C.

According to McCauley and Binkowski (1982), the upper lethal temperature for juvenile
alewife is approximately 30°C. Concurrently, in Lake Michigan, upper incipient lethal limits
(i.e., temperature at which 50% of the population survives) for young-of-the-year alewife
acclimated to 10°C, 20°C, and 25°C, was estimated to be slightly less than 26.5°C, 30.3°C, and
32.1°C, respectively (Otto et al. 1976). Another study found that juveniles exposed to water at
35°C for 24 hours, after acclimation to water at 18.9 to 20.6°C, had a 20% survival rate
(Dorfman and Westman 1970). Moreover, young-of-the-year alewife seem to have critical
thermal maxima (CTM) that are 3 to 6°C higher than adults (Otto et al. 1976).

Alternatively, when juvenile alewife were subjected to decreasing temperatures (15.6°C
down to 2.8°C) over the course of 15 days, they suffered greater than 90% mortality (Colby
1973). In another study, juvenile alewife exposed to 9°C, following acclimation at 20°C in 5.5
ppt salinity, suffered no mortality. However, when the temperature was decreased to 7°C for 96
h, they suffered 27 to 60% mortality (PSE&G 1984). Comparatively, the lower limit at which
juvenile river herring are unable to survive is 3°C or less (Otto et al. 1976).

Juvenile dissolved oxygen associations

Jones et al. (1988) determined that the minimum dissolved oxygen concentration for
juveniles is 3.6 mg/L. Dorfman and Westman (1970) reported that at dissolved oxygen
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concentrations below 2.0 mg/L, juvenile alewife became physically stressed. At concentrations
as low as 0.5 mg/L, juveniles survived for approximately five minutes in oxygen (Dorfman and
Westman 1970). In the Cape Fear River system, juveniles preferred waters where dissolved
oxygen levels ranged from 2.4 to 10.0 mg/L (Davis and Cheek 1966).

Juvenile pH and aluminum associations

Kosa and Mather (2001) reported that juvenile river herring abundance peaks at a pH of
8.2 in coastal systems in Massachusetts, and suggest that that pH appears to contribute to
variations in juvenile abundance.

Juvenile water velocity/flow

Water discharge is an important variable influencing relative abundance and emigration
of juvenile alewife. Extremely high discharges may adversely affect juvenile emigration, and
high or fluctuating discharges may lead to a decrease in the relative abundance of adults and
juveniles (Kosa and Mather 2001). Laboratory experiments suggest that juvenile alewife avoid
water velocities greater than 10 cm/s, especially in narrow channels (Gordon et al. 1992). In
large rivers where greater volumes of water can be transported per unit of time without
substantial increases in velocity, the effects of discharge may differ (Kosa and Mather 2001).

Kissil (1974) observed juvenile alewife leaving Lake Bride, Connecticut, between June
and October; they noted especially high migration occurring during times of heavy water flow.
These results are consistent with Cooper’s (1961) observations that 98% of juveniles left after
periods of heavy rainfall. Huber (1978) also noted that juvenile emigration in the Parker River,
Massachusetts, was triggered by an increase in water flow. Furthermore, Jessop (1994) found
that the juvenile abundance index (JAI) of alewife decreased with mean river discharge during
the summer. Daily instantaneous mortality also increased with mean river discharge from July to
August at the Mactaquac Dam headpond on the Saint John River, New Brunswick, Canada
(Jessop 1994).

Juvenile feeding behavior

Juvenile alewife are opportunistic feeders that usually favor seasonally available items
(Gregory et al. 1983). For example, in the Hamilton Reservoir, Rhode Island, juveniles feed
primarily on dipteran midges in July, and cladocerans in August and September (Vigerstad and
Colb 1978). Juveniles either select their prey individually or switch to a non-selective filter-
feeding mode, which is a behavior utilized more at night (Janssen 1976). Grabe (1996) found
that juvenile alewife fed on chironomids, odonates, and other amphipods during the day and
early evening hours in the Hudson River. Juveniles have also been observed consuming
epiphytic fauna especially at night (Weaver 1975; Grabe 1996). Juveniles may also feed
extensively on benthic organisms, including ostracods, chironomid larvae, and oligochaete
worms (Watt and Duerden 1974).

The number of zooplankton per liter consumed is assumed to be critical for the survival
and growth of juvenile alewife. Pardue (1983) suggests that habitats containing 100 or more
zooplankton per liter are optimal. Walton (1987) found that juvenile alewife abundance in
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Damariscotta Lake, Maine, was controlled by competition for zooplankton, rather than parental
stock abundance and recruitment. It has been suggested that clupeids evolved to synchronize the
larval stage with the optimal phase of annual plankton production cycles (Blaxter and Hunter
1982). In addition, Morsell and Norden (1968) found that juvenile alewife consume zooplankton
until they reach 12 cm TL, and may then switch to increasing amounts of the benthic amphipod
Pontoporeia sp. Several researchers (Vigerstad and Colb 1978; O’Neill 1980; Yako 1998)
hypothesize that a change in food availability may provide a cue for juvenile anadromous herring
to begin emigrating seaward, but no causal link has been established.

Unfortunately, invasive species may threaten food sources for alewife. There is strong
evidence that juveniles in the Hudson River have experienced a reduced forage base as a result of
zebra mussel colonization (Waldman and Limburg 2003).

Juvenile competition and predation

It is often noted throughout the literature that alewife and blueback herring co-exist in the
same geographic regions, yet interspecific competition is often reduced through several
mechanisms. For example, juveniles of both species may consume different sizes of prey
(Crecco and Blake 1983). Juvenile alewife in the Minas Basin, Nova Scotia, Canada, favor
larger benthic prey (particulate-feeding strategy) compared to juvenile blueback herring (filter-
feeding strategy) (Stone 1985; Stone and Daborn 1987). In the Cape Fear River, North Carolina,
juvenile alewife consume more ostracods, insect eggs, and insect parts than blueback herring
(Davis and Cheek 1966).

Alewife also spawn earlier than blueback herring, thereby giving juvenile alewife a
relative size advantage over juvenile bluebacks, allowing them a larger selection of prey (Jessop
1990). Differences in juvenile diel feeding activity further reduce competition. One study noted
that diurnal feeding by juvenile alewife was bimodal, with peak consumption about one to three
hours before sunset and a minor peak occurring about two hours after sunrise (Weaver 1975). In
comparison, juvenile blueback herring begin to feed actively at dawn, increasing throughout the
day and maximizing at dusk, then diminishing from dusk until dawn (Burbidge 1974).

With regard to predation, juvenile alewife are consumed by American eel, white perch,
yellow perch, grass pickerel, largemouth bass, pumpkinseed, shiners, walleye and other fishes, as
well as turtles, snakes, birds, and mink (Kissil 1969; Colby 1973; Loesch 1987). In the estuarine
waters of Maine, juvenile bluefish prey heavily on alewife (Creaser and Perkins 1994). In
Massachusetts rivers, juvenile alewife are energetically valuable and a key food source for
largemouth bass during late summer (Yako et al. 2000).

Juveniles and contaminants

A 24-hour LCs (i.e., concentration at which 50% of the population dies) of 2.25 mg/L
for total residual chlorine (TRC) was reported for juvenile alewife exposed for 30 minutes at
10°C (Seegert and Latimer 1977). Thirty-minute LCs, values for TRC were 2.27 and 0.30 mg/L
for juveniles exposed at 10°C and 30°C, respectively (Brooks and Seegert 1978; Seegert and
Brooks 1978). Juvenile alewife held at 15°C in 7 ppt salinity exhibited an avoidance response to
0.06 mg/L TRC (PSE&G 1980). Juveniles held at 19 to 24°C in freshwater exhibited an
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avoidance response at <0.03 mg/L. TRC; fish subjected to 0.48 mg/L. TRC for 2 hours at 22°C
suffered 100% mortality (Bogardus et al. 1978).
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Part D. Alewife Late Stage Juvenile and Adult Marine Habitat

Geographical and temporal patterns at sea

Some young-of-the-year alewife over-winter in deep, high salinity areas of the
Chesapeake Bay (Hildebrand and Schroeder 1928). Dovel (1971) reported juvenile populations
in the upper Chesapeake Bay that did not emigrate until early spring of their second year.
Milstein (1981) found that juvenile alewife over-wintered in waters approximately 0.6 to 7.4 km
from the shore of New Jersey, at depths of 2.4 to 19.2 m, in what is considered an offshore
estuary. This area is warmer with higher salinity than the cooler, lower salinity river-bay
estuarine nurseries where alewife reside in fall. The majority of alewife are present in March
when bottom temperatures range from 4.4 to 6.5°C and salinity is between 29.0 and 32.0 ppt
(Cameron and Pritchard 1963).

Young alewife have been found overwintering off the North Carolina coast from January
to March, concentrated at depths of 20.1 to 36.6 m (Holland and Yelverton 1973; Street et al.
1973). However, other sources have noted that juvenile alewife tend to remain near the surface
during their first year in saltwater (Bigelow and Schroeder 1953). In Lake Michigan, age-1 fish
are usually pelagic, except in spring and fall, where they often occur on the bottom; age-2 fish
are typically found on the bottom (Wells 1968).

Information on the life history of young-of-the-year and adult alewife after they emigrate
to the sea is sparse (Klauda et al. 1991). Sexual maturity of alewife is reached at a minimum of
age-2, but timing may vary regionally. In North Carolina, sexual maturity occurs mostly at age-
3. In Connecticut, most males achieve maturity at age-4, and most females at age-5 (Jones et al.
1978). It is generally accepted that juveniles join the adult population at sea within the first year
of their lives and follow a north-south seasonal migration along the Atlantic coast, similar to that
of American shad (Neves 1981). Despite a lack of conclusive evidence, it is thought that alewife
are similar to other anadromous clupeids in that they may undergo seasonal migrations within
preferred isotherms (Fay et al. 1983). In fact, alewife typically migrate in large schools of
similar sized fish, and may even form mixed schools with other herring species (Colette and
Klein-MacPhee 2002).

During spring, alewife from the Mid-Atlantic Bight move inshore and north of 40°
latitude to Nantucket Shoals, Georges Bank, coastal Gulf of Maine, and the inner Bay of Fundy.
Commercial catch data indicates that alewife are most frequently caught on Georges Bank and
south of Nantucket Shoals (Neves 1981; Rulifson et al. 1987). Distribution in the fall is similar
to the summer, but alewife concentrate along the northwest perimeter of the Gulf of Maine. In
the fall, individuals move offshore and southward to the mid-Atlantic coast between latitude
40°N and 43°N, where they remain until early spring (Neves 1981). It is not known to what
extent alewife overwinter in deep water off the continental shelf, but they have rarely been found
more than 130 km from the coast (Jones et al. 1978).

Alewife also experience diel movement patterns. At sea alewife are more available to
bottom trawling gear during the day, suggesting that they follow the diel movement of plankton
in the water column and are sensitive to light (Neves 1981). It also seems that feeding and
vertical migration are likely controlled by light intensity patterns within thermal preference zones
(Richkus and Winn 1979; Neves 1981).
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Results from Canadian spring surveys show river herring distributed along the Scotian
Gulf, southern Gulf of Maine, and off southwestern Nova Scotia from the Northeast Channel to
the central Bay of Fundy; they are found to a lesser degree along the southern edge of Georges
Bank and in the canyon between Banquereau and Sable Island Banks (Stone and Jessop 1992).
A large component of the overwintering population on the Scotian Shelf (and possibly some of
the U.S. Gulf of Maine population) moves inshore during spring to spawn in Canadian waters.
Summer aggregations of river herring in the Bay of Fundy/eastern Gulf of Maine may consist of
a mixture of stocks from the entire Atlantic coast, as do similar aggregations of American shad
(Dadswell et al. 1987). However, based on commercial offshore catches by foreign fleets in the
late 1960s, it was believed that coastal river herring stocks did not mingle to the extent that
American shad stocks apparently did, at least during the seasons that foreign harvests were made
(ASMFC 1985).

Salinity associations at sea

As noted above, young-of-the-year alewife have been found over-wintering offshore of
New Jersey, where salinities range from 29.0 to 32.0 ppt (Milstein 1981). For sub-adults and
non-spawning adults that remain in the open ocean, they will reside in full strength seawater.
Since alewife may follow a north-south seasonal migration along the Atlantic coast similar to
that of American shad (Neves 1981), and pre-spawning adult American shad may detour into
estuaries (Neves and Depres 1979), alewife may inhabit more brackish waters during migration.

Depth associations at sea

National Marine Fisheries Service catch data found that in offshore areas, alewife were
caught most frequently in waters with depths of 56 to 110 m. The vertical position of alewife in
the water column may be influenced by zooplankton concentrations (Neves 1981). Zooplankton
usually concentrate at depths <100 m in the Gulf of Maine (Bigelow 1926). Stone and Jessop
(1992) found that alewife offshore of Nova Scotia, the Bay of Fundy, and the Gulf of Maine,
were at depths of 101 to 183 m in the spring; they were in shallower nearshore waters (46 to 82
m) in the summer, and in deeper offshore waters (119 to 192 m) in the fall.

Stone and Jessop (1992) also found differences in depth distribution between smaller fish
(sexually immature) and larger fish. Smaller fish occurred in shallow regions (<93 m) during
spring and fall, while larger fish were found in deeper areas (=93 m) throughout the year (Stone
and Jessop 1992). Furthermore, Jansen and Brandt (1980) reported that the nocturnal depth
distribution of adult landlocked alewife differed by size class, with the smaller fish present at
shallower depths.

Interestingly, in coastal waters juvenile alewife are found in deeper water than blueback
herring despite their identical diets (Davis and Cheek 1966; Burbidge 1974; Watt and Duerden
1974; Weaver 1975).

Temperature associations at sea

From Cape Hatteras to Nova Scotia, alewife have been caught offshore where surface
water temperatures ranged from 2 to 23°C and bottom water temperatures ranged from 3 to
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17°C. Catches in this area were most frequent where the average bottom water temperature was
between 4 and 7°C (Neves 1981). Stone and Jessop (1992) reported a temperature range of 7 to
11°C for alewife in the northern range off Nova Scotia, the Bay of Fundy, and the Gulf of Maine.
The researchers also noted that the presence of a cold (<5°C) intermediate water mass over
warmer, deeper waters on the Scotian Shelf, where the largest catches of river herring occurred,
may have restricted the extent of vertical migration during the spring. Since few captures were
made where bottom temperatures were <5°C, vertical migration may have been confined by a
water temperature inversion in this area during the spring (Stone and Jessop 1992).

Alewife may prefer and be better adapted to cooler water than blueback herring (Loesch
1987; Klauda et al. 1991). Northern populations may also exhibit more tolerance to cold
temperatures (Stone and Jessop 1992). Additionally, antifreeze activity was found in blood
serum from an alewife off Nova Scotia, but not in any captured in Virginia (Duman and DeVries
1974).

Feeding behavior at sea

At sea, alewife feed largely on particulate zooplankton including euphausiids, calanoid
copepods, mysids, hyperiid amphipods, chaetognaths, pteropods, decapod larvae, and salps
(Edwards and Bowman 1979; Neves 1981; Vinogradov 1984; Stone and Daborn 1987; Bowman
et al. 2000). Alewife also consume small fishes, including Atlantic herring, other alewife, eel,
sand lance, and cunner (Colette and Klein-MacPhee 2002). They feed either by selectively
preying on individuals or non-selectively filter-feeding with gill rakers. Feeding mode depends
mostly on prey density, prey size, and water visibility, as well as size of the alewife (Janssen
1976, 1978a, 1978b). In Minas Basin, Bay of Fundy, alewife diets shift from micro-zooplankton
in small fish to mysids and amphipods in larger fish. Feeding intensity also decreases with
increasing age of fish (Stone 1985).

Alewife generally feed most actively during the day; nighttime predation is usually
restricted to larger zooplankton that are easier to detect (Janssen 1978b; Janssen and Brandt
1980; Stone and Jessop 1993). In Nova Scotia, alewife feeding peaks at midday during the
summer and mid-afternoon during the winter. Alewife also have a higher daily ration in the
summer than in the winter (Stone and Jessop 1993). Although direct evidence is lacking, alewife
catch in specific areas along Georges Bank, the perimeter of the Gulf of Maine, and south of
Nantucket Shoals, may be related to zooplankton abundance (Neves 1981).

Competition and predation at sea

Schooling fish such as bluefish, weakfish, and striped bass, prey upon alewife (Bigelow
and Schroeder 1953; Ross 1991). Other fish such as dusky shark, spiny dogfish, Atlantic
salmon, goosefish, cod, pollock, and silver hake, also prey on alewife (Bowman et al. 2000; R.
Rountree, University of Massachusetts, unpublished data). Of these species, spiny dogfish
appears to have the greatest affinity for alewife (R. Rountree, University of Massachusetts,
unpublished data). Also, see Part C of this chapter for additional information.
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Section I. Blueback Herring Description of Habitat

Blueback Herring General Habitat Description and Introduction

Blueback herring (Alosa aestivalis) are an anadromous, highly migratory, euryhaline,
pelagic, schooling species. Both blueback herring and alewife are often referred to as “river
herring,” which is a collective term for these two often inter-schooling species (Murdy et al.
1997). This term is often used generically in commercial harvests with no distinction between
the two species (ASMFC 1985); to further this lumping tendency, landings for both species are
reported as alewife (Loesch 1987). Blueback herring spend most of their lives at sea, returning
to freshwater only to spawn (Colette and Klein-MacPhee 2002). Their range is commonly cited
as spanning from the St. Johns River, Florida (Hildebrand 1963; Williams et al. 1975) to Cape
Breton, Nova Scotia (Scott and Crossman 1973) and the Miramichi River, New Brunswick
(Bigelow and Schroeder 1953; Leim and Scott 1966). However, Williams et al. (1975) have
reported that blueback herring occur as far south as Tomoka River, a small freshwater tributary
of the Halifax River in Florida (a brackish coastal lagoon). Additionally, some landlocked
populations occur in the Southeast (Klauda et al. 1991), but landlocking occurs less frequently in
blueback herring than in alewife (Schmidt et al. 2003).

Blueback herring from the South are capable of migrating extensive distances (over 2000
km) along the Atlantic seaboard, and their patterns of migration may be similar to those of
American shad (Neves 1981). This species is most abundant south of the warmer waters of the
Chesapeake Bay (Manooch 1988; Scott and Scott 1988), occurring in virtually all tributaries to
the Chesapeake Bay, the Delaware River, and in adjacent offshore waters (Jones et al. 1978).
Although blueback herring and alewife co-occur throughout much of their range, blueback
herring are more abundant by one or perhaps two orders of magnitude along the middle and
southern parts of their ranges (Schmidt et al. 2003).

Several long-term data sets were recently analyzed to determine the current status of
blueback herring in large river systems along the East Coast, including the Connecticut, Hudson,
and Delaware rivers. Blueback herring show signs of overexploitation in all of these rivers,
including reductions in mean age, decreases in percentage of returning spawners, and decreases
in abundance. Although researchers did not include smaller drainages in the analysis, they did
note that some runs in the northeastern U.S. and Atlantic Canada have observed increased
population abundance of blueback herring in recent years (Schmidt et al. 2003).

Please note that some of the data presented in this chapter have been derived from studies
of landlocked populations and the applicability of environmental requirements is unknown;
therefore, they should be interpreted with discretion (Klauda et al. 1991).
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Part A. Blueback Herring Spawning Habitat

Geographical and temporal patterns of migration

Adult blueback herring populations in the South return earliest to spawn in freshwater
and sometimes brackish waters, with populations further north migrating inland later in the
spring when water temperatures have increased. Researchers believe that blueback herring
migrate inland from offshore waters north of Cape Hatteras, North Carolina, encountering the
same thermal barrier as American shad. Individuals then turn south along the coast if they are
homing to South Atlantic rivers (Neves 1981); northbound pre-spawning adults head north along
the coast (Stone and Jessop 1992). Adults begin migrations from the offshore region in response
to changes in water temperature and light intensity (Pardue 1983). It is assumed that adults
return to the rivers in which they were spawned, but some may stray to adjacent streams or
colonize new areas; some individuals have even reoccupied systems in which the species was
previously extirpated (Messieh 1977; Loesch 1987).

Blueback herring will ascend freshwater far upstream (Massman 1953; Davis and Cheek
1966; Perlmutter et al. 1967; Crecco 1982); their distribution is a function of habitat suitability
and hydrological conditions, such as swift flowing water (Loesch and Lund 1977). Earlier
hypotheses that blueback herring do not ascend as far upstream as alewife are unfounded
(Loesch 1987). In fact, in tributaries of the Rappahannock River, Virginia, upstream areas were
found to be more important for blueback herring spawning than downstream areas (O’Connell
and Angermeier 1997).

Spawning location (ecological)

Generally, blueback herring and alewife attempt to occupy different freshwater spawning
areas. However, if blueback herring and alewife are forced to spawn in the same vicinity (i.e.,
due to blocked passage) (Loesch 1987), some researchers have suggested that the two species
occupy separate spawning sites to reduce competition. For example, Loesch and Lund (1977)
note that blueback herring typically select the main stream flow for spawning, while neighboring
alewife spawn along shorebank eddies or deep pools. In rivers where headwater ponds are
absent or poorly-developed, alewife may be most abundant farther upstream in headwater
reaches, while blueback herring utilize the mainstream proper for spawning (Ross and Biagi
1990). However, in some areas blueback herring are abundant in tributaries and flooded low-
lying areas adjacent to main streams (Erkan 2002).

In the allopatric range, where there is no co-occurrence with alewife (south of North
Carolina), blueback herring select a greater variety of spawning habitat types (Street 1970;
Frankensteen 1976; Christie 1978), including small tributaries upstream from the tidal zone
(ASMFC 1999), seasonally flooded rice fields, small densely vegetated streams, cypress
swamps, and oxbows, where the substrate is soft and detritus is present (Adams and Street 1969;
Godwin and Adams 1969; Adams 1970; Street 1970; Curtis et al. 1982; Meador et al. 1984).
Furthermore, despite the fact that blueback herring generally do not spawn in ponds in their
northern range (possibly to reduce competition), they have the ability to do so (Loesch 1987).

Loesch (1987) has reported that blueback herring can adapt their spawning behavior
under certain environmental conditions and disperse to new areas if the conditions are suitable.
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This behavior was demonstrated in the Santee-Cooper System, South Carolina, where
hydrological alterations resulting from the creation of a rediversion canal led to changes in
spawning site selection in both rivers. In the Cooper River, blueback herring lost access to
formerly impounded rice fields along the river, which were important spawning areas.
Following the construction of the rediversion canal, there was an increase in the number and
length of tributaries along the river that were used as spawning habitat. In the adjacent Santee
River, adults dispersed into the rediversion canal itself in favor of their former habitat, which
was further upstream (Eversole et al. 1994).

Temporal spawning patterns

Spawning of blueback herring typically commences in the given regions at the following
times: 1) Florida — as early as December (McLane 1955); 2) South Carolina (Santee River) —
present in February (Bulak and Christie 1981), but spawning begins in early March (Christie
1978; Meador 1982); 3) Chesapeake Bay region - lower tributaries in early April and upper
reaches in late April (Hildebrand and Schroeder 1928); 4) Mid-Atlantic region — late April
(Smith 1971; Zich 1978; Wang and Kernehan 1979); 5) Susquehanna River - abundance peaks in
early to mid-May (R. St. Pierre, U.S. Fish and Wildlife Service, personal communication); 6)
Connecticut River — present in lower river mid-April, but spawning begins in mid-May (Loesch
and Lund 1977); and 7) Saint John River, New Brunswick — present in May (Messieh 1977;
Jessop et al. 1983), but spawning doesn’t commence until June and may run through August
(Leim and Scott 1966; Marcy 1976b).

Blueback herring generally spawn 3 to 4 weeks after alewife in areas where they co-
occur; however, there may be considerable overlap (Loesch 1987) and peak spawning periods
may differ by only 2 to 3 weeks (Hildebrand and Schroeder 1928). In a tributary of the
Rappahannock River, Virginia, researchers found that blueback eggs and larvae were more
abundant than those of alewife, but that alewife used the stream over a longer period of time. In
addition, there was only a three- day overlap of spawning by alewife and blueback herring
(O’Connell and Angermeier 1997). Although it has been suggested that alewife and blueback
herring select separate spawning sites in sympatric areas to reduce competition (Loesch 1987),
O’Connell and Angermeier (1997) did not find that the two species used different spawning
habitat in the areas they examined. The researchers suggested that there was a temporal, rather
than spatial, segregation that minimized the competition between the two species (O’Connell and
Angermeier 1997).

Spawning may occur during the day, but blueback herring spawning activity is normally
most prolific from late afternoon (Loesch and Lund 1977) into the night (Johnston and Cheverie
1988). During spawning, a female and two or more males will swim approximately one meter
below the surface of the water; subsequently, they will dive to the bottom (Loesch and Lund
1977), simultaneously releasing eggs and sperm over the substrate (Colette and Klein-MacPhee
2002). Spawning typically occurs over an extended period, with groups or “waves” of migrants
staying 4 to 5 days before rapidly returning to sea (Hildebrand and Schroeder 1928; Bigelow and
Schroeder 1953; Klauda et al. 1991). In a temporal context, the majority of spent adult blueback
herring emigrating from the Connecticut River moved through fish passage facilities between
1700 and 2100 hours (Taylor and Kynard 1984).
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Maturation and spawning periodicity

Blueback herring are repeat spawners at an average rate of 30 to 40% (Richkus and
DiNardo 1984). In general, there appears to be an increase in repeat spawning from south to
north (Rulifson et al. 1982). Researchers have found that approximately 44 to 65% of the
blueback herring in Chesapeake Bay tributaries had previously spawned (Joseph and Davis
1965), while 75% of those in Nova Scotia had previously spawned (O’Neill 1980). In the
Chowan River, North Carolina, as many as 78% of individuals were first-time spawners
(Winslow and Rawls 1992). First spawning occurs when adults are between 3 and 6 years old,
but most first-time spawners are age 4 fish (Messieh 1977; Loesch 1987). Joseph and Davis
(1965) reported that some blueback herring spawn as many as six times in Virginia.

Jessop (1990) found a stock-recruitment relationship for the spawning stock of river
herring and year-class abundance at age 3. Despite these results, most studies have been unable
to detect a strong relationship between adult and juvenile abundance of clupeids (Crecco and
Savoy 1984; Henderson and Brown 1985; Jessop 1994). Researchers have suggested that
although year-class is driven mostly by environmental factors, if the parent stock size falls below
a critical level, the size of the spawning stock may become a factor in determining juvenile
abundance (Kosa and Mather 2001). To the extent that environmental factors have been linked
to year-class abundance, they will be discussed in subsequent sections.

Spawning and the saltwater interface

Blueback herring generally spawn in freshwater above the head of tide; brackish and tidal
areas are rarely used for spawning by this species (Nichols and Breder 1927; Hildebrand 1963;
Fay et al. 1983; Murdy et al. 1997). Adults, eggs, larvae, and juveniles can tolerate a wide range
of salinities, but seem to prefer a more narrow range, depending on life history stage. For
example, while spawning may occur in salinities ranging from 0 to 6 ppt, it typically takes place
in waters that are less than 1 ppt (Klauda et al. 1991). Boger (2002) presented a modified
salinity range for Virginia rivers, suggesting that a suitable salinity range for spawning adults is 0
to 5 ppt. Alternatively, spawning adult blueback herring have been found in brackish ponds at
Woods Hole, Massachusetts (Nichols and Breder 1927; Hildebrand 1963).

Spawning substrate associations

In areas where blueback herring and alewife co-occur (sympatric region), blueback
herring prefer to spawn over gravel and clean sand substrates where the water flow is relatively
swift, and actively avoid areas with slow-moving or standing water (Bigelow and Welsh 1925;
Marcy 1976b; Loesch and Lund 1977; Johnston and Cheverie 1988).

In the allopatric range, there seems to be some variation in blueback herring spawning
substrate. Where water flow is more sluggish, there is ample opportunity for detritus and silt to
accumulate. Pardue (1983) considered substrates with 75% or more silt and other soft materials
(e.g., detritus and vegetation) as optimal for blueback herring spawning because it provides cover
for eggs and larvae. However, more recently Boger (2002) found that river herring spawning
areas along the Rappahannock River, Virginia, had substrates that consisted primarily of sand,
pebbles, and cobbles (usually associated with higher-gradient streams), while areas with little or
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no spawning were dominated by organic matter and finer sediments (usually associated with
lower-gradient streams and comparatively more agricultural land use).

Spawning depth associations

During their freshwater migration, blueback herring swim at mid-water depths (compared
to deeper water used by American shad) (Witherell 1987). This species is reported to spawn in
both shallow (Jones et al. 1978) and deep streams (Johnston and Cheverie 1988).

Spawning water temperature

O’Connell and Angermeier (1997) found that temperature was the strongest predictor of
blueback herring adult and early egg presence in a tributary of the Rappahannock River,
Virginia. Blueback herring are reported to spawn at temperatures ranging from a minimum of
13°C (Hawkins 1979; Rulifson et al. 1982) to a maximum of 27°C (Loesch 1968). Loesch and
Lund (1977) noted that spawning adults were found in the lower Connecticut River in mid-April
when water temperatures were as low as 4.7°C, but spawning did not occur until several weeks
later when the water temperature had risen. Meador et al. (1984) noted that rapid changes in
water temperature appeared to be an important factor influencing the timing of spawning.
Optimal spawning temperature range is suggested to be 21 to 25°C (Cianci 1969; Marcy 1976b;
Klauda et al. 1991) and 20 to 24° C (Pardue 1983). Fish in the laboratory acclimated to 15°C
and 29 ppt salinity exhibited a final temperature preference of 22.8°C (Terpin et al. 1977).

Spawning dissolved oxygen associations

Adult blueback herring require a minimum of 5.0 mg/L of dissolved oxygen (Jones et al.
1978). For example, adults caught in the Cooper and Santee Rivers, South Carolina, were
always captured in areas that had a dissolved oxygen concentration of 6 mg/L or higher (Christie
etal. 1981).

Spawning water velocity/flow

In the sympatric range, blueback herring prefer to spawn in large rivers and tributaries
where the water flow is relatively swift, actively avoiding areas with slow-moving or standing
water (Bigelow and Welsh 1925; Marcy 1976b; Johnston and Cheverie 1988). In such areas,
blueback herring will concentrate and spawn in the main-stream flow, while alewife favor
shorebank eddies or deep pools for spawning (Loesch and Lund 1977). In Connecticut, blueback
herring select the fast-moving waters of the upper Salmon River and Roaring Brook, while
alewife are found in the slower-moving waters of Higganum and Mill creeks (Loesch and Lund
1977) and Bride Lake (Kissil 1974). Researchers suggest that there is differential selection of
spawning in these areas (Loesch and Lund 1977).

In the allopatric range, blueback herring favor lentic sites, but may also occupy lotic sites
(Loesch 1987; Klauda et al. 1991). Additionally, they may select slower-flowing tributaries and
flooded low-lying areas adjacent to main streams with soft substrates and detritus (Street et al.
1975; Sholar 1975, 1977; Fischer 1980; Hawkins 1979).
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Meador et al. (1984) found that high flows (and accompanying low water temperatures)
associated with flood control discharges in the Santee River, South Carolina, immediately prior
to the spawning season, resulted in lower numbers of blueback herring larvae that year. In the
preceding year without flood control discharges, spawning occurred farther upstream (Meador et
al. 1984). Furthermore, ripe adults were found below the sampling site heading downstream the
year that high flows occurred, apparently without having spawned (Bulak and Christie 1981).
Concurrently, other studies (Bulak and Curtis 1977; West et al. 1988) have found spawning
adults moving downstream from spawning areas following a sudden change in water discharge.

In a similar example in the same river system, a rediversion canal and hydroelectric dam
with a fish passage facility were constructed between the Cooper River and Santee River, which
increased the average flow of the Santee River from 63 m?/s to 295 m*/s (Cooke and Leach
2003). Following the rediversion, blueback herring did not concentrate below the dam and few
were attracted into the fish lock during periods of zero discharge. Too much water flow also
posed a problem, as adults were found concentrating below the dam during periods of discharge,
but were unable to locate the entrance to the fish lock due to high turbulence (Chappelear and
Cooke 1994). As a result, blueback herring changed migration patterns by abandoning the
Santee River, and following the dredged canal to the higher flow of the St. Stephen Dam.
Subsequently, access to spawning grounds was increased, which contributed to increases in
blueback herring populations (Cooke and Leach 2003). Although the importance of instream
flow requirements has been previously recognized (Crecco and Savoy 1984; ASMFC 1985;
Crecco et al. 1986; Ross et al. 1993), it has usually been with regard to spawning habitat
requirements or recruitment potential (Moser and Ross 1994). Cooke and Leach (2003)
concluded that the study of, and possible adjustment of, river flow may be an important
consideration for restoring alosine habitat.

Spawning pH and aluminum associations

Adult blueback herring captured in the Santee-Cooper River system, South Carolina,
were found within a range of pH 6.0 to 7.5 (Christie and Barwick 1985; Christie et al. 1981).
Further north, within tributaries of the Delaware River, New Jersey, spawning runs were found
within a broader range of pH 4.7 to 7.1 (mean pH 6.2) (Byrne 1988). Based on suggested ranges
for eggs (cited in Klauda et al. 1991), Boger (2002) suggested a suitable range of pH 6 to 8, and
an optimal range of pH 6.5 to 8 for spawning habitat.

Spawning feeding behavior

Adult blueback herring feed during upstream spawning migrations (Rulifson et al. 1982;
Frankensteen 1976), consuming large and diverse quantities of copepods, cladocerans, ostracods,
benthic and terrestrial insects, molluscs, fish eggs, hydrozoans, and stratoblasts (Creed 1985).
Sampling of adult blueback herring along the St. Johns River, Florida, found that they also
consume vegetation (FWC 1973).
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Spawning competition and predation

Information is lacking that identifies which predator species prey on adult blueback
herring during their spawning runs, but it is assumed that they are consumed by other fish,
reptiles (e.g., snakes and turtles), birds (e.g., ospreys, eagles, and cormorants), and mammals
(e.g., mink) (Loesch 1987; Scott and Scott 1988). Erkan (2002) notes that predation of alosines
has increased dramatically in Rhode Island rivers in recent years, especially by the double-
crested cormorant, which often takes advantage of fish staging near the entrance to fishways.
Populations of nesting cormorant colonies have increased in size and have expanded into areas in
which they were not previously observed. Predation by otters and herons has also increased, but
to a lesser extent (Erkan 2002).

Several researchers have found evidence of striped bass predation on blueback herring
(Trent and Hassler 1966; Manooch 1973; Gardinier and Hoff 1982). A recent study by Savoy
and Crecco (2004) strongly supports the hypothesis that striped bass predation in the Connecticut
River on adult blueback herring has resulted in a dramatic and unexpected decline in blueback
herring abundance since 1992. The researchers further suggest that striped bass prey primarily
on spawning adults because their predator avoidance capability may be compromised at that
time, due to the strong drive to spawn during upstream migration. Rates of predation on age 0
and 1 alosines was much lower than that of adults (Savoy and Crecco 2004).
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Part B. Blueback Herring Egg and Larval Habitat

Geographical and temporal movement patterns

On average, blueback herring eggs are hatched within 38 to 60 hours of fertilization
(Adams and Street 1969). Yolk-sac larvae drift passively downstream with the current to slower
moving water, where they grow and develop into juveniles (Johnston and Cheverie 1988). Yolk-
sac absorption occurs in 2 to 3 days after hatching, and soon thereafter larvae begin to feed
exogenously (Cianci 1969). Larvae are sensitive to light, so larval abundance at the surface
increases as dusk approaches and reaches a maximum by dawn (Meador 1982).

Eggs, larvae, and the saltwater interface

Although spawning often occurs in freshwater, blueback herring eggs and larvae can
survive in salinities as high as 18 to 22 ppt (Johnston and Cheverie 1988). Klauda et al. (1991)
suggest an optimal range of 0 to 2 ppt for eggs only.

Egg and larval substrate associations

As with spawning habitat, Pardue (1983) suggested that substrates with 75% silt or other
soft materials containing detritus and vegetation were optimal for egg and larval habitat. In
contrast, Johnston and Cheverie (1988) found eggs adhered to sticks, stones, gravel, and aquatic
vegetation along the bottom of a fast-flowing stream in the Gulf of St. Lawrence.

Egg and larval depth associations

Both Wang and Kernehan (1979) and Meador et al. (1984) observed that larval blueback
herring achieved the greatest density at the surface during the night. This pattern of diel

periodicity has also been described for the juvenile life stage of blueback herring (Loesch and
Lund 1977; Loesch et al. 1982; Johnson et al. 1978).

Egg and larval water temperature

Blueback herring eggs were collected in the upper Chesapeake Bay where temperatures
ranged from 7 to 14°C; 90% were collected at 14°C (Dovel 1971). Researchers did not report a
significant reduction in hatching success for eggs acclimated at 15 to 18.3°C and exposed to
temperatures of 22 to 28.3°C for 5 to 30 minutes in the laboratory (Schubel 1974), as well as
those acclimated at 17.9 to 21.1°C and then exposed to 31.1°C for 30 minutes (Schubel and Koo
1976). Eggs acclimated at 32.9 to 36.1°C for 5 to 15 minutes experienced significant mortality,
with total egg mortality occurring at 37.9°C. In their review of the literature, Klauda et al.
(1991) concluded that suitable and optimal temperature ranges for eggs were 14 to 26°C and 20
to 24°C, respectively.

Blueback herring egg incubation is complete after 80 to 94 hours at 20 to 21°C (Kuntz
and Radcliffe 1917; Jones et al. 1978) and 55 to 58 hours at 22.2 to 23.7°C (Cianci 1969; Klauda
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et al. 1991). Following incubation, blueback herring eggs typically require 38 to 60 hours for
hatching (Adams and Street 1969; Cianci 1969; Morgan and Prince 1976).

Larval blueback herring have been collected in the upper Chesapeake Bay where water
temperatures ranged from 13 to 28°C; 96% were collected at 23 to 28°C (Dovel 1971).
Blueback herring eggs and larvae collected from the Washademoak River, New Brunswick, were
acclimated at 19°C, and then exposed to 29 and 34°C for 1 to 3 hours in the laboratory. While
egg mortality and hatchability were deemed poor indicators of the effects of temperatures, larval
deformity was considered a good indicator. Deformity rates over the three hour period were 0 to
25% at 29°C, and 100% at 34°C; such deformities were permanent and would have been lethal in
the natural environment (Koo and Johnston 1978). In their review of the literature, Klauda et al.
(1991) concluded that suitable temperature ranges for prolarvae and postlarvae were 14 to 26°C
and 14 to 28°C, respectively.

Egg and larval dissolved oxygen associations

Larvae require a minimum of 5.0 mg/L of dissolved oxygen for survival (Jones et al.
1978).

Egg and larval pH and aluminum associations

Klauda (1989) conducted laboratory research on blueback herring fertilized eggs and
yolk-sac larvae, and suggested that critical acidity conditions (defined as laboratory and field test
exposures associated with greater than 50% direct mortality) for successful blueback herring
reproduction in Maryland coastal plain streams occur during a single 8 to 96 hour pulse of acid
(pH 5.5 to 6.2), with concomitant total monomeric aluminum concentrations of 15 to 137 pug/L.
Eggs that were subjected to four treatments ranging from pH 5.7 to 7.5 and five aluminum
treatments of 0 to 400 pg/L at a continuous exposure time between 96 and 120 h revealed the
following results: 4-hour old embryos were sensitive to aluminum in the test treatments of pH
5.7 to 6.7; 12-hour old embryos were most sensitive to pH 5.7 with no aluminum present; and
24-hour old embryos suffered no mortality at all pH and aluminum levels (Klauda and Palmer
1987a).

Laboratory tests by Klauda et al. (1987) found a pH-induced mortality threshold for yolk-
sac larvae of pH 5.7 to 6.5, and a 96-hour LCso pH of 6.37 (pH that induced 50% mortality); no
aluminum was administered. Additional tests by Klauda and Palmer (1987b) found that as the
exposure time was doubled (12 to 24 hours), mortality rates increased among yolk-sac larvae (25
to 49%) at a pH value of 5.5. When coupled with a concomitant exposure of total aluminum
maxima of 100 to 150 pg/L, mortality increased to 19, 66, 98, and 100% after 4, 8, 12, and 24
hours exposure, respectively. Tests also revealed highly variable mortality rates (3 to 75%) for
yolk-sac larvae at a pH of 6.7. In general, the data indicated that blueback herring larvae were
more sensitive to lower pH values (5.7 and 6.2) with no aluminum added, and were more tolerant
of higher pH values (6.7 and 7.5) (Klauda and Palmer 1987b). Furthermore, yolk-sac larvae
were more sensitive than 4-hour old embryos to pH and aluminum treatments (Klauda and
Palmer 1987a). Klauda et al. (1991) suggested overall suitable ranges for eggs and prolarvae of
5.7 to 8.5 and 6.2 to 8.5, respectively; optimal ranges were suggested to be 6.0 to 8.0 and 6.5 to
8.0, respectively.
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Median pH values (6.27) where blueback herring were spawning in the Rappahannock
River, Virginia, reported by O’Connell and Angermeier (1997) were within the lethal range (5.7
to 6.5) and below a 96-h LCs, of 6.37 for larvae. Reduced pH levels may represent episodic
events, such as acid precipitation, but additional study is required to determine what the effects
of occasional pH depressions might be.

Egg and larval water velocity/flow

Initially, blueback herring eggs are demersal, but during the water-hardening stage, they
are less adhesive and become pelagic (Johnston and Cheverie 1988). In general, blueback
herring eggs are buoyant in flowing water, but settle along the bottom in still water (Ross and
Biagi 1990).

Water flow rates may have a notable impact on larval populations of blueback herring.
For example, year-class size of blueback herring decreased with increasing discharge during
May-June from the headpond at the Mactaquac Dam (Saint John River, New Brunswick) (Jessop
1990). Researchers speculated that this was due to a low abundance of phytoplankton and
zooplankton that larvae rely on at first feeding; these reductions can result when high discharges
occur (Laberge 1975). This effect was not observed for alewife, which spawn 2 to 3 weeks
earlier than blueback herring. Sismour (1994) also observed a rapid decline in abundance of
early preflexion river herring larvae (includes both alewife and blueback herring) in the
Pamunkey River, Virginia, following high river flow in 1989. Similar to Jessop (1990), Sismour
(1994) speculated that high flow led to increased turbidity, which reduced prey visibility, leading
to starvation of larvae. Furthermore, in tributaries of the Chowan system, North Carolina, water
flow was determined to be related to recruitment of larval river herring (O’Rear 1983).

Dixon (1996) found that seasonally high river flow and low water temperature during one
season in several Virginia rivers were associated with delayed larval emergence, reduced relative
abundance, depressed growth rate, and increased mortality compared with the previous season.

It was suggested that high river flow may be a forcing mechanism on another abiotic factor,
perhaps turbidity, which directly affects larval growth and survival (Dixon 1996).

Egg and larval suspended solid associations

As with alewife, blueback herring eggs have proven extremely tolerant to suspended
solids, with no significant reduction in hatching success at concentrations up to 1000 mg/L (Auld
and Schubel 1972). Schubel and Wang (1973) demonstrated that high levels of suspended solids
during and after spawning significantly increase the rate of egg infections from naturally
occurring fungi in alewife, which cause delayed mortalities; it may be likely that the same effects
would be observed in blueback herring eggs (Klauda et al. 1991). Two in situ studies (Klauda
and Palmer 1987b; Greening et al. 1989) note that yolk-sac larvae appear to be more sensitive to
suspended solids than eggs, but given that observations were made following storm events,
which also resulted in changes to pH and current velocity, the effects of turbidity alone were
inconclusive. Klauda et al. (1991) later noted a suitable concentration range of less than 500
mg/L for the prolarva life stage.
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Egg and larval feeding behavior

First-feeding larvae in the Connecticut River primarily consumed rotifers; they shift to
cladocerans as they grow larger (Crecco and Blake 1983). In general, it has been suggested that
clupeids have evolved to synchronize the larval stage with the optimal phase of annual plankton
production cycles (Blaxter et al. 1982).

Egg and larval competition and predation

All life stages of blueback herring, including the egg and larval stages, are important prey
for freshwater fishes, birds, amphibians, reptiles, and mammals (Klauda et al. 1991). The ability
of blueback herring to feed extensively on rotifers is offered as an explanation for their
dominance over American shad in some rivers along the East Coast (Marcy 1976a; Loesch and
Kriete 1980).

Eggs, larvae, and chlorine

Morgan and Prince (1977) reported an 80 h LCsy of 0.33 mg/L total residual chlorine
(TRC) for blueback herring eggs incubated at 20.9°C in freshwater. The LCs, for 1-day old
larvae exposed to TRC for 48 and 54 h ranged from 0.24 to 0.32 mg/L; LCs, for 2-day old larvae
was between 0.25 and 0.32 mg/L (Morgan and Prince 1977). TRC concentrations that were
greater than or equal to 0.30 mg/L increased the percentage of abnormally developed larvae
(Morgan and Prince 1978).
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Part C. Blueback Herring Juvenile Riverine/Estuarine Habitat

Geographical and temporal movement patterns

Recruitment to the juvenile stage for blueback herring begins later in the year than for
other alosines because they spawn later and have a shorter growing season (Hildebrand and
Schroeder 1928; Schmidt et al. 1988). The juvenile stage is reached when fish are about 20 mm
TL (Klauda et al. 1991), with growth occurring very rapidly (Colette and Klein-MacPhee 2002).

Massman (1953), Warriner et al. (1970), and Burbidge (1974) have reported that juvenile
blueback herring are most abundant upstream of spawning grounds in waters of Virginia. While
Burbidge (1974) noted a greater prey density at these locations, he was unsure if fish were
actually moving upstream in large numbers, if survival rates upstream were higher compared to
survival rates downstream, or if fish were simply moving out of tributaries and oxbows into these
areas. Michael Odom (U.S. Fish and Wildlife Service, personal communication) has noted that
juvenile blueback herring select the pelagic main channel portion of tidal waters of the Potomac
River, while American shad juveniles select shallower nearshore flats adjacent to and within
submerged aquatic vegetation (SAV) beds. Odom speculates that these two species tend to
partition the habitat in this river.

In North Carolina waters, Street et al. (1975) found that juveniles typically reside in the
lower ends of the rivers in which they were spawned. In Chesapeake Bay tributaries, young-of-
the-year blueback herring can be found throughout tidal freshwater nursery areas in spring and
early summer; they subsequently head upstream later in the summer when saline waters encroach
on their nursery grounds (Warriner et al. 1970). Schmidt et al. (1988) reasoned that juvenile
blueback herring in the Hudson River remained in the vicinity of their natal areas throughout the
summer because they were relatively absent downriver until late September.

Nursery areas of the Neuse River, North Carolina, have been characterized as relatively
deep, slow-flowing, black waters that drain hardwood swamps (Hawkins 1979). In South
Carolina, juvenile blueback herring and American shad were found to co-occur predominantly in
deeper, channel habitats of estuarine systems, during fall and winter, while hickory shad selected
shallow expanses of sounds and bays. Small crustaceans, favored by blueback herring and
American shad, are generally abundant near the bottom in estuarine channels (McCord 2005).

Juvenile blueback herring spend three to —nine months in their natal rivers before
returning to the ocean (Kosa and Mather 2001). Observations by Stokesbury and Dadswell
(1989) found that blueback herring remained in the offshore region (25 to 30% seawater) of the
Annapolis estuary (Nova Scotia) for almost a month before the correct migration cues triggered
emigration. Once water temperatures begin to drop in the late summer through early winter
(depending on geographic area), juveniles start heading downstream, initiating their first phase of
seaward migration (Pardue 1983; Loesch 1987). Migration downstream is also thought by some
researchers to be prompted by changes in water flow, water levels, precipitation, and light
intensity (Kissil 1974; Pardue 1983). In contrast, other researchers have suggested that water
flow plays little role in providing the migration cue under riverine conditions; these researchers
think that migration timing is more dependent on water temperature and new to quarter moon
phases, which provide dark nights (O’Leary and Kynard 1986; Stokesbury and Dadswell 1989).

121



Atlantic Coast Diadromous Fish Habitat

In the Connecticut River, juvenile blueback herring were found to move out of river
systems rapidly, within a 24-hour period, with peak migration occuring in the early evening at
1800 hours (O’Leary and Kynard 1986). Kosa and Mather (2001) studied juvenile river herring
movement from 11 small coastal systems in Massachusetts, and found that most individuals
emigrated between 1200 and 1600 hours. Farther north, emigration by juvenile blueback herring
in the Annapolis River, Nova Scotia, peaked at night between 1800 and 2300 hours (Stokesbury
and Dadswell 1989).

Juvenile blueback herring (age 1+) were found in the lower portion of the Connecticut
River in early spring by Marcy (1969), which led him to speculate that many juveniles likely
spend their first winter close to the mouth of the river. To the South, some young-of-the-year
may overwinter in deeper, higher salinity areas of the Chesapeake Bay (Hildebrand and
Schroeder 1928). In fact, Dovel (1971) reported juvenile populations in the upper Chesapeake
Bay that did not emigrate until the early spring of their second year. Juveniles have also been
reported overwintering in the Delaware Bay (Jones et al. 1978). Since juvenile river herring do
not survive temperatures of 3°C or less (Otto et al. 1976), they would not be expected to
overwinter in coastal systems where such temperatures persist (Kosa and Mather 2001).

Juveniles and the saltwater interface

Juvenile blueback herring are found most often in waters of 0 to 2 ppt prior to fall
migration (Jones et al. 1988), but are tolerant of much higher salinities early in life. Pardue
(1983) concluded that juveniles prefer low salinities in the spring and summer, with an optimal
range between 0 and 5 ppt. Chittenden (1972) captured older juveniles in freshwater and
subjected them to 28 ppt salinity at 22°C and all but one fish survived (mortality may have been
due to handling stress). Furthermore, Klauda et al. (1991) suggested that 0 to 28 ppt was a
suitable range for juveniles. Their ability to tolerate salinities as low as 0 ppt, and as high as 28
ppt, allows them to utilize both freshwater and marine nursery areas. However, both Loesch
(1968) and Kissil (1968) found that juvenile blueback herring remained in freshwater up to one
month longer than juvenile alewife.

In some cases, changes in one environmental factor may impact other environmental
factors causing changes in behavior patterns. For example, in the Chowan River, North
Carolina, juvenile blueback herring became scarce in sampling areas following drought
conditions during the summer of 1981, which resulted in saline waters encroaching farther
upriver into nursery areas. Researchers suggested that blueback herring had possibly moved
further upstream to freshwater areas to avoid the saltwater intrusion (Winslow et al. 1983).

Juvenile substrate associations

Juvenile blueback herring have been found among submerged aquatic vegetation (SAV)
beds of the lower Chesapeake Bay, and researchers have suggested that juveniles may benefit
from reduced predation in such areas (Olney and Boehlert 1988). It is important to note,
however, that no link has been made between the presence of SAV and abundance of alosines.
Rather, SAV is known to improve the water quality, which may increase the abundance of
alosines (B. Sadzinski, Maryland Department of Natural Resources, personal communication).
Moreover, juvenile blueback herring are a pelagic schooling fish that likely do not rely on SAV
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to the extent of other anadromous fishes, such as striped bass (D. A. Dixon, Electric Power
Research Institute, personal communication).

Juvenile depth associations

Unlike alewife, juvenile blueback herring in the Potomac River remained at the surface or
at mid-water depths during daylight hours from July through November, with almost no fish
appearing at the bottom. However, at night over half of juvenile blueback herring captured were
taken in bottom trawls (Warinner et al. 1970). Burbidge (1974) also reported that juvenile
blueback herring were more abundant in surface waters of the James River, Virginia, during the
day. Contrary to these results, Jessop (1990) found that abundance of juvenile bluebacks was
greater in surface waters at night than during the day, but fish did not exhibit a strict negative
phototropism. One explanation for these observed differences is the minimal sewage treatment
that was required during the 1970’s, which led to major phytoplankton and algal blooms in
freshwater areas, reducing light penetration. Since that time, water clarity has greatly improved
(Dennison et al. 1993).

In an additional study, Dixon (1996) found that juvenile blueback herring were more
available to surface sampling gear approximately 30 minutes after sunset and before sunrise,
where there was a corresponding light intensity of 107 to 10 uE/m?/s. Because he did not
detect a corresponding change in availability of primary zooplankton prey, he concluded that
juveniles migrate to the surface water within a specific isolume with changes in incident light
intensity, not as a response to prey movement. A light intensity of 10 to 10™ UE/m?s may be a
threshold that controls retinomotor responses to support selective feeding and schooling behavior
in this species. Dixon (1996) concluded that juveniles find a depth and isolume that optimizes
schooling (for predation protection) and selective feeding during the day, balancing predation
risks versus preferred food availability. These results further support and refine the observations
of Loesch et al. (1982), who first reported the diel changes in movement of juveniles.

Juvenile water temperature

Temperature Acclimation Salinit
Characterization P 0 Temperature y Location Citation
Range (°C) Q) (ppt)
Cape Fear Davis and
Present 11.5-32.0 N/A River, NC Cheek 1966
Present 6.7-32.5 N/A Conqectlcut Marcy 1976b
River
Suitable 10-30 N/A Chesapeake Bay Ifglglida ctal
Optimal 20-30 Many Pardue 1983
Selection 20-22 15-20 4-6  Delaware River, Meldrim and
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Temperature Acclimation Salinit
Characterization Ranpge (°C) Temperature (ppt)y Location Citation
(°C)
NJ Gift 1971
24 -28 25-26 7-8
Preference Laboratory PSE&G 1978
. 25-26 7-8
Avoidance 36 Laboratory PSE&G 1978
Marcy and
62% Mortality ig 6_213;;(1)‘[1;: j 19 Laboratory ~ Jacobson
1976
Marcy and
100% Mortality ig g;ﬁnfo,:e : 22.7 Laboratory Jacobson
Y 1976
100% Mortality i‘t);f 15 Laboratory ~ PSE&G 1984
100% Mortality fnzhfﬁ,:eg 15 29 Laboratory ”11“;;%111 ctal.
100% Mortality 10 25 6.5-7 Laboratory PSE&G 1978
‘ 85-10
100% Mortality 0.2 5 Laboratory PSE&G 1978

Table 5-1. Juvenile blueback herring water temperature associations

Juvenile blueback herring have a wide range of temperature tolerances (Table 5-1).
Additionally, certain temperatures create cues for the juveniles to begin migration. For example,
in the Connecticut River, emigration began when the water temperatures dropped to 21°C in
September, peaked at 14 to 15°C, and ended when the temperature dropped to 10°C, in late
October and early November (O’Leary and Kynard 1986). Milstein (1981) found juveniles
overwintering in an estuary off the coast of New Jersey where bottom temperatures ranged from
2.0 to 10.0°C. These waters were warmer and had a higher salinity than the cooler, lower
salinity estuarine nurseries where the juveniles reside in the fall.

Juvenile dissolved oxygen associations

Juvenile blueback herring have been collected in waters of the Cape Fear River, North
Carolina, where dissolved oxygen concentrations ranged from 2.4 to 10.0 mg/L (Davis and
Cheek 1966). In the laboratory, juveniles that were exposed to dissolved oxygen concentrations
of 2.0 to 3.0 mg/L for 16 hours experienced a 33% mortality rate. Researchers determined that
the juveniles were unable to detect and avoid waters with low dissolved oxygen (Dorfman and
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Westman 1970). As a result, mass mortalities of juveniles resulted from low dissolved oxygen in
the Connecticut River over several years during June and July, most notably in the early morning
hours when dissolved oxygen was below 3.6 mg/L and temperature was 27.6°C (Moss et al.
1976). In addition, Klauda et al. (1991) concluded that juveniles require a minimum of 4.0 mg/L
of dissolved oxygen.

Juvenile pH and aluminum associations

In the Cape Fear River, North Carolina, juvenile blueback herring were collected where
pH was between 5.2 and 6.8 (Davis and Cheek 1966), but the length of time spent within these
areas was unknown. In contrast, Kosa and Mather (2001) found that abundance of juvenile river
herring peaked at a pH of 8.2 in coastal systems in Massachusetts. Researchers speculated that
between 7.2 and 8.2, increases in river herring abundance may be related to changes in system
productivity. Although researchers were unable to determine the exact mechanism for the
impact of pH on river herring, they suggested that pH does appear to contribute to variations in
juvenile abundance (Kosa and Mather 2001).

Juveniles and water velocity/flow

Discharge is an important factor influencing variability in relative abundance and
emigration of juvenile river herring across smaller systems. Extremely high discharge may
adversely affect juvenile emigration, and high or fluctuating discharge may decrease relative
abundance of adult and juvenile blueback herring (Meador et al. 1984; West et al. 1988; Kosa
and Mather 2001). In laboratory experiments, juvenile river herring avoided water velocities
greater than 10 cm/s, especially in narrow channels (Gordon et al. 1992). However, in large
rivers, where greater volumes of water can be transported per unit of time without substantial
increases in velocity, the effects of discharge may differ (Kosa and Mather 2001). Jessop (1994)
found that the juvenile abundance index (JAI) of blueback herring decreased, and daily
instantaneous mortality increased, with mean July-August river discharge from the Mactaquac
Dam headpond on the Saint John River, New Brunswick, Canada. Impacts may have been the
result of advection from the headpond, or from mortality as a result of reduced phytoplankton
and zooplankton prey (Jessop 1994).

Juvenile feeding behavior

Juvenile blueback herring in nursery areas feed mostly on copepods, cladocerans
(Domermuth and Reed 1980), and larval dipterans (Davis and Cheek 1966; Burbidge 1974). In
fact, as much as 40% of the juvenile’s diet may consist of benthic organisms (Watt and Duerden
1974). Additionally, Burbidge (1974) found that juveniles often selectlarger items in the James
River, Virginia, such as adult copepods, rather than smaller prey, such as Bosminia sp., except
where there is a high relative abundance of smaller prey. Several researchers (Vigerstad and
Colb 1978; O’Neill 1980; Yako 1998) have hypothesized that a change in food availability may
provide a cue for juvenile anadromous herring to begin emigrating seaward, but no causal link
has been established.
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Juvenile blueback herring feed mostly at the surface, below the surface of the water, and
to a lesser degree, on benthic prey (Domermuth and Reed 1980; Colette and Klein-MacPhee
2002). Some researchers (Burbidge 1974; Jessop 1990) observed juveniles feeding somewhat at
dawn, and increasing feeding throughout the day with a maximum at dusk, then declining
overnight. It is suggested that during the day, juveniles will remain within, or near, their zone of
preferred light intensity, and feed in a selective mode (Dixon 1996), such as a “particulate”
feeding mode (Janssen 1982).

Dixon (1996) noted that the size and age of juvenile blueback herring in the nursery zone
increased in the downstream direction. Burbidge (1974) made similar observations that larger
juveniles were found in downstream reaches of the James River. Dixon (1996) noted that the
relative age distribution and density of juveniles (center of abundance) persisted in the nursery
zone throughout the sampling season, which precluded the hypothesis that cohorts move
downriver as a function of age and size. Instead, Dixon (1996) referenced Sismour’s (1994)
theory that as river herring larvae hatch at different times and locations along the river, they will
encounter varying concentrations and combinations of potential prey. It is these differences that
will affect larval nutrition and survival. In early spring, larvae that are closer to the center of the
chlorophyll maxima along the river (which likely support development and expansion of
zooplankton assemblages) are more likely to find suitable prey items. Early in the season,
sufficient prey in upriver areas may be lacking. As the season progresses and the zooplankton
prey field expands to upriver reaches, larvae in these areas may find suitable prey quantities and
grow to the juvenile stage (Sismour 1994; Dixon 1996). Pardue (1983) considered habitats that
contained 100 or more zooplankton per liter as optimum, which he suggested was critical for
survival and growth at this stage. Burbidge (1974) demonstrated a direct relationship between
density of zooplankton and distribution and growth of blueback herring. This differential
survival rate within the nursery zone over time may account for younger juveniles in upstream
reaches (Dixon 1996).

Juvenile competition and predation

Y oung-of-the-year blueback herring are preyed upon by many freshwater and marine
fishes, birds, amphibians, reptiles, and mammals. Eels, yellow perch, white perch, and bluefish
are among the fish species that prey on blueback herring (Loesch (1987; Juanes et al. 1993).
Researchers have suggested that excessive predation by striped bass may be contributing to the
decline of blueback herring stocks in the Connecticut River (Savoy and Crecco 1995).
Furthermore, suitably sized juvenile blueback herring were found to be energetically valuable
and potentially a key prey item for largemouth bass in two Massachusetts rivers during the late
summer. Although largemouth bass do not consistently consume blueback herring, they are
energy-rich prey, which provide the highest growth potential (Yako et al. 2000).

It is often noted throughout the literature, that alewife and blueback herring co-exist in
the same geographic regions, yet interspecific competition is often reduced through several
mechanisms. For example, juveniles of both species in the Connecticut River consume or select
different sizes of prey, leading researchers to conclude that intraspecific competition may be
greater than interspecific competition (Crecco and Blake 1983). This behavior is also evident in
the Minas Basin, Nova Scotia, where juvenile blueback herring favor smaller and more
planktonic prey (filter feeding strategy) than do juvenile alewife (particulate-feeding strategy)
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(Stone 1985; Stone and Daborn 1987). In addition, alewife spawn earlier than blueback herring,
thereby giving juvenile alewife a relative size advantage over juvenile blueback herring, which
allows them access to a larger variety of prey (Jessop 1990).

Furthermore, differences in juvenile diel feeding activity serve to reduce competition.
One study noted that diurnal feeding by juvenile alewife is bimodal, with peak consumption
about one to three hours before sunset and a minor peak occurring about two hours after sunrise
(Weaver 1975). Another study found that juvenile blueback herring begin to feed actively at
dawn, with feeding increasing throughout the day and maximizing at dusk, then diminishing
from dusk until dawn (Burbidge 1974). Blueback herring are also found closer to the surface at
night than alewifethat are present at mid-water depths; this behavior may further reduce
interspecific competition for food between the two species (Loesch 1987).

Blueback herring and American shad juveniles also co-occur in shallow nearshore waters
during the day, but competition for prey is often reduced by: 1) more opportunistic feeding by
American shad; 2) differential selection for cladoceran prey; and 3) higher utilization of
copepods by blueback herring (Domermuth and Reed 1980). Juvenile blueback herring are more
planktivorous, feeding on copepods, larval dipterans, and cladocerans (Hirschfield et al. 1966,
Burbidge 1974).

Blueback herring have shown signs of being impacted by invasive species as well. For
example, there is strong evidence that juveniles in the Hudson River have experienced a reduced
forage base as a result of zebra mussel colonization (Waldman and Limburg 2003).

Juveniles and alkalinity, carbon dioxide, and chlorine

Davis and Cheek (1966) captured juvenile blueback herring in the Cape Fear River,
North Carolina, where the alkalinity ranged from 5 to 32 mg/L. This same study also found that
juveniles selected areas where free carbon dioxide concentrations were between 4 and 22 ppm
(Davis and Cheek 1966). Another study found that juvenile blueback herring held in freshwater
avoided 0.1 mg/L total residual chlorine (TRC) at 17.5°C (PSE&G 1978).
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Part D. Blueback Herring Late Stage Juvenile and Adult Marine Habitat

Geographical and temporal patterns at sea

Juvenile river herring have been found overwintering in an offshore estuary (Cameron
and Pritchard 1963) 0.6 to 7.4 km from the shore of New Jersey, at depths of 2.4 to 19.2 m
(Milstein 1981). This estuary is warmer and has a higher salinity than the cooler, lower salinity
river-bay estuarine nurseries where river herring reside in the fall. The majority of river herring
are present in this offshore estuary during the month of March, when bottom temperatures range
from 4.4 to 6.5°C and salinity varies between 29.0 and 32.0 ppt (Cameron and Pritchard 1963).
Further south, young blueback herring have been found overwintering off the North Carolina
coast from January to March, concentrated at depths of 5.5 to 18.3 m (Holland and Yelverton
1973; Street et al. 1975).

Sexual maturity is reached between ages 3 and 6 for blueback herring. Life history
information for young-of-the-year and adult blueback herring after they emigrate to the sea, and
before they return to freshwater to spawn, is incomplete (Klauda et al. 1991). Researchers
assume that most juveniles join the adult population at sea within the first year of their lives, and
follow a north-south seasonal migration along the Atlantic coast, similar to that of American
shad; changes in temperature likely drive oceanic migration (Neves 1981).

Neves (1981) reported that 16 years of catch data showed that blueback herring were
distributed throughout the continental shelf from Cape Hatteras, North Carolina, to Nova Scotia
during the spring. Most were found south of Cape Cod, but, unlike alewife, no blueback herring
catches were recorded for Georges Bank. During the summer, blueback herring moved north
and inshore, but catch records were too infrequent to determine summer occurrence for the
species, although several catches were made near Nantucket Shoals and Georges Bank. This
species was never collected south of 40° N in the summer. By early fall, the blueback herring
were found along Nantucket Shoals, Georges Bank, and the inner Bay of Fundy, but were
concentrated mostly along the northwest perimeter of the Gulf of Maine (Neves 1981). In the
autumn, they began moving southward and offshore for overwintering along the mid-Atlantic
coast until early spring (Neves 1981; Rulifson et al. 1987). Although winter sampling stations
were inadequate to define wintering grounds, the few catches that were reported were primarily
between latitude 40° N and 43° N. It is unknown to what extent blueback herring overwinter in
deep water off the continental shelf of the United States (Neves 1981). This species has been
found offshore as far as 200 km (Bigelow and Schroeder 1953; Netzel and Stanek 1966), but
they are rarely collected more than 130 km from shore (Jones et al. 1978).

Canadian spring survey results also reveal river herring distributed along the Scotian
Gulf, southern Gulf of Maine, and off southwestern Nova Scotia from the Northeast Channel to
the central Bay of Fundy. They are also found to a lesser degree along the southern edge of
Georges Bank and in the canyon between Banquereau and Sable Island Banks. A large
component of the overwintering population on the Scotian Shelf moves inshore during spring to
spawn in Canadian waters, but may also include the U.S. Gulf of Maine region (Stone and Jessop
1992).
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Salinity associations at sea

Adult blueback herring have been collected in salinities ranging from 0 to 35 ppt (Klauda
et al. 1991). Chittenden (1972) subjected adults to gradual and abrupt changes in salinity,
including direct transfers from fresh to saltwater and vice versa, with no mortality. Non-
spawning adults that do not ascend freshwater streams will likely be found mostly in seawater,
and possibly brackish estuaries as they make their way up the coast to their summer feeding
grounds (Chittenden 1972).

Depth associations at sea

The extent to which blueback herring overwinter in deep waters off the continental shelf
is unknown. Individuals have been caught most frequently at 27 to 55 m throughout their
offshore range. While at sea, blueback herring are more susceptible to bottom trawling gear
during the day; this concept led early researchers to conclude that the species is aversive to light
and follows the diel movement of plankton in the water column (Neves 1981). In the Gulf of
Maine region, zooplankton concentrations are at depths less than 100 m (Bigelow 1926). Since
blueback herring are rarely found in waters greater than 100 m in this area, it is speculated that
zooplankton influence the depth distribution of blueback herring at sea (Neves 1981). A more
recent study of juveniles within the riverine environment (see Juvenile depth under Part C of
this chapter) found that they migrate to the surface within a specific isolume as light intensity
changes (Dixon 1996).

Stone and Jessop (1992) found blueback herring offshore of Nova Scotia, the Bay of
Fundy, and the Gulf of Maine, at mid-depths of 101 to 183 m in the spring, in shallower
nearshore waters of 46 to 82 m in the summer, and in deeper offshore waters of 119 to 192 m in
the fall. The researchers also found differences in depth distribution, with smaller fish (sexually
immature) occurring in shallow regions (<93 m) during spring and fall, while larger fish
occurred in deeper areas (=93 m) in all seasons (Stone and Jessop 1992). In addition, the semi-
pelagic nature of juveniles may provide them with protection from the effects of overfishing

(Dadswell 1985).

Temperature associations at sea

Although data on offshore temperature associations is limited, researchers speculate that
blueback herring are similar to other anadromous clupeids, in that they may undergo seasonal
migrations within preferred isotherms (Fay et al. 1983). Neves (1981) found that blueback
herring were caught in an offshore area where surface water temperatures were between 2 and
20°C and bottom water temperatures ranged from 2 to 16°C; almost all of the fish were caught in
water temperatures less than 13°C. Catches were most frequent where bottom temperatures
averaged between 4 and 7°C (Neves 1981).

Stone and Jessop (1992) found that the presence of a cold (<5°C) intermediate water
mass over warmer, deeper waters on the Scotian Shelf (Hatchey 1942), where the largest catches
of river herring occurred, may have restricted the extent of vertical migration during the spring.
Since few captures were made where bottom temperatures were less than 5°C during the spring,
researchers concluded that vertical migration may be confined by a water temperature inversion
in this area (Stone and Jessop 1992).
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Feeding behavior at sea

Blueback herring are size-selective zooplankton feeders (Bigelow and Schroeder 1953),
whose diet at sea consists mainly of ctenophores, calanoid copepods, amphipods, mysids and
other pelagic shrimps, and small fish (Brooks and Dodson 1965; Neves 1981; Stone 1985; Stone
and Daborn 1987; Scott and Scott 1988; Bowman et al. 2000). In Minas Basin, Bay of Fundy,
smaller blueback herring feed mostly on microzooplankton, while larger fish consume larger
prey, including mysids and amphipods; feeding intensity also decreases with increasing age of
fish (Stone 1985).

Neves’ (1981) analysis of offshore survey results led to the conclusion that blueback
herring follow the diel movement of zooplankton while at sea. As discussed above (see Juvenile
depth under Part C of this chapter), Dixon’s (1996) study in freshwater concluded that juvenile
blueback herring followed diel movements in response to light intensity, not prey movement.
Although direct evidence is lacking, catches of blueback herring in specific areas along Georges
Bank, the perimeter of the Gulf of Maine, and south of Nantucket Shoals may be related to
zooplankton abundance (Neves 1981).

Competition and predation at sea

Complete information on predation at sea is lacking for blueback herring (Scott and Scott
1988). Fish that are known to prey on blueback herring in the marine environment include spiny
dogfish, American eel, cod, Atlantic salmon, silver hake, white hake, and Atlantic halibut, as
well as larger schooling species, including bluefish, weakfish, and striped bass (Dadswell 1985;
Ross 1991; Bowman et al. 2000). Seals, gulls, and terns may also feed on blueback herring in
the ocean.
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Section I. Identification and Distribution of Habitat and Habitat Areas of Particular
Concern for Alosines

NOTE: Due to the dearth of information on Habitat Areas of Particular Concern (HAPC)
for alosine species, the information in this chapter is applicable to American shad,
hickory shad, alewife, and blueback herring. Information about one alosine species
may be applicable to other alosine species, and is offered for comparison purposes
only. Certainly, more information should be obtained at individual HAPCs for
each of the four alosine species.

All habitats described in the preceding chapters (spawning adult, egg, larval, juvenile,
sub-adult, and adult resident and migratory) are deemed essential to the sustainability of
anadromous alosine stocks as they presently exist (ASMFC 1999). Klauda et al. (1991)
concluded that the critical life history stages for American shad, hickory shad, alewife, and
blueback herring, are the egg, prolarva (yolk-sac or pre-feeding larva), post-larva (feeding larva),
and early juvenile (through the first month after transformation). Nursery habitat for anadromous
alosines consists of areas in which the larvae, post-larvae, and juveniles grow and mature
(ASMFC 1999). These areas include spawning grounds and areas through which the larvae and
post-larvae drift after hatching, as well as the portions of rivers and estuaries in which they feed,
grow, and mature. Juvenile alosines, which leave the coastal bays and estuaries prior to reaching
adulthood, also use the nearshore Atlantic Ocean as a nursery area (ASMFC 1999).

Sub-adult and adult habitat for alosines consists of: the nearshore Atlantic Ocean from
the Bay of Fundy in Canada to Florida; inlets, which provide access to coastal bays and
estuaries; and riverine habitat upstream of the spawning grounds (ASMFC 1999). American shad
and river herring have similar seasonal distributions, which may be indicative of similar inshore
and offshore migratory patterns (Neves 1981). Although the distribution and movements of
hickory shad are essentially unknown after they return to the ocean (Richkus and DiNardo 1984),
due to harvest along the southern New England coast in the summer and fall (Bigelow and
Schroeder 1953) it is assumed that they also follow a migratory pattern similar to American shad
(Dadswell et al. 1987).

Critical habitat in North Carolina is defined as, “The fragile estuarine and marine areas
that support juvenile and adult populations of economically important seafood species, as well as
forage species important in the food chain.” Among these critical habitats are anadromous fish
spawning and nursery areas in all coastal fishing waters (NCAC 31.0101 (20) (NCDEHNR
1997). Although most states have not formally designated essential or critical alosine habitat
areas, most states have identified spawning habitat, and some have even identified nursery
habitat.

Tables in Section |1 of each alosine species chapter contain significant environmental,
temporal, and spatial factors that affect the distribution of American shad, hickory shad, alewife,
and blueback herring. Additional tables found on the included DVD contain confirmed, reported,
suspected, or historical state habitat for American shad, hickory shad, alewife, and blueback
herring. Alosines spend the majority of their life cycle outside of state waters, and the
Commission recognizes that all habitats used by these species are essential to their existence.
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Section Il. Present Condition of Riverine Habitats and Habitat Areas of Particular
Concern for Alosines

Fisheries management measures cannot successfully sustain anadromous alosine stocks if
the quantity and quality of habitat required by all species are not available. Harvest of fisheries
resources is a major factor impacting population status and dynamics, and is subject to control
and manipulation. However, without adequate habitat quantity and quality, the population cannot
exist (ASMFC 1999).

Habitat quantity

Thousands of kilometers of historic anadromous alosine habitat have been lost due to
development of dams and other obstructions to migration. In the 19" century, organic pollution
from factories created zones of hypoxia or anoxia near large cities (Burdick 1954; Talbot 1954;
Chittenden 1969). Gradual loss of spawning and nursery habitat quantity and quality, and
overharvesting are thought to be the major causative factors for population declines of American
shad, hickory shad, alewife, and blueback herring (ASMFC 1999). Although these threats are
considered the major causative factors in the decline of shad and river herring, additional threats
are discussed in the Threats chapter.

It is likely that American shad spawned in all rivers and tributaries throughout the
species’ range on the Atlantic coast prior to dam construction in this country (Colette and Klein-
MacPhee 2002). While precise estimates are not possible, it is speculated that at least 130 rivers
supported historical runs; now there are fewer than 70 systems that support spawning. Individual
spawning runs may have numbered in the hundreds of thousands. It is estimated that runs have
been reduced to less than 10% of historic sizes. One recent estimate of river kilometers lost to
spawning is 4.36 x 10° compared to the original extent of the runs. This is an increase in
available habitat over estimates from earlier years, with losses estimated at 5.28 x 10° in 1898
and 4.49 x 10% in 1960. The increase in available habitat has largely been due to restoration
efforts and enforcement of pollutant abatement laws (Limburg et al. 2003).

Some states have general characterizations of the degree of habitat loss, but few studies
have actually quantified impacts in terms of the area of habitat lost or degraded (ASMFC 1999).
It has been noted that dams built during the 1800’s and early to mid-1900’s on several major
tributaries to the Chesapeake Bay have substantially reduced the amount of spawning habitat
available to American shad (Atran et al. 1983; CEC 1988), and likely contributed to long-term
stock declines (Mansueti and Kolb 1953). North Carolina characterized river herring habitat loss
as “considerable” from wetland drainage, stream channelization, stream blockage, and oxygen-
consuming stream effluent (NCDENR 2000).

Some attempts have been made to quantify existing or historical areas of anadromous
alosine habitat, including spawning reaches. For example, Maine estimated that the American
shad habitat area in the Androscoggin River is 10,217,391 yd. In the Kennebec River, Maine,
from Augusta to the lower dam in Madison, including the Sebasticook and Sandy rivers, and
Seven Mile and Wesserunsett streams, there is an estimated 31,510,241 yd® of American shad
habitat and 24,606 surface acres of river herring habitat. Lary (1999) identified an estimated
90,868 units (at 100 yd? each) of suitable habitat for American shad and 296,858 units (at 100
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yd? each) for alewife between Jetty and the Hiram Dam along the Saco River, Maine. Above the
Boshers Dam on the James River, Virginia, habitat availability was estimated in terms of the
number of spawning fish that the main-stem area could support annually, which was estimated at
1,000,000 shad and 10,000,000 river herring (Weaver et al. 2003).

Although many stock sizes of alosine species are decreasing or remain at historically low
levels, some stock sizes are increasing. It has not been determined if adequate spawning, nursery,
and adult habitat presently exist to sustain stocks at recovered levels (ASMFC 1999).

Habitat quality

Concern that the decline in anadromous alosine populations is related to habitat
degradation has been alluded to in past evaluations of these stocks (Mansueti and Kolb 1953;
Walburg and Nichols 1967). This degradation of alosine habitat is largely the result of human
activities. However, it has not been possible to rigorously quantify the magnitude of degradation
or its contribution to impacting populations (ASMFC 1999).

Of the habitats used by American shad, spawning habitat has been most affected. Loss
due to water quality degradation is evident in the northeast Atlantic coast estuaries. In most
alosine spawning and nursery areas, water quality problems have been gradual and poorly
defined; it has not been possible to link those declines to changes in alosine stock size. In cases
where there have been drastic declines in alosine stocks, such as in the Chesapeake Bay in
Maryland, water quality problems have been implicated, but not conclusively demonstrated to
have been the single or major causative factor (ASMFC 1999).

Toxic materials, such as heavy metals and various organic chemicals (i.e., insecticides,
solvents, herbicides), occur in anadromous alosine spawning and nursery areas and are believed
to be potentially harmful to aquatic life, but have been poorly monitored. Similarly, pollution in
nearly all of the estuarine waters along the East Coast has certainly increased over the past 30
years, due to industrial, residential, and agricultural development in the watersheds (ASMFC
1999). Specific challenges that currently exist are identified and discussed in greater detail in the
Threats Chapter.
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Section I. American Eel Description of Habitat

American Eel General Habitat Description and Introduction

American eel (Anguilla rostrata) are found in fresh, brackish, and coastal waters from the
southern tip of Greenland to northeastern South America (Facey and Van den Avyle 1987).
Additionally, there may be hybridization, or at least genetic introgression, of American eel into
the population of European eel in Iceland. Therefore, the range might possibly be extended to
Iceland in the north (Williams et al. 1984; Avise et al. 1990).

American eel are ubiquitous in many habitats (Jacobs et al. 2003), and can contribute up
to more than 25% of the total fish biomass in some individual systems (Smith and Sauders 1955;
Ogden 1970; J. McCleave, University of Maine, personal communication). In Connecticut rivers
and streams, the American eel was found in one case to be four times more abundant than any
other species (Jacobs et al. 2003). American eel habitats include the open ocean, estuaries, large
coastal tributaries, rivers, small freshwater streams, lakes, and ponds. They utilize habitats from
the East Coast of North America and the northern portion of South America, into the inland areas
of the Mississippi River and the Great Lake drainages (primarily Lake Ontario), and north into
Canadian tributaries. American eel are sometimes found in land locked lakes, particularly in the
northeastern United States (Facey and Van den Avyle 1987). The latitudinal range for the
American eel has been documented as 5°N to 60°N (Bertin 1956), and their range covers
approximately 30,000 km of coastline (Federal Register 2007). American eel are thought to
occupy the broadest array of habitats of any fish in the world (Helfman et al. 1987).

American eel are a catadromous species that reproduces in salt water, and after an
oceanic larval stage, migrates to brackish or fresh water for growth to maturity. Upon reaching
maturity, the American eel migrate back to the ocean to spawn. Spawning occurs in the winter
and spring in the Sargasso Sea, and the newly hatched larvae (pre-leptocephalus and
leptocephalus stages) passively drift and swim toward the continental shelf where they
metamorphose into glass eels (Kleckner and McCleave 1982; Kleckner and McCleave 1985;
McCleave et al. 1987).

The transformation from a leptocephalus larvae into a glass eel includes a decrease in
body length and weight due to a loss in water concentration, an increase in body thickness, loss
of larval teeth, darkening of the eye, changes in the morphology of the head and jaw, and further
development of the digestive system (Fahay 1978). Glass eels are miniature transparent
American eel that are morphologically similar to elvers (the next life stage), but they are
unpigmented. As American eel develop pigment, some begin to migrate into freshwater. These
young pigmented American eel are termed elvers. Some elvers remain in coastal rivers and
estuaries, while others may continue movements upstream in the winter and the spring (Facey
and Van den Avyle 1987). In fact, upstream migration may continue into the yellow- phase for
at least three to five years (Haro and Krueger 1991).

The next life stage for American eel is the yellow-phase, which is the primary growth
stage where individuals spend most of their lives. The yellow-phase is characterized by a lack of
sexual maturity and may last many years. Sexual differentiation begins when eels reach
approximately 300 mm TL, primarily during the yellow-phase. Following sexual differentiation,
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American eel eventually begin to migrate downstream (Krueger & Olivera 1999). Yellow-phase
eels gradually metamorphose into silver-phase adults through a process that involves a number
of physiological changes. Physiological changes reviewed by Facey and Van den Avyle (1987)
include a change in color to a metallic bronze black sheen, pectoral fin color change from
yellow-green to black, fattening of the body, thickening of the skin, increased length of
capillaries in the rete of the swim bladder, and degeneration of the digestive tract. Additionally,
the eyes become enlarged and the visual pigments in the eye are altered (Vladykov 1973; Beatty
1975). These changes are thought to better suit the American eel for migration at deeper depths
(Beatty 1975; Kleckner and Kruger 1981; Facey and Van den Avyle 1987). During maturation,
American eel migrate downriver to marine waters and out to the Sargasso Sea, where they are
thought to spawn once and die (Facey and Van den Avyle 1987).

All American eel comprise one panmictic population, meaning that they are a single
breeding population that exhibits random mating. Thus, for example, an American eel from the
northern portion of the range could mate with an American eel from the southern portion of the
range, and their offspring could inhabit any portion of the range. As a result, recruits to a
particular system are likely not the offspring of the adults that migrated out of that system
(ASMEFC 2000; Avise 2003).

Life history information for American eel remains incomplete, and for some life stages,
habitat-specific information is lacking. There is a high degree of uncertainty regarding the range
of variation in life history traits that occurs throughout the entire population. Knowledge is
lacking on silver eel migration from freshwater to the sea, as well as the egg, leptocephali, and
glass eel life stages while in marine waters. Furthermore, while a potential spawning area of the
American eel has been hypothesized in the Sargasso Sea, the specific spawning location remains
unknown and no spawning activity has been witnessed (ASMFC 2000).

Many studies have indicated that American eel populations are declining (Castonguay et
al. 1994 a, b; Haro et al. 2000b). Recent research by Richkus and Whalen (1999, 2000) has
shown a decrease in yellow-phase and silver-phase American eel abundance in Ontario, Quebec,
New York, and Virginia. For example, during the 31-day peak migration period in 2004, the
mean number of American eel passing through the Moses-Saunders Hydroelectric Dam at
Cornwall, Ontario, decreased from previous estimates of over 27,000 individuals per day to 274
individuals per day (Casselman In press).

Concerns about the decline in American eel abundance prompted a petition in 2004 to list
the American eel as endangered under the Endangered Species Act (16 U.S.C. §§ 1531 — 1544).
NOAA Fisheries and the United States Fish and Wildlife Service subsequently completed a 12-
month status review to determine whether an endangered finding was justified. The findings of
the status review indicated that listing the American eel as a threatened or endangered species
was not currently warranted due to the fact that American eel are widely distributed and that their
overall population abundance remains in the millions. The review also noted that ample historic
habitat is available to American eel, and they have the flexibility to complete their lifecycle using
marine and estuarine waters, in addition to freshwater. Furthermore, recruitment trends appear to
be stable and the factors affecting American eel do not appear to threaten the species at a
population level (Federal Register 2007).

Due to their diverse habitat requirements, American eel are subjected to a number of
anthropogenic impacts. Fishing pressures and habitat loss are implicated as contributing factors
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in the American eel decline. Some habitat threats include blockage of stream access, pollution,
nearshore habitat destruction, and oceanic changes (Castonguay et al. 1994a, b; ASMFC 2000).

Part A. American Eel Spawning Habitat

Geographical and temporal patterns of migration

American eel are believed to spawn in the Sargasso Sea, which constitutes a large portion
of the western North Atlantic Ocean east of the Bahamas and south of Bermuda. Spawning
occurs during the winter and the spring, from February to April, and possibly later into the year
(McCleave et al. 1987). No other information exists on the spawning requirements, behavior, or
exact location of spawning in the Sargasso Sea. Some researchers have speculated that the
spawning area is located south of Bermuda and north of the Bahamas in a zone centered at about
25°N and 69°W (Tesch 1977). McCleave et al. (1987) reported spawning in the area from 52°W
to 79°W longitude and 19.5°N to 29°N latitude.

Kleckner et al. (1983) and Kleckner and McCleave (1988) hypothesize that within this
area, spawning occurs in the subtropical front systems of the oligotrophic subtropical gyres. This
frontal zone is located within the North Atlantic Subtropical Convergence and occurs yearly
during the time span when spawning is thought to take place. This area separates the warm
saline water mass of the southern Sargasso Sea from the lower salinity cool water mass of the
northern Sargasso Sea. The area occurs in the upper 500 m of the water column, and it is
thought that spawning occurs on the warm side of this front (McCleave and Kleckner 1985;
McCleave et al. 1987). However, no direct observations of American eel spawning have been
reported anywhere in the world, and no adult American eel have been captured in the Sargasso
Sea. Thus, the exact location of spawning area has only been inferred from the collection of
leptocephali, or larvae, less than 7 mm in size (Kleckner et al. 1983; Kleckner and McCleave
1985).

The northern limit of the spawning area for American eel appears to be the thermal fronts
that separate the northern and southern water masses of the Sargasso Sea (Kleckner et al. 1983).
Kleckner et al. (1983) found that the smallest leptocephali collected during their study (3.9 to 5.5
mm) were located on the warm side of these fronts and were rare on the cold side of the fronts.
Kleckner and McCleave (1985) suggest that the northern limit for spawning occurs between
24°N and 29°N, and the Bahamas/Antilles Arc forms the southern and western borders. Thus
far, the eastern limit of American eel spawning has not been hypothesized (Kleckner and
McCleave 1985). Kleckner and McCleave (1985) suggest that this eastern limit may be
controlled by a directional orientation mechanism used by American eel adults to locate the
spawning area.

It remains unknown how American eel locate the spawning area in the Sargasso Sea and
what cues cause them to cease migration. McCleave and Kleckner (1985) offer three hypotheses
relating to how American eel migrate in the open ocean. Their first hypothesis is that swimming
in one general compass direction (south), in addition to oceanic circulation, allows the American
eel to reach the spawning area from anywhere within the species geographical range. Their
second hypothesis is that only a moderate directional orientation will result in successful
migrations. Their final hypothesis is that migration occurs within the upper three hundred meters
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of water, which McCleave and Kleckner (1985) speculate is significant with regard to the
mechanism of migration. Alternatively, Stasko and Rommel (1977) suggest that American eel
orient themselves using geoelectrical fields generated by ocean currents.

Kleckner et al. (1983) suggest that American eel cease migrating when they cross the
frontal zone, an area located between 24°N and 29°N, which meanders from east to west for
hundreds of kilometers. The researchers believe that some feature of the surface water south of
the front cues the American eel to cease migration; it may be indicated by a thermal or chemical
characteristic of the surface water. In addition, temperature and odor might also serve as cues to
halt migration (McCleave and Kleckner 1985). For example, the temperature between the zones
may vary as much as 2°C, and the northern and southern zones exhibit differing species
compositions of phytoplankton, zooplankton, and mesopelagic fishes, which could account for a
change in odor (McCleave and Kleckner 1985). Furthermore, the upper layers in the pycnocline
in the Sargasso Sea may contain dissolved amino acids that are known to be potent to American
eel (Liebezeit et al. 1980; Silver 1979). McCleave and Kleckner (1985) suggest it is possible
that the leptocephalus larvae imprint to this area in the same way that salmon imprint to a home
stream.

American eel are thought to be semelparous, meaning that they die after one spawning
event. Evidence for this includes no observations of adult American eel migrating upriver, and
no spent adults reported in the literature (Facey and Van den Avyle 1987).

Spawning and the saltwater interface

Salinity might be a key habitat parameter for spawning adult American eel, as spawning
is thought to occur on the side of the front in the Sargasso Sea that has warmer temperatures and
more saline waters (Kleckner et al. 1983; Kleckner and McCleave 1985). The spawning grounds
of the American eel may occur in a high salinity region of the Sargasso Sea where the salinity
reaches a maximum of 36.6 ppt (Kleckner and McCleave 1985).

Spawning substrate associations

Bottom composition is not known to be important to spawning adult American eel, as
reproduction is thought to occur in the upper 150 to 200 m of the water column (Kleckner et al.
1983; McCleave and Kleckner 1985).

Spawning depth associations

Kleckner et al. (1983) and McCleave and Kleckner (1985) suggest that morphological
and physiological evidence indicate that American eel spawning occurs in the upper few hundred
meters of the water column. Furthermore, larval American eel (less than 5 mm long) have been

located in water 50 to 350 m deep, suggesting that spawning occurs in the upper water column
(Kleckner and McCleave 1982).
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Spawning water temperature

Temperature may be significant to spawning adult American eel, as they are thought to
spawn on the warmer side of the front in the Sargasso Sea (Kleckner et al. 1983; Kleckner and
McCleave 1985). Spawning is thought to occur in an area where water temperatures are
characterized by 18 to 19°C isotherms between 200 and 300 m (Kleckner et al. 1983). Kleckner
and McCleave (1985) describe the hypothesized spawning area as having temperatures greater
than 18.2°C. Haro (1991) found that mean preferred water temperature for sexually mature male
American eels test in the laboratory ranged between 17.2 and 18.1°C.

Spawning feeding behavior

Once the spawning migration begins, American eel cease feeding and their digestive
system atrophies. Gray and Andrews (1971) found no prey and shrunken stomachs in silver eels,
suggesting that the subjects ceased feeding before migration.

Spawning competition and predation

Both American eel and European eel (Anguilla anguilla) are thought to use the Sargasso
Sea for spawning grounds (McCleave et al. 1987). However, McCleave et al. (1987) speculate
that American eel spawn from February to April from approximately 19°N to 29°N latitude and
52°W to 79°W longitude, while European eel spawn from March to June from approximately
23°N to 30°N latitude and 48°W and 74°W longitude. Thus, their overlap area may not be
significant enough to induce competition.
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Part B. American Eel Egg and Larval Habitat

Geographical and temporal movement patterns

Little information exists on the environmental requirements or the incubation period of
American eel eggs. It is assumed that the eggs hatch in the same area as they are laid in the
Sargasso Sea (see discussion in above section). Hatching is thought to occur from February
through April (McCleave et al. 1987), with a possible peak occurring in February (Tesch 1977).

After hatching, American eel undergo a brief pre-larval stage, and then enter the larval
leptocephalus life stage. Leptocephali are flattened from side to side and resemble a willow leaf
(ASMFC 2000). They grow to between 55 and 65 mm before metamorphosis to the glass eel
stage (Kleckner and McCleave 1985). While growing, the leptocephali drift and swim in the
upper water column of the open ocean. Their distribution is a result of the oceanic circulation
patterns and the swimming behavior of the larvae (ASMFC 2000).

Kleckner and McCleave (1985) reported on the spatial and temporal distribution of
leptocephali by collecting specimens and analyzing data collected by Schmidt in the 1920’s.
They found that leptocephali 7 to 10 mm in length were caught from mid-February to the end of
April. In addition, specimens longer than 45 mm were acquired during all months. Kleckner
and McCleave (1985) identified two year classes that occurred from February to mid-June: a 0-
year class that constituted most samples, and a 1-year class, which represented only a few larvae.

Kleckner and McCleave (1985) collected the majority of leptocephalus larvae between
11°00°N and 42°35°N latitude and 43°50°W and 87°00°W longitude. One 70 mm leptacephalus
(a member of the 1-year class) was collected at 49°43°N, 20°45°W. The researchers stated that
all leptocephali 10 mm TL or less, and all 0-year leptocephali, were found within a 550 km arc
east of the Bahamas and north of the Hispanola Islands. These specimens were found from
February to March. Sampling father north and east yielded no leptacephali (Kleckner and
McCleave 1985).

From April to May, only one young-of-the-year leptocephalus was collected in the
eastern Sargasso Sea from 23°N to 28°N and 51°W to 63°W (Kleckner and McCleave 1985).
Kleckner and McCleave (1985) also found young-of-the-year American eel in the Caribbean
Current along the western shore of the Yucatan Channel in the Straits of Florida, and in the Gulf
Stream to the east of Cape Hatteras, in April and May. Despite the use of nets capable of
capturing small leptocephali, no larvae were collected from 38°N to 44°N and 41°W to 55°W in
the North Atlantic current (Kleckner and McCleave 1985).

Throughout June and July, young-of-the-year American eel were taken in the Caribbean,
Gulf Loop, Florida, and Gulf Stream currents. The samples were taken east to 54°15°W in the
southern Sargasso Sea and northeast of Bermuda east to 56°46°’W. No larvae were found in the
eastern North Atlantic Current at that time. The authors were also unable to define an eastern

limit of young-of-the-year larvae during these months in the Gulf Stream due to a lack of
collections south of Newfoundland (Kleckner and McCleave 1985).

By August, American eel larvae 40 to 67 mm occupied the entire Gulf Stream area up to
the Gulf of Maine. From August through October, only a few large leptocephali, or newly
metamorphosed glass eels, remained far out in the Western Atlantic coast (Kleckner and
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McCleave 1985). Kleckner and McCleave (1985) reported that during August and September,
they collected leptocephali in the southern Caribbean Sea, Gulf Loop Current, Florida Current,
Gulf Stream, and North Atlantic Current. Throughout the fall, American eel approached the
North American continent and Greenland in the glass eel phase (Kleckner and McCleave 1980;
Kract and Tesch 1981). Kleckner and McCleave (1985) found American eel leptocephali in
collections in the Caribbean Sea from south of Puerto Rico to the Yucatan Channel in October
and November. Likewise, leptocephali were found south of the northeastern United States in
October and November, inshore and offshore of the Gulf Stream, and in the Canadian Maritime

provinces. However, leptocephali in the south and east in the Sargasso Sea were scarce
(Kleckner and McCleave 1985).

Kleckner and McCleave (1985) found that age 1 American eel were scattered widely in
collections taken in the Caribbean Sea and western North Atlantic Ocean from February through
May. Many specimens were taken near the Bahaman Islands and the Florida Current off the
Southeastern United States. They also found metamorphosing American eel leptocephali located
north of the Gulf Stream between 65°42°W and 73°30°W, 55 km southwest of Bermuda, and
approximately 45 km southeast of Cape Hatteras. One specimen was taken 110 km north of
Campeche Bank in the Gulf of Mexico (Kleckner and McCleave 1985).

Larvae are transported northwest from the spawning grounds to the eastern seaboard by
the Antilles Current, Florida Current, and the Gulf Stream (Facey and Van den Avyle 1987).
The proposed route of American eel larval transport is a westward drift from the spawning
grounds in the Sargasso Sea via the Antilles Current, and then moving north with the Florida
Current to join the Gulf Stream north of Bermuda (Kleckner and McCleave 1985; McCleave
1993; McCleave et al. 1998).

A small portion of leptocephali reach the Caribbean Sea, Gulf of Mexico, and the Straits
of Florida. The proposed route of these larvae occurs to the west and southwest of the spawning
grounds via the Windward and Mona Passages, which transport the larvae to the Caribbean Sea.
From here, eddies could carry them along the Caribbean coast, or the Caribbean current could
convey them through the Yucatan Channel into the Gulf of Mexico and the Gulf loop current
(Kleckner and McCleave 1985; McCleave and Kleckner 1987). Leptocephali entering the Straits
of Florida are likely carried by the Gulf Loop Current, which flows out of the Gulf of Mexico as
the Florida Current. Additionally, they may be conveyed into the Straits of Florida from the
Bahamas/Antilles archipelago by currents through the Old Bahama Channel, then the Nicholas
and Santaren Channels north of Cuba, or through the Northwest Providence Channel south of
Grand Bahaman Island (Kleckner and McCleave 1985).

It is possible that some eel larvae become trapped in the Sargasso Sea for over a year by
recirculating currents (Knights 2003). This occurs when the larvae become trapped in the sub-
gyre where the Florida and Antilles Currents interact, thus causing the larvae to drift north, or

recirculate back into the oligotrophic Sargasso Sea from the Gulf Stream (Boétius and Harding
1985).

As the larvae approach the edge of the continental shelf, they metamorphose into
miniature transparent eel, called glass eels (Kleckner and McCleave 1985). This occurs by early
October when the American eel are between 55 mm and 65 mm (Kleckner and McCleave 1985).

160



Chapter 7: American Eel

Eggs, larvae, and the saltwater interface

The salinity requirements of eggs and larvae have not been documented in literature.
Facey and Van den Avyle (1987) state that post-larval American eel are tolerant of a broad range
of salinities because they occur both in freshwater and marine habitats. Additionally,
leptocephali are in near-ionic equilibrium with seawater (Hulet et al. 1972).

Egg and larval substrate associations

Bottom substrate is not important to this lifestage, as American eel larvae are planktonic
and float and drift in the water column. Thus, no bottom substrate is used during this life stage
(Kleckner and McCleave 1985).

Egg and larval depth associations

The importance of depth to the American eel egg stage is not stated in the literature. No
information exists on the depth that eggs are found, as they have never been collected in the
Sargasso Sea (ASMFC 2000).

Once American eel enter the leptocephalus stage, they are found in the upper 250 m of
the water column (Castonguay and McCleave 1987). Larvae less than 5 mm long have been
captured at depths between 50 m and 350 m. Furthermore, larvae between 5 and 10 mm appear
to vertically migrate, as they are found between 100 m and 150 m during the day and between 50
m and 100 m at night. (Castonguay and McCleave 1987; McCleave et al. 1987).

Egg and larval water temperature

No studies have concluded the egg and larval temperature requirements of American eel
in the wild. However, Japanese eel (Anguilla japonica) eggs hatch in 38 to 45 hours at 23°C
(Yamamoto and Yamauchi 1974). Spawning and hatching is likely to occur on the warm side of
the front in the Sargasso Sea where temperatures are greater than 18.2°C (Kleckner and
McCleave 1985).

Egg and larval competition and predation

Both American and European eel use the Sargasso Sea as a spawning ground. As a
result, the youngest stages of both eel species may share a small portion of the same habitat.
However, Kleckner and McCleave (1985) state that while there is an overlap in range,
competition does not occur. American eel larvae are predominately found west of 62°W and
south of 25°N, while European eel are located in a different area (Kleckner and McCleave 1985;
McCleave and Kleckner 1987).

One study by Appelbaum (1982) suggests that predation on American eel larvae in the
Sargasso Sea may be minimal. Researchers found that of 1,000 pelagic fish representing 25
species, only the myctophid, Ceratoscopelus warmingii, had American eel leptocephali in its
stomach. This suggests that American eel may spawn in a nutritionally poor area, thus
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increasing the chance of survival due to a lack of predation. However, more research is needed
to fully explore the issue (Appelbaum 1982).
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Part C. American Eel Elver (including Glass Eel) Habitat

Geographical and temporal movement patterns

American eel metamorphose from leptocephalus larvae to glass eels over the Continental
Shelf. Shortly after metamorphosis, the unpigmented glass eels enter estuaries, eventually
migrate to freshwater, and ascend rivers during the late winter and early spring. It is thought that
glass eels and elvers use olfaction to locate freshwater (Sheldon 1974; Sorensen 1986; Sorensen
and Bianchini 1986); however, the specifics of this theory are mostly unknown. For example,
Sorensen (1986) reported that American eel were attracted to the smell of brook water, as well as
the smell of leaf detritus. Furthermore, Creutzberg (1959, 1961) demonstrated that European eel
were able to detect the odor of freshwater, and alter their behavior accordingly.

Vladykov (1966) stated that the American eel migration upriver occurred earlier in the
southern portion of the range than in the north. However, other studies showed variations and
overlaps in migration timing (Facey and Van den Avyle 1987). Migrating American eel in the
Southeastern states and the Mid-Atlantic have been collected from January through May (Jeffries
1960; Smith 1968, Fahay 1978; Hornberger 1978; Sykes 1981; Helfman et al. 1984). In the
Northern states, migrating glass eels reach estuaries as early as late winter (Jeffries 1960),
although the main migration occurs in the spring. In the East River, Chester, Nova Scotia,
Jessop (2000) reported eel recruitment in the river mouth from May through June, and upstream
migrations from July through September. Dutil et al. (1989) reported that the glass eel and elver
migration to the St. Lawrence estuary occurred in the second half of June and was finished by the
end of July.

Slightly south, American eel in Maine were documented arriving upstream from the end
of March to the beginning of May (Facey and Van den Avyle 1987). Ricker and Squires (1974)
and Sheldon (1974) reported that American eel ran in Maine from late April to June. In Rhode
Island, migrations peaked during April and May (Facey and Van den Avyle 1987). Further
south, in North Carolina, Rulifson et al. (2004) found that recruitment of elvers occurred from
January through April, with the highest density of American eel present from March to April.

Glass eels enter estuaries by drifting on flood tides and holding position near the bottom
of ebb tides (McCleave and Wippelhauser 1987), and by actively swimming along shore in
estuaries above tidal influence (Barbin and Krueger 1994). Movements of glass eels are
primarily nocturnal (Dutil et al. 1989). Eventually, glass eels in estuaries change into pigmented
elvers (Haro 1991).

Throughout the elver life stage, American eel are mostly active at night. During the day
elvers either burrow or remain in deep waters (Deelder 1958). Elvers move back up into the
water column on flood tides and return to the bottom during ebb tides (Pacheco and Grant 1973;
McCleave and Kleckner 1985; McCleave and Wippelhauser 1987).

Documentation shows that American eel stall their inward migration before they enter
freshwater (McCleave and Kleckner 1985). The cues that trigger this behavior are unknown.
Some researchers hypothesize that American eel may be able to detect the odor of freshwater
(Creutzberg 1959, 1961; Sorensen 1986). Stalling at the freshwater interface may allow
individuals to adjust physiologically and behaviorally before entering the new environment
(Sorensen and Bianchini 1986). This upstream migration is possibly triggered by water

163



Atlantic Coast Diadromous Fish Habitat

chemistry changes associated with the intrusion of estuarine water during the high spring tides
(Sorensen and Bianchini 1986).

Elvers eventually begin their upstream migration and become more active during the day
(Sorensen and Bianchini 1986). Tesch (1977) reported that European elvers oriented themselves
with river currents for upstream movement. If the current was too weak or strong, the European
eel moved into backwater areas and delayed migration. Since American eel and European eel
have similar behavior patterns, it is possible that fast or slow currents also affect American eel
(Tesch 1977).

Factors that are thought to influence the daily abundance of migrating elvers include
nightly tidal height, river water temperature and discharge, and the difference between bay and
river temperatures (McCleave and Kleckner 1985; Sorensen and Bianchini 1986; Ciccotti et al.
1995; McCleave and Wipplehauser 1987; Wipplehauser and McCleave 1987; Martin 1995;
Jessop 2003). Migration occurs in waves and is initially triggered by an increase in temperature
to between 12 and 14°C. After initiating migration, temperature does not appear to have a
functional influence on migrating elvers (Jellyman and Ryan 1983; Martin 1995; Jessop 2003).
River discharge appears to control the daily abundance of upstream migrants, with decreases in
abundance coinciding with increases in river discharge. Jessop (2003) stated that increased tidal
height delivered an increased abundance of elvers to the river mouth. Temperature then
triggered upstream migration, while discharge controlled the rate of movement upstream (Jessop
2003).

While most American eel elvers migrate into freshwater, some may cease migration in
coastal waters and estuaries and remain there from the time they arrive until they reach the
mature silver eel stage and begin the spawning migration (Morrison et al. 2003, Lamson et al.
2006). In addition to the upriver migration, fall and spring migrations have been documented
(Smith and Saunders 1955; Medcof 1969).

Elvers and the saltwater interface

Little is known about the salinity requirements of juvenile American eel. Sheldon and
McCleave (1985) documented glass eels in Penobscot, Maine, in salinities ranging from 0 to
25.2 ppt.

Elver substrate associations

Substrate may be an important habitat parameter for juvenile American eel, as elvers
have been seen burrowing during the day and in between movements upstream. American eel
appear to use many different types of substrates. Facey and Van den Avyle (1987) stated that
migrating elvers make use of soft undisturbed bottom sediments as shelter. Furthermore, a study
by Edel (1979) demonstrated that American eel are less active when there is shelter present.
Fahay (1978) stated that post-larval American eel are benthic and utilize burrows, tubes, snags,
plant masses, other types of shelter, and the substrate itself. Additionally, American eel have
been documented burrowing in both mud and sand (P. Geer, Georgia Department of Natural
Resources, personal communication). Elvers may also use the hydraulic boundary layer of rough
substrates to facilitate migration upstream, or migrate through interstitial spaces within a
substrate to avoid high water velocities during upstream migration (Barbin and Krueger 1994).
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Elver depth associations

Creutzberg (1961) reported that at night, unpigmented European eel in coastal waters
were found in a variety of depths throughout the water column during incoming tides. During
the day, elvers move to the bottom and bury themselves in the substrate (Deedler 1958).

Elver water temperature

Temperature is important to elvers because it is thought to trigger upstream migration.
Migrations of American eel begin when the temperature rises above 10°C, with the majority of
movement occurring at temperatures greater than 20°C (Moriarty 1986; Haro and Krueger 1991;
Richkus and Whalen 1999; Jessop 2003). Jessop (2003) found that elvers in the East River,
Chester, Nova Scotia, actively moved upstream when river temperatures reached 10 to 12°C, and
the first wave of migrants peaked at 11 to 16°C. Water temperatures of less than 10°C had a
gating effect on the elvers (Jessop 2003).

Other researchers have found similar results. Helfman et al. (1984) noted migrations in
Georgia at 11°C, Soreson and Bianchini (1986) found a range of 10 to 15°C in Rhode Island,
with a peak at 14°C, and Smith (1955) and Groom (1975) found a temperature range of 10 to
12°C for migrating American eel in New Brunswick. While temperature is thought to play an
active role in stimulating migration, other factors also play a role in the abundance of American
eel migrating upstream (Jessop 2003).

Beyond stimulating migration, temperature does not appear to play a key role in the elver
life cycle. Juvenile American eel utilize a broad range of habitats and are likely to have flexible
temperature tolerance ranges. Glass eels were documented in Penobscot, Maine, in temperatures
ranging from 3.9 to 13.8°C (Sheldon and McCleave 1985). Elvers have been documented in a
wide variety of temperatures, including cold freshwater streams and lakes, and warm brackish
coastal bays and lakes. In fact, elvers have been found at temperatures as low as -0.8°C in the
Narragansett Bay, Rhode Island (Jeffries 1960).

Elver water velocity/flow

Sheldon and McCleave (1985) noted that in Penobscot, Maine, glass eels accumulated on
the surface when surface currents on the ebb tide decreased below 15 cms™. In another study,
river discharge and its effects on water velocity were found to be the primary factor influencing
the rate of elver upstream migrations (Jessop 2000). In velocities exceeding 35 to 40 cm-s™,
elvers had difficulty swimming and maintaining their position (McCleave 1980; Barbin and
Krueger 1994). Jessop (2000) found that most elvers would not swim at water velocities
exceeding 25 cm's™, and instead would remain resting in the substrate. Some researchers have
found that delays or prevention of upstream elver migration can be caused by high flows (Lowe
1951; Jessop and Harvie 2003). Similarly, Lowe (1951) noted that high flows on the Bann
River, Ireland, delayed European eel (A. Anguilla) elver migrations for many weeks.
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Elver feeding behavior

Dutil et al. (1989) found that the stomachs of elvers contained 90% Chironomidae and

8% Simuliidae. No food remains were found in the stomachs or intestines of glass eels (Dutil et
al. 1989).

Glass eel competition and predation

Glass eels are preyed upon by many fish species including striped bass. American eel
were found in 20% of striped bass stomachs in the Merrimack River, New Hampshire.
Additionally, migrations of striped bass coincide with upstream elver migrations (reviewed in
Richkus and Whalen 1999). Jessop (2000) found that a major source of predation on American
eel elvers in the East River, Chester, Nova Scotia, was cannibalism by larger individuals of the

same species. Other authors have also reported cannibalism on younger American eel (Tesch
2003).
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Part D. Yellow-phase American Eel Habitat

Geographic and temporal movement patterns

Some yellow-phase American eel continue migrating upstream until they reach maturity,
while others remain in the lower portions of coastal estuaries and rivers (Morrison et al. 2003;
Cairns et al. 2004; Lamson et al. 2006). Morrison et al. (2003) studied the migration histories of
yellow eels using otolith microchemistry. Yellow eels in the Hudson River, New York, showed
three modes of habitat use: 1) the freshwater mode, in which yellow eels and elvers utilized only
freshwater habitats; 2) the mixed mode, where American eel resided in freshwater for at least 2
years before migrating back to brackish water; and 3) the brackish mode, where American eel
remained entirely in brackish habitats, without ever utilizing freshwater environments (Morrison
et al. 2003). Individuals that exhibited the brackish mode had increased growth rates, earlier
maturation, and began their downstream migrations sooner than those that utilized freshwater
habitats (Morrison et al. 2003; Cairns et al. 2004; Lamothe et al. 2000). These findings support
the Helfman et al. (1987) hypothesis that brackish water habitats are more productive than
freshwater for American eel.

Lamson et al. (2006) also used microchemistry to trace movements of American eel in
Prince Edwards Island, Canada. Findings of this study showed that 69% of individuals moved
between salt and freshwater. Half of the freshwater American eel sampled showed freshwater
residency only. The authors state that this may have been due to distances to other salinity zones
or dams that impede movements. American eel were also found to be able to complete their
lifecycle entirely in brackish water habitats (Lamson et al. 2006). Other research (Thibault et al.
2007) indicates that movements between freshwater and estuarine zones may be regular and
seasonal in nature, as a response to low winter temperatures in the estuary.

Movement of yellow eels and upstream migrations occur primarily at night from dusk to
dawn. However, movement does sometimes occur during the day (Dutil et al. 1988; McGrath et
al. 2003c; Verdon et al. 2003). Some studies have indicated that American eel migrate in
response to the lunar cycle, with individuals being less active during moonlit periods (Sorensen
and Bianchini 1986; Cairns and Hooley 2003; Hildebrand 2005). Other studies indicate that high
tides and increased river flow may increase movements (Dutil et al. 1988; Hildebrand 2005).
Dutil et al. (1988) found that American eel moved upstream during high tides and were more
than two times as active during high tides compared with low tides.

Yellow eels remain in freshwater and brackish systems for up to 30 years before maturing
into silver eels and migrating to the sea to spawn (Tesch 1977; Helfman et al. 1987; Able and
Fahay 1998). Few young American eel are found in inland lakes (Hurley 1972; Facey and LaBar
1981); migrants to farther reaches upstream tend to be older, larger, more mature females
(Helfman et al. 1987; Haro and Krueger 1991; Oliveira 1999; Morrison et al. 2003).

American eel migrations upstream occur from March through October, and peak in May
and July depending on location (Richkus and Whalen 1999). McGrath et al. (2003c) found that
the numbers of American eel in the St. Lawrence River, New York, approaching the Moses-
Saunders Power Dam peaked in early July and early October. Verdon et al. (2003) found that
American eel in the Richelieu River, Quebec, began upstream migrations as early as June 11™
and ended in late September. Hildebrand (2005) found that in the Shenandoah River, West
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Virginia, American eel utilized the eel ladder at Millville Dam from March through October (the
duration of time that the ladder was installed).

There is substantial evidence that some American eel establish a home range (Table 7-1).
A home range is defined as the spatial extent or outside boundary of an animal's movement
during the course of its everyday activities (Burt 1943). The size of the home range can be
influenced by food availability, competition, and predator density (Bozeman et al. 1985). Ford
and Mercer (1986) found some evidence of a home range and territoriality, and found that larger
American eel were located primarily in large creeks, while smaller American eel were found in
narrow creeks at the back of the marsh, in the Great Sippewisset Marsh, Massachusetts. They
found that 93% of the American eel in their study traveled less than 100 m (Ford and Mercer
1986).

Citation Home Range Method Waterbody Type
Ford and Mercer 1986 0.0209 ha Areal analysis Tidal creek
Dutil et al. 1988 0.5-2.0 ha Linear distance Tidal river
Parker 1995 ~325 ha Areal analysis Tidal estuary
Gunning and Shoop 1962 <137 m Mark-recapture Estuary
Helfman et al. 1983 ~1 ha Polygons Estuarine stream
Oliviera 1997 Max 4.7 km Mark-recapture River
Morrison and Secor 2003 Max 4.2 km Mark-recapture River

La Bar and Facey 1983 24-654ha Displacement polygons Bay/lake
Thomas 2006 3 ha (18 ha) 50% (95%) kernels Impounded lake

Table 7-1. Yellow-phase American eel home range estimates (adapted from Thomas 2006)

Parker (1995) found that homing in yellow-phase American eel in the Penobscot Estuary,
Maine, was precise. More than half of the displaced American eel returned to within 300 m of
their capture site, and three American eel moved towards their capture sites, but did not arrive
there while under observation. Some of the American eel returned to within 50 m of the capture
site and remained there for several days, indicating that the American eel returned to a specific
area and not just a general location. In another study, Lamothe et al. (2000) found that American
eel returned to home ponds after being moved to an adjacent pond.

Morrison and Secor (2003) also found that American eel in the Hudson River established
a home range. They found that more than 70% of their PIT tagged American eel moved less
than 1 km from the original tagging area in a 2 to 12 month time period. The longest dispersal
was 4.2 km from the tagging site. However, the authors did suggest that based on otolith
microchemistry, some American eel may have dispersed in the estuary over longer time periods
(Morrison and Secor 2003).
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Habitat influence on sexual differentiation

Many studies indicate that sex ratios of American eel are highly variable. This occurs
both regionally and within individual systems (Hansen and Eversole 1984; Helfman et al. 1984).
Hansen and Eversole (1984) found that females dominated males 23 to 1 in the Cooper River,
South Carolina. Helfman et al. (1984) found that 36% of the American eel in a Georgia estuary
were male, while only 6% of American eel in freshwater were male. Goodwin and Angermeier
(2003) determined that while presence of male American eel in the Potomac River tributaries
ranged from 0 to 100%, in the mainstem river 29% of individuals were male. Furthermore,
100% of the American eel in the Shenandoah River were female (Goodwin and Angermeier
2003). Further north, Oliveira et al. (2001) found that 49% to 98% of American eel in the
Chandler, East Machias, and Sheepscot Rivers, Maine, were male. Additionally, females have
been reported as dominant in most Canadian habitats (Gray and Andrews 1971; Dolan and
Power 1977; Jessop 1987).

Various hypotheses have been developed to explain the skewed sex ratios. Vladykov
(1966) hypothesized that females were found predominately in higher latitudes, while males
were found in lower latitudes. However, Krueger and Oliveira (1997) and Oliveira et al. (2001)
found the opposite. Krueger and Oliveira (1997) found that males outnumbered females 3 to 1 in
the Annaquatucket River, Rhode Island. In addition, Oliveira et al. (2001) found that males
made up 0% to 98% of the population within a single degree of latitude between Maine and
Nova Scotia rivers.

Another theory is that female American eel are found in freshwater, while males are
found in estuaries (Vladykov 1966; Tesch 1977). However, Winn et al. (1975) contradicted this
hypothesis when they found more males in freshwater habitats and more females in estuaries in
Rhode Island. Alternatively, Helfman et al. (1987) suggested that males were found in estuaries
because these productive habitats led to fast growth. Females, on the other hand, preferred
freshwater habitats that led to slower growth and increased fecundity (Helfman et al. 1987).

Helfman et al. (1987) also proposed that females delayed metamorphosis until they
reached areas of higher latitude. However, Oliveira et al. (2001) found high variation in the
proportion of males along a 30 km stretch of the Chandler, East Machias, and Pleasant Rivers in
Maine, suggesting that delayed metamorphosis by females was unlikely.

Oliveira et al. (2001) also found that the proportion of males was inversely related to the
amount of available lacustrine habitat; this finding was independent of distance inland.
American eel from lacustrine habitats were found to be female, while samples from fluvial
habitats were mostly male. The researchers concluded that river habitat may affect the
distribution of sexes and play a role in sexual determination (Oliveira et al. 2001).

Other evidence suggests that density of American eel plays the key role in determining
the sex of an individual; males are produced in high density areas, and females in low density
areas. Thus, females are more common in upper reaches of rivers where density is lowest
(Krueger and Oliveira 1999). Oliveira (1999) and Oliveira et al. (2001) hypothesize that males
are produced in areas where crowding is occurring. Furthermore, males favor areas closer to the
sea and spawning ground in more productive habitats, where they can grow and mature faster
(Helfman et al. 1987). On the other hand, females tend to disperse widely within their range and
utilize all suitable habitats. They favor slower growth and greater size, thus increasing fecundity
and swimming ability (Krueger and Oliveira 1999; Goodwin and Angermeier 2003). In fact, in
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upper reaches of rivers, American eel tend to mature at older ages and larger sizes (Helfman et
al. 1987).

Yellow eels and the saltwater interface

Salinity is not likely a key habitat parameter for American eel, as they are found in a wide
range of salinities (Morrison et al. 2003). Geer (2003) reported that in the Chesapeake Bay,
Virginia, more American eel were present in the upper tributaries near or above the saltwater
interface. Eighty-nine percent were caught in salinities below 12 ppt, and 27% of the catch
occurred in waters less than 2 ppt (Geer 2003). Additionally, Dutil et al. (1988) found that
American eel selected salinities less than 12 ppt in areas where mid-channel salinity levels
reached 24 ppt.

While American eel do not, in general, seem to select habitats based on salinity, it may
influence growth rates. Morrison et al. (2003) found that yellow eels that showed evidence of
freshwater residency had slower growth rates than those that spent their entire lives in brackish
water. Brackish water habitats are thought to have higher food abundances, better quality food,
lower predation pressure, and less thermal and osmotic stress. Helfman et al. (1987) suggested
that productivity was higher downriver in brackish habitats as compared to upriver habitat.
Yellow eels in brackish water are thought to grow faster, mature earlier, and migrate downstream
as silver eels sooner. Freshwater habitats are thought to lead to later maturation and overall
larger individuals (Helfman et al. 1987).

Yellow eel substrate associations

Yellow-phase American eel are bottom/substrate oriented and may show little movement,
particularly during the day (Eales 1968; Ogden 1970; Tesch 1977; LaBar and Facey 1983;
Helfman 1986). However, the substrate preference of American eel is not well documented in
the literature. LaBar and Facey (1983) reported that American eel in Lake Champlain were
found over weedy bottoms. Ford and Mercer (1986) documented small American eel in soft-
bottomed creeks of landward marshes, and larger American eel in soft mud to sandy-bottomed
creeks of seaward marshes. Geer (2003) found that in the Chesapeake Bay, Virginia, American
eel were mostly found over detritus, hydroid, or shell bottoms. Chaput et al. (1997) state that
American eel in the St. Lawrence River use soft sediments to burrow during the winter.

Thomas (2006) suggested that riparian vegetation and complex substrate were important
to yellow-phase American eel in impounded systems. Additionally, American eel were more
likely to be found in areas with coarser substrates (i.e., sand, gravel, or rock) in the morning-
afternoon, and winter-spring because individuals were less active and seeking shelter during
those times. However, during comparatively more active times (i.e., evening-night and summer-
fall) in an impounded system, American eel were more likely to be in areas with finer substrates
(i.e., silt or clay) (Thomas 2006).
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Yellow eel depth associations

Little information exists regarding the depths at which American eel are found. Due to
the diverse range of habitats that American eel utilize, depth range probably varies greatly.
Facey and LaBar (1981) found American eel in water 1 to 2 m deep. Geer (2003) found that the
majority of yellow eels were caught in the upper tributaries of the Chesapeake Bay in depths of 4
to 10 m.

Thomas (2006) found that yellow-phase American eel in an impounded system typically
occupied depths of 0.4 to 1.5 m (available depths of 0 to 2.93 m). In addition, while mean
morning (1.1 m) and afternoon (1.1 m) depths were relatively shallow, mean evening (1.3 m) and
night (1.4 m) depths were slightly deeper. Given the relatively shallow nature of the impounded
system, these changes in depth usually represented areas with different substrate and variable
distances from shore. Furthermore, mean winter (0.8 m) and spring (0.9 m) depths showed use
of shallow habitat, while mean summer (1.2 m) and fall (1.3 m) depths showed use of deeper
areas. Therefore, American eel utilization of different depth areas may be dependent upon time
of day and season (Thomas 2006).

Yellow eel water temperature

Researchers hypothesize that the onset of upstream migration in yellow eels is linked to
water temperature (Moriarty 1986; Haro and Krueger 1991; EPRI 1999). Knights and White
(1998) found that European eel were stimulated to migrate by temperatures greater than 14 to
16°C, and increases in migrations occurred at temperatures greater than 20°C. Similarly, Verdon
et al. (2003) determined that migration occurred earlier in the Richelieu River, Quebec, than in
the upper St. Lawrence River. The St. Lawrence is a larger lake-fed system that has more
gradual and less variable temperature increases than the Richelieu system; the researchers
hypothesized that this pattern might cause a delayed upstream migration (Verdon et al. 2003). In
the upper St. Lawrence River, upstream migration begins in late June and peaks at the end of
July (Verdon and Desrochers 2003).

Verdon and Desrochers (2003) found that captures of American eel in the St. Lawrence
River peaked when temperatures reached 22 to 23°C, and decreased as water temperatures
dropped from 24°C to 21°C. Once the temperatures fell below 21°C, captures of American eel
became scarce (Verdon and Desrochers 2003). McGrath et al. (2003c) noted a decrease in
migrant yellow eels at the Moses-Saunders Power Dam in the St. Lawrence River, when
temperatures declined to 10°C in the fall. Additionally, Geer (2003) reported that American eel
in the Chesapeake Bay, Virginia, were found between 13°C and 27°C. They were most
abundant in waters where the temperature was 26 to 28°C and least abundant in waters less than
8°C. Low catch rates at these temperatures suggested inactivity. However, researchers found no
direct correlation between temperature and catch, although peaks seemed to coincide with
increased temperature (Geer 2003). Haro (1991) determined the range of preferred temperatures
for yellow eels in a freshwater laboratory was between 17.8 and 19.8°C.

Yellow eels live in a variety of habitats, including cold, high-elevation or high-latitude
freshwater streams and lakes, to warm, brackish coastal bays and estuaries in the Gulf of Mexico
(Facey and Van den Avyle 1987). American eel have been reported to survive passage through a
nuclear power plant, where they were exposed to elevated temperatures for 1 to 1.5 hours (Marcy
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1973). Furthermore, American eel are thought to become torpid at temperatures less than 10°C.
Walsh et al. (1983) held yellow eel at 5°C for over five weeks, and found that at temperatures
less than 8°C they stopped feeding and remained inactive for months.

Yellow eel dissolved oxygen associations

Rulifson et al. (2004) found that catch of American eel was affected by dissolved oxygen
rates, and determined that dissolved oxygen was a strong predictor of the distribution of
American eel in North Carolina. High catches of American eel were almost always in waters
with dissolved oxygen levels above 4 mg/L (Rulifson et al. 2004). Similarly, Geer (2003) found
that 82% of the American eel caught in the Chesapeake Bay, Virginia, were found in waters with
dissolved oxygen levels between 5 and 9 mg/L. However, no association was found between
dissolved oxygen and catch (Geer 2003). This could be due to the fact that sampling was
conducted only in the areas with dissolved oxygen levels above 5 mg/L (Rulifson et al. 2004).

Yellow eel water velocity/flow

Yellow eels are likely not water velocity dependent, as high densities of American eel
have been found in lakes and ponds where velocity is low or nonexistent (K. McGrath, New
York Power Authority, personnel communication). However, Wiley et al. (2004) found that in
Maryland, velocity-depth diversity was the only stream habitat variable related to American eel
density. The highest densities of eel occurred in sites that had four velocity-depth regimes: slow
(<0.3 m/s)-deep (>0.5 m/s), slow-shallow (<0.5 m/s), fast (>0.3 m/s)-deep, and fast-shallow.
Sites with only one of two velocity-depth regimes had significantly lower American eel densities
(Wiley et al. 2004).

Yellow eel feeding behavior

The yellow eel phase is the feeding and growth stage for the American eel. American eel
are thought to be opportunistic feeders, preying upon whatever is available in their habitat
(Colette and Klein-MacPhee 2002). American eel can feed heavily on demersal fish eggs,
larvae, and juveniles (Knotek and Orth 1998). Mature American eel have been documented
feeding on invertebrates including insects, crayfish, snails, worms, and small fish (Ogden 1970;
Scott and Crossman 1973; Facey and LaBar 1981). They have also been documented consuming
plant material (Moriarity 1978) and carrion (Ogden 1970). Additionally, cannibalism on smaller
conspecifics has been documented in the literature (Domingos et al. 2006).

Godfrey (1957) found that 90% of the American eel’s diet consisted of insects, while
10% consumed whole fish. Facey and LaBar (1981) reported that American eel feed heavily
upon benthic organisms. They found that 43% of stomachs contained insects, 26% contained
fish and crayfish, and 20% contained gastropods. The rest of the stomachs were empty. The
authors noted that American eel in this study consumed fish more than in other studies, and
suggested that yellow eels in Lake Champlain, Vermont, relied more on fish due to their large
sizes (Facey and LaBar 1981). In another study, Wenner and Musick (1975) documented
American eel preying heavily on blue crabs (Callinectes sapidus) and bivalves (Mya arenaria,
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Mulinia lateralis, and Macoma spp.) in the James, York, and Rappahannock Rivers, Virginia.
They also found that American eel preyed upon alewife (Wenner and Musick 1975).

Denoncourt and Stauffer (1993) found that American eel in the Delaware River fed on 56
taxa, including 4 fish species and 52 macroinvertebrates. Macroinvertebrates were found in
98.8% of the feeding American eel. Mayflies (Ephemeroptera) and stoneflies (Plecoptera) made
up 69% of the prey items, followed by caddisflies (Trichoptera, 33.9%), beetles (Coleoptera,
23.4%), flies (Diptera, 16.4%), fishflies and hellgrammites (Megaloptera, 12.8%), and
dragonflies and damselflies (Odonata, 11.1%). Fish species were found in 7% of the feeding
American eel and included lamprey ammocetes (Petromyzon marinus), madtoms (Noturus
insignis), and minnows (Notropis sp.). Other items in the stomachs included detritus and
vegetation, bones and flesh, and sand and gravel (Denoncourt and Stauffer 1993).

Lookabaugh and Angermeier (1992) also found that prey size increased with the size of
the American eel. In the piedmont regions of the James River drainage (Virginia), small
American eel fed primarily on aquatic insects, whereas larger American eel consumed fish and
crayfish (Decapoda). In the coastal plain, small and medium sized American eel preyed upon
microcrustaceans and aquatic insects, while large American eel fed on crayfish. Similarly,
Ogden (1970) determined that smaller American eel (less than 40 cm) in New Jersey streams
mostly fed on aquatic insect larvae, including Ephemeroptera, Megaloptera, and Trichoptera,
while the larger American eel consumed fish and crustaceans. Smith (1985) also reported
smaller American eel feeding on mayflies, magalopterans, and caddisflies. In addition, Rulifson
et al. (2004) found that in North Carolina, large American eel consumed crayfish and fish (mullet
and centrarchids). Smaller American eel fed on arthropods, small mullet and minnows,
polychaetes, unidentifiable matter, and plant material. Fish, crustaceans, and arthropods were
the most important prey items (Rulifson et al. 2004).

In addition, Sorensen et al. (1986) reported that in Rhode Island American eel fed
primarily at night, with activity peaking at nightfall.
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Part E. Silver American Eel Habitat

Geographic and temporal patterns at sea

Once American eel enter their final life stage, termed silver-phase, the maturation process
accelerates and they migrate out to the Sargasso Sea to spawn. In New England tributaries,
spawning migrations begin in the late summer and continue through fall. American eel migrate
later in the Southeastern states and in the Mid-Atlantic than in the Northern states. It is
hypothesized that this delay helps to synchronize the arrival of the American eel at the spawning
grounds in the Sargasso Sea (Wenner 1973; Facey and Helfman 1985; Helfman et al. 1987).

Yellow eels transform into silver eels before migrating out to sea. Little is known about
this final phase of their life history (ASMFC 2000). Downstream migrations occur in sudden
bursts with long periods of no movement and peaks of intensive movements (Barbin et al. 1998).
The rate of migration varies, with pauses occurring while the silver eels wait for specific
environmental cues (Richkus and Whalen 1999).

Silver eel migration begins at different times of year depending on location, but occurs
primarily in the fall, although winter migrations have been documented (Facey and Helfman
1985; Euston et al. 1997, 1998). In Newfoundland, the largest American eel migrations occur in
late September and early October (Bouillon and Haedrich 1985). McGrath et al. (2003a) found
that American eel in the upper portion of the St. Lawrence River migrated downstream from the
end of June to the beginning of October, and that the primary migration in the lower estuarine
portion of the river occurred in October. Slightly south, Winn et al. (1975) documented
American eel migrating in Rhode Island from September through November.

Migration of mature American eel is thought to occur mostly at night (Winn et al. 1975;
Haro et al. 2000a; McGrath et al. 2003b). Haro et al. (2000a) stated that silver eels in the
Connecticut River, Massachusetts, migrated primarily at night within several hours after sunset,
and became inactive during the day. The variables thought to influence downstream migration
of silver eels include water temperature, river and stream discharge, odor, and light-intensity,
including moon phase (Hain 1975; Westin 1990; Haro 1991; Richkus and Whalen 1999; Richkus
and Dixon 2003). In fact, research has indicated that catch rates of American eel are higher
during the dark phases of the moon and when cloud cover is highest (Winn et al. 1975; Cairns
and Hooley 2003; McGrath et al. 2003b). Cairns and Hooley (2003) found that in tidal bays and
estuaries in Prince Edward Island, Canada, catch per unit effort (CPUE) for silver and yellow
eels decreased at full moon. CPUE was negatively correlated with the proportion of moon
fullness and was negatively correlated with the illuminance index (Cairns and Hooley 2003).
Cairns and Hooley (2003) suggest that this is a mechanism to avoid predation. Furthermore,
some studies indicate that American eel exhibit an endogenous lunar cycle of activity (Boé&tius
1976; Hain 1975; Edel 1976).

Rainfall, which leads to increased river discharge, may also have an impact on silver eel
migrations (Lowe 1951; Winn et al. 1975; Charles Mitchell & Associates 1995; Euston et al.
1997, 1998). Winn et al. (1975) noted increased migrations after rains, as well as during the
third and fourth lunar quarter. Haro et al. (2003) found in Maine that more American eel were
captured on, or soon after, days with rain than on dry days.
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The age and size at which migration begins varies geographically. American eel in the
northern part of the range exhibit slower growth and remain longer in freshwater and estuarine
systems before beginning migration back to sea (Facey and LaBar 1981). Various studies in
Newfoundland, Lake Ontario, and Lake Champlain have shown that American eel migrate back
to sea after about 12 to 13 years, and at a mean size of 69 cm (Gray and Andrews 1971; Hurley
1972; Facey and LaBar 1981; McGrath et al. 2003a). In the southern part of their range,
American eel begin migrating earlier than in the north (Hansen and Eversole 1984; Helfman et
al. 1984; Owens and Geer 2003). Hansen and Eversole (1984) found that in the Cooper River,
South Carolina, American eel older than 7 years old and greater than 65 cm in length were
sparse, suggesting that adults migrate at a younger age and smaller size. Helfman et al. (1984)
found similar results in the Altamaha River, Georgia. More recently, Owens and Geer (2003)
found that populations in Virginia tidal rivers were comprised mostly of American eel less than 7
years old, indicating that migrations had occurred by this age.

Silver eel salinity associations

The importance of salinity to silver-phase American eel has not been documented in the
literature. As a habitat generalist, American eel utilize a wide variety of salinities from
freshwater to saltwater, thus migrations occur through a broad range of salinities. Barbin et al.
(1998) suggested that changes in salinity could be used as a mechanism to help orient American
eel out of estuaries. These researchers documented American eel in the Souadabscook stream
(tributary to the mouth of the estuary) and the Penobscot Estuary, Maine, in salinities ranging
from 0 to 30 ppt (Barbin et al. 1998).

Silver eel substrate associations

There is little information documented in the literature on the substrate requirements of
silver-phase American eel. One study by Valdykov (1955) reported that silver eels in the
northern habitats utilized muddy substrates during the winter months. Goodwin and Angermeier
(2003) found that the highest catch of American eel in Shenandoah River drainages appeared to
be associated with site characteristics including leaf packs, rootwads, woody debris, and flowing
water.

Silver eel depth associations

Depth does not appear to be an important habitat characteristic for silver-phase American
eel, as authors have documented use of a wide range of depths during outmigrations. Haro et al.
(2000a) found that silver eels in a hydroelectric forebay on the Connecticut River,
Massachusetts, used many depths, but occupied depths most frequently between 6.6 and 10 m.
However, American eel were also observed swimming at night near the surface of the water
(Haro et al. 2000a). Similarly, McGrath et al. (2003b) found, during their surface and midwater
trawling study, that American eel were caught at the highest rates between 6 and 10 m.
However, the researchers stated that they were unsure if these findings were significant since
sampling was limited near the bottom (between 18 and 24 m) (McGrath et al. 2003b).
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Barbin et al. (1998) documented eels occupying a variety of depths in the Penobscot
Estuary, Maine. The researchers found that American eel moved freely between surface waters
and the bottom, and that when movement occurred, it was near the surface on ebbing tides
(Barbin et al. 1998).

Upon entering the ocean, American eel appear to migrate in the upper water column.
Evidence for this includes physiological changes, including the color change, changes to the
visual system, and morphological changes to the swim bladder (McCleave and Kleckner 1985).
The color change from yellow to silver provides the American eel with a more countershaded
appearance. This form of camouflage is thought to only be effective in the photic zone of the
ocean, possibly only in the upper 600 m (McCleave and Kleckner 1985). Other fishes found
below 600 m are often dark and not countershaded (Marshall 1971, 1972).

American eel also undergo changes in vision, including an increased eye diameter, an
increase in retinal surface area, the addition of new rod cells, an increase of convergence of rods
on each neural pathway, decreases in cone density, and changes in vision pigments (Winn et al.
1975; Beatty 1975; Pankhurst 1982; Pankhurst and Lythgoe 1982, 1983). These changes allow
the American eel to adapt to the low light conditions they would likely be migrating through
(Jerlov 1976; McCleave and Kleckner 1985). Lastly, the swim bladder changes during
metamorphosis, allowing American eel to maintain an inflated swim bladder at greater depths
(Kleckner 1980).

Tesch (1978a, 1978b) tracked European silver eels (Anguilla anguilla) over the European
continental slope and found that they swam at depths between 50 and 400 m; the maximum
depth in this area was 2000 m. However, the tracking was terminated prematurely due to
pressure-transmitter failure. Additionally, Wenner (1973) documented American eel at depths
ranging from 15 to 68 m in the Chesapeake Bay, Maryland, and Cape Cod, Massachusetts. The
deepest known record for Anguilla was reported by Robins et al. (1979) as approximately 2000
m.

Silver eel temperature associations

Temperature may be an important trigger for migrating silver eels, which travel during
the fall and winter months. Vollestad et al. (1986) documented that migrating European eel in
Norwegian streams showed the most activity in a temperature range of 9°C to 18°C. Similarly,
Barbin et al. (1998) documented American eel migrating in September and October in the
Penobscot Estuary, Maine, in water temperatures ranging from 9.6°C to 17.6°C. Moreover,
commercial fishermen in the Elbe estuary have noted that lingering summer temperatures into
the fall cause a delay in migration (Tesch 2003).

Like juveniles, mature silver eels utilize a broad range of habitats, and thus are likely to
tolerate a wide range of temperatures (Facey and Van den Avyle 1987). A few studies have been
done to determine the preferred temperatures of American eel. Barila and Stauffer (1980)
reported a temperature preference of 16.7°C, while Karlsson et al. (1984) found that American
eel preferred a temperature of 17.4 + 2.0°C. Haro (1991) reported preferred temperatures of
19.6°C for unmatured silver eels in freshwater, and 15.8 to 18.9 °C for unmatured silver eels
acclimated to saltwater.
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Silver eel feeding behavior

Silver phase American eel presumably do not feed during their migration to the Sargasso
Sea (Gray and Andrews 1971).

Silver eel competition and predation

American eel are preyed upon by many different species, including fish, aquatic
mammals, birds, and mammals (mink) (Sinha and Jones 1967; Seymour 1974). However, the
importance of American eel as a food source for other animals has not been well recorded in the
literature (ASMFC 2000). Thompson et al. (2005) documented the American bald eagle using
American eel as a food source. In the Hudson River, New York, 50% of the bald eagle’s diet
was comprised of 3 fish species, one of which was the American eel (Thompson et al. 2005).
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Section Il. ldentification and Distribution of Habitat Areas of Particular Concern for
American Eel

Habitat types that qualify as Habitat Areas of Particular Concern (HAPCs) for American
eel include the spawning and hatching grounds, nursery and juvenile habitat, and adult habitat.

Oceanic waters of the Sargasso Sea comprise the spawning and hatching grounds for
American eel. This is the only suspected location of reproduction for American eel, and
therefore, is essential to the survival of the species. Little is known about American eel habitat
in the Sargasso Sea, and the exact location of spawning and hatching has not been identified.

Continental Shelf waters usher the final stage of the larval American eel migration into
coastal waters, and are important to larval feeding and growth. This is also where American eel
metamorphose into the glass eel stage. Silver-phase eels also cross the shelf during their
migration to the Sargasso Sea.

Estuaries and freshwater habitat, including rivers, streams, and lakes, serve as juvenile,
sub-adult, and adult migration corridors, as well as feeding and growth areas for juveniles and
sub-adults (ASMFC 2000). After American eel larvae transform into glass eels over the
continental shelf, they enter estuaries, and ascend the tidal portions of rivers. Glass eels
metamorphose into the elver life stage and either continue upstream movements, or cease
migrating in the lower saline portions of estuaries and rivers. These estuaries and freshwater
habitats serve as foraging grounds for American eel and are important for growth and
maturation. American eel can remain in these systems for up to thirty years before maturing and
returning to sea.

While estuarine and riverine habitats have been identified as important for the rearing and
growth of American eel, many studies failed to find specific American eel habitat associations
within them (Huish and Pardue 1978; Meffe and Sheldon 1988; Smogor et al. 1995; Bain et al.
1988; Wiley et al. 2004). Huish and Pardue (1978) found no difference in American eel
abundance in relation to width, substrate, flow, and depth in North Carolina streams. Likewise,
Bain et al. (1988) found that American eel habitat use was not related to specific habitat features
including depth, water velocity, and substrate in two Connecticut River tributaries. Wiley et al.
(2004) also did not find any eel-stream habitat relations. The researchers found that eel density
was correlated with distance from the ocean (Wiley et al. 2004). While anguillid eels have the
ability to survive in a wide variety of habitats, water quality is still an important factor to their
health and survival.

Given the great variation in demographics that occurs across latitudinal and distance-
inland gradients, all areas may not contribute equally to American eel production and
recruitment. Despite this, geographic patterns of differential recruitment are unexplored. This
issue must be addressed before identifying specific Habitat Areas of Particular Concern.
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Section I11. Present Conditions of Habitat and Habitat Areas of Particular Concern for
American Eel

Habitat quantity

Much of American eel habitat has not been quantified. American eel utilize a wide range
of habitat types throughout their life history, including the Sargasso Sea, oceanic waters off the
continental shelf, estuaries, and rivers. Some researchers think that habitat availability for
American eel growth areas is rapidly declining. An extreme example by Busch et al. (1998)
showed that stream habitat for American eel was reduced from 556,801 km to 90,755 km by
dams (assuming that all dams completely block all migration). According to Busch et al. (1998),
15,115 dams block upstream and downstream migrations. Fortunately, American eel are habitat
generalists, and therefore may be somewhat resilient to impacts on habitat availability. The
increased human impact on aquatic habitat in recent years may not have had as high an impact
on American eel as on other diadromous species because they are able to survive and thrive
under a variety of conditions.

In general, the use of the estuarine and marine habitat by American eel is less well known
than freshwater habitat utilization. Consequently, little information is known on requirements
for mature, egg, and larval stages of this species. This is important to note because the marine
and estuarine portions of the total population could be quite significant.

Habitat quality

The quality of American eel habitat has been impacted by human actions. Since
European settlement, habitat loss has potentially contributed to a possible decline in stocks.
However, anthropogenic impacts on American eel at the population level are poorly understood
and the magnitude of these threats remains unknown.
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(Acipenser oxyrinchus oxyrinchus)
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Section I. Description of Atlantic Sturgeon Habitat

Atlantic Sturgeon General Habitat Description and Introduction

The Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) is an anadromous species found
in Atlantic Coastal waters of the United States, and major river basins from Labrador (Churchill
River, George River, and Ungava Bay), to Port Canaveral and Hutchinson Island, Florida (Van
den Avyle 1984). Historically, Atlantic sturgeon once inhabited northern Europe as well, but
since have become extinct (ASSRT 2007). According to historical records, important sturgeon
fisheries existed in nearly all Piedmont river basins on the Atlantic Coast at some point in time
(Goode 1887). Early accounts of sturgeon fishery landings did not distinguish between Atlantic
sturgeon and the smaller shortnose sturgeon (Acipenser brevirostrum). However, it is likely that
the accounts referred to the larger and more valuable Atlantic sturgeon. Following intense
exploitation for food, and construction of mainstem river dams during the 19" and early 20"
centuries, sturgeon populations were drastically reduced throughout their range and extirpated in
some rivers (ASMFC 1998; USFWS-NMFS 1998; ASSRT 2007). Scientists believe that
spawning populations of Atlantic sturgeon were extirpated from the St. Marys River in Georgia,
the Housatonic River in Connecticut, the Connecticut River, the Taunton River in Massachusetts
and Rhode Island, and all Maryland and Pennsylvania tributaries of the Chesapeake Bay (Burkett
and Kynard 1993; Rogers and Weber 1995; ASMFC 1998; USFWS-NMFS 1998; ASSRT 2007).

Atlantic sturgeon are motile, long lived, and utilize a wide variety of habitats. Atlantic
sturgeon require freshwater habitats for reproduction and early life stages, in addition to hard
bottom substrate for spawning (Vladykov and Greeley 1963; Huff 1975; Smith 1985b). Coastal
migrations and frequent movements between the estuarine and upstream riverine habitats are
characteristic of this species (ASMFC 1998). Historical accounts describe captures of large
sturgeon, most probably A. oxyrinchus oxyrinchus, during the summer and fall in fall-line
habitats on the Savannah River (Lawson 1709). In some systems, Atlantic sturgeon may prefer
extensive reaches of silt-free higher gradient boulder, bedrock, cobble-gravel, and coarse sand
substrates for spawning habitat (Brownell et al. 2001). Juvenile and adult Atlantic sturgeon
frequently congregate in upper estuary habitats around the saltwater interface, and may travel
upstream and downstream throughout the summer and fall, and during late winter and spring
spawning periods. Adult Atlantic sturgeon may spend many years between spawning periods in
marine waters (Brundage and Meadows 1982; Bain 1997; ASMFC 1998; USFWS-NMFS 1998;
Savoy and Pacileo 2003; ASSRT 2007).

Due to a variety of anthropogenic impacts, including river impoundments, water quality
deterioration, and overfishing, only 20 of the 35 existing stocks of Atlantic sturgeon are
reproducing, with many stocks likely at historically low levels (ASSRT 2007). In 1991, Atlantic
sturgeon was listed as a candidate species (56 FR 26797) under the Endangered Species Act
(ESA) and remained on the revised list in 1997 (62 FR 37560). In 1998, a status review of
Atlantic sturgeon found that the continued existence of Atlantic sturgeon was not threatened by
any of the five ESA listing factors. Therefore, Atlantic sturgeon was not listed as a threatened or
endangered species (USFWS-NMFS 1998). In 2003, the National Marine Fisheries Service
(NMES) and U.S. Fish and Wildlife Service (USFWS) held a workshop on the “Status and
Management of Atlantic Sturgeon” to discuss the current status along the Atlantic coast to
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determine what obstacles, if any, were impeding the recovery of Atlantic sturgeon. The results
of the conference reported “mixed” reviews where some populations seemed to be recovering
while others were declining. Bycatch and habitat degradation were noted as possible causes for
some population declines (Kahnle et al. 2005). Based on the information gathered from the 2003
workshop on Atlantic sturgeon, NMFS initiated a second status review in 2006, and the results
are currently under consideration by the Secretary of Commerce, as to whether the species
warrants listing as threatened or endangered (W. Patrick, NOAA Fisheries Service, personal
communication).

In 1990, the Atlantic States Marine Fisheries Commission wrote a Fisheries Management
Plan (FMP) for Atlantic sturgeon, which was amended in 1998. In 1998, the ASMFC closed all
Atlantic sturgeon fisheries coastwide in the United States, and recommended a 20 to 40 year
moratorium so that the spawning stock of the slow-reproducing fish could be restored to a level
where 20 year classes of adult females are present (ASMFC 1998). This action was followed by
NMFS with a similar moratorium in Federal waters (K. Damon-Randall, NOAA Fisheries
Service, personal communication).

Much of the habitat information on Atlantic sturgeon remains incomplete. Due to the
relatively low numbers of fish in many river basins, habitat utilization patterns have been
difficult to establish with certainty (Collins et al. 2000a). Life history, behavior, and movements
have been most thoroughly documented in the Hudson River, New York, while many other river
systems are lacking in vital life history information (Bain 1997; Bain et al. 2000; Gross et al.
2002). Below is a discussion of some of the general habitat requirements for the Atlantic
sturgeon.

Part A. Atlantic Sturgeon Spawning Habitat

Since adult Atlantic sturgeon migrate through rivers and estuaries during their spawning
migration, the discussion of adult Atlantic sturgeon estuarine and spawning habitat utilization
patterns will be combined in this section. For the purposes of this report, female spawning adults
are considered to be at least 15 years of age, and are a minimum of 1800 mm fork length (FL) or
2000 mm total length (TL). Male adult Atlantic sturgeon are 12 to 20 years of age, and between
1350 and 1900 mm FL or 1500 and 2100 mm TL (Bain 1997). See Table 8-1 for information on
length-at-age.

Life Interval Age Range (years)  Fork Length (mm)  Total Length (mm)
Larvae <0.08 <30

Juvenile 0.08-11 ~20-1340 ~30-1490
Non-spawning adults > 12 > 1350 > 1500

Female spawners >15 > 1800 > 2000

Male spawners 12-20 >1350-1900 >1500-2100

Table 8-1. Age and size range of Atlantic sturgeon throughout their life cycle
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Geographical and temporal patterns of migration

Atlantic sturgeon most often spawn in tidal freshwater regions of large estuaries
(Hildebrand and Schroeder 1928; Bain 1997; Colette and Klein-MacPhee 2002; Moser and Ross
1995). This pattern is prevalent in New England and U.S. mid-Atlantic estuaries, where
obstructions to migration at the fall line preclude upriver migration. In the South where many
rivers remain unblocked, documentation shows that Atlantic sturgeon ascend hundreds of miles
upstream into non-tidal rivers to spawn (M. Collins, South Carolina Department of Natural
Resources, personal communication).

Spawning migrations are cued by temperature, which causes fish in U.S. South Atlantic
estuaries to migrate earlier than those in mid-Atlantic and New England portions of their range
(Smith 1985b). In Florida, Georgia, and South Carolina, spawning migrations begin in February.
Collins et al. (2000b) found that in the Edisto River, South Carolina, ripe males were captured as
early as March 2™, and a single ripe female was captured on March 7™. Additionally, the
researchers captured spent males as early as late March, and spent females as late as mid-May
(Collins et al. 2000b). In contrast, researchers in the mid-Atlantic region report that spawning
migrations for Atlantic sturgeon begin between April and May (Hildebrand and Schroeder 1928;
Secor and Waldman 1999; Dovel and Berggren 1983; Bain et al. 2000). In New England and
Canada, spawning migrations occur from May through July (Collette and Klein-MacPhee 2002).
Furthermore, Hatin et al. (2002) reported that spawning occurred from early June to
approximately July 20™ in the St. Lawrence River, Québec.

In addition to a spring migration, many studies document the occurrence of a fall
migration (Smith et al. 1984; Smith 1985b; Collins et al. 2000b; Laney et al. 2007). Most fall
migrations are movements out of the estuaries into marine habitats. Fall migrations occur from
September through December, again, depending on the latitude (Smith 1985b). In addition,
some researchers have proposed that an alternate fall migration into estuaries may be related to
spawning (Smith et al. 1984; Rogers and Weber 1995; Weber and Jennings 1996, Moser et al.
1998; Collins et al. 2000b; Laney et al. 2007). Whether this fall migration results in fall
spawning remains unknown. Smith et al. (1984) reported an upriver migration of fish in late
August and September in South Carolina. Similarly, Collins et al. (2000b) noted the appearance
of ripe males in South Carolina at the end of August and September; by October, 86% of the
males were ripe. Furthermore, Collins et al. (2000b) tracked two sturgeon via radio and acoustic
transmitters in the Edisto River, South Carolina. After spending the summer in the lower river,
these fish migrated upriver to RKM 190 in October, which led the researchers to hypothesize that
a fall spawning migration was occurring (Collins et al. 2000b). An alternative explanation is that
the fall migration was comprised of fish that would reside in the upper river through the winter
and spawn the following spring, as is reported to occur in Caspian Sea sturgeons (D. Secor,
Chesapeake Biological Laboratory, University of Maryland Center for Environmental Science,
personal communication). The general phenomenon of fall spawning remains uncertain and
merits further study. Spring spawning, however, has been well documented in the literature
(ASMFC 1998; USFWS-NMFS 1998; ASSRT 2007), and is most likely the dominant behavior
of all North American sturgeon species.

Despite extensive mixing in coastal waters, Atlantic sturgeon return to their natal river to
spawn as indicated from tagging records (Collins et al. 2000b; K. Hattala, New York State
Department of Environmental Conservation, personal communication), and the relatively low
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rates of gene flow reported in population genetic studies (King et al. 2001; Waldman et al. 2002;
from ASSRT 2007).

Spawning location (geographical)

The following information on Atlantic sturgeon spawning location (geographical) along the
Atlantic coast was excerpted from ASSRT (2007):

Maine Rivers

The geomorphology of most small coastal rivers in Maine is not sufficient to
support Atlantic sturgeon spawning populations, except for the Penobscot and the
estuarial complex of the Kennebec, Androscoggin, and Sheepscot rivers. During the
summer months, the salt wedge intrudes almost to the site of impassable falls in these
systems: St. Croix River (rkm 16), Machias River (rtkm 10), and the Saco River (rkm 10).
Although surveys have not been conducted to document Atlantic sturgeon presence,
subadults may use the estuaries of these smaller coastal drainages during the summer
months (ASSRT 2007).

St. Croix River — Maine/Nova Scotia

The historic and current status of a St. Croix Atlantic sturgeon population is
largely unknown. Mike Dadswell (Arcadia University, Canada) notes from personal
communications with Nova Scotia Power (in 1993) that a small population of large
sturgeon may be spawning annually below the hydropower dam on the St. Croix River
(Dadswell 2006). Other than this personal communication, there is no additional
information that an Atlantic sturgeon population exists on the St. Croix or regarding their
status (ASSRT 2007).

Penobscot River — Maine

There have been two surveys conducted in the last 15 years to document the
presence of shortnose and Atlantic sturgeon in the Penobscot River. The Maine
Department of Marine Resources (MEDMR) conducted a limited sampling effort in 1994
and 1995 to assess whether shortnose sturgeon were present in the Penobscot River. The
MEDMR made 55 sets of 90 meter experimental gill nets for a total fishing effort of 409
net hours (1 net hour = 100 yards fished for 1 hour). The majority of the fishing effort in
the Penobscot River was in the upper estuary near head-of-tide. No shortnose or Atlantic
sturgeon were captured. The sampling was determined to be inadequate to assess the
presence of adult Atlantic sturgeon because the mesh sizes would have been selective
only for subadult Atlantic sturgeon that are commonly found in the lower estuary of
larger river systems. In 2006, a similar gill net survey was implemented in the lower
river using both 15 cm and 30 cm stretched mesh sinking gill nets. As of January 2007,
sixty-two shortnose and seven Atlantic sturgeon have been captured in 1004.39 net hours,
506.18 net hours using the smaller mesh and 498.21 net hours using the larger mesh (M.
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Kinnison, University of Maine, personal communication). One of these Atlantic
sturgeon, captured in July, may have been an adult based on its size (145 cm TL) and
time of capture. Thus, it is probable that a small population of Atlantic sturgeon persists
in the Penobscot River. This speculation is supported by archeological evidence that
sturgeon were present, occasional observations by fishers, and at least one capture of an
adult Atlantic sturgeon by a recreational fisherman (Bangor Daily News 2005; ASSRT
2007).

Estuarial Complex of the Kennebec, Androscoggin, and Sheepscot Rivers — Maine

Atlantic sturgeon were historically abundant in the Kennebec River and its
tributaries, including the Androscoggin and Sheepscot rivers (Bigelow and Schroeder
1953; Vladykov and Greeley 1963; Kennebec River Resource Management Plan 1993).
In 1849, a directed fishery for Atlantic sturgeon landed 160 mt. Population estimates
based on the landings indicated that approximately 10,240 adult sturgeon were present
prior to 1843 (Kennebec River Resource Management Plan 1993). Three hundred and
thirty-six Atlantic sturgeon (nine adults and 327 subadults) have been captured in the
Kennebec River in a multi-filament gill net survey conducted intermittently from 1977
through 2000 (Squiers 2004). During this period, the CPUE of Atlantic sturgeon has
increased by a factor of 10 to 25% (CPUE from 1977 to 1981 was 0.30 versus CPUE
from 1998 to 2000 at 7.43). The mean length of the 327 subadults was 86.7 cm TL with a
range from 48 to 114.5 cm TL (a subadult was classified as being 40 to 130 cm TL). The
majority of the adult captures were in July between Merrymeeting Bay and Gardiner.
Additional insight concerning the timing of Atlantic sturgeon spawning season emerged
from a small commercial fishery on the Kennebec River in South Gardiner near Rolling
Dam from June 15 — July 26, 1980. Thirty-one adult Atlantic sturgeon (27 males, four of
which were ripe, and four females, one of which was ripe) were captured. Two adults
tagged in 1978 by the MEDMR in South Gardiner were recaptured in this fishery
(ASSRT 2007).

On July 13, 1994, while sampling for sturgeon, the MEDMR captured seven adult
Atlantic sturgeon just below the spillway of the Edwards Dam in Augusta. Five of the
seven Atlantic sturgeon (56 to 195 cm TL) were males expressing milt. In 1997, a
biweekly trawl survey conducted from April through November by Normandeau
Associates in the lower Kennebec River, captured 31 subadults and one adult Atlantic
sturgeon. Subadults were also captured by the MEDMR in September of 1997 in the
Eastern River (n = 18) and the Cathance River (n = 5), which are freshwater tributaries to
the Kennebec, in overnight sets of gill nets (T. Squiers, MEDMR, personal
communication). Additional sampling from 2000 through 2003 of the MEDMR inshore
groundfish trawl survey collected 13 subadults at the mouth of the Kennebec River,
which had the greatest occurrences of Atlantic sturgeon among five regions sampled
along the New Hampshire and Maine coasts (Squiers 2003). The most recent capture of
an adult Atlantic sturgeon occurred in June of 2005, where a 178 cm TL sturgeon was
captured in an American shad gill net (12.7 cm stretched mesh) in Ticonic Bay, just
upstream of the confluence between Sebasticook and the Kennebec rivers (Squiers 2005;
ASSRT 2007).
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The presence of adult male Atlantic sturgeon in ripe condition near the head-of-
tide during June and July of 1994, 1997, and possibly in 2005 presents strong evidence
that a spawning population still exists in the Kennebec River. While no eggs, larvae, or
YOY have been captured in the last 15 years, the presence of subadults (48 cm to over
100 cm TL) in tidal freshwater tributaries and the mid-estuary and mouth of the
Kennebec River from at least April — November provides additional evidence that a
spawning population of Atlantic sturgeon persists in the Kennebec River estuary (ASSRT
2007).

The only documented occurrence of Atlantic sturgeon in the Androscoggin River
was an adult captured and released approximately one km downstream of the Brunswick
Dam in 1975. No studies have been conducted to assess whether Atlantic sturgeon are
presently utilizing the Androscoggin River for spawning. Subadults have been captured
in the Sheepscot River, which may function as a nursery area for Kennebec River
Atlantic sturgeon (ASSRT 2007).

Piscataqua River/Great Bay Estuary System — New Hampshire

Few Atlantic sturgeon have been captured in the Piscataqua River (Hoff 1980). A
subadult Atlantic sturgeon (57 cm; likely age-1) was captured by New Hampshire Fish
and Game (NHFG) in June 1981 at the mouth of the Oyster River in Great Bay (NHFG
1981). Between July 1, 1987, and June 30, 1989, NHFG surveyed the deeper tributaries
of the Great Bay Estuary, including the Piscataqua, Oyster, Little and Lamprey rivers, as
well as the Great Bay for shortnose sturgeon, using 30.5 m nets (3 m deep, with 14 and
19 cm stretch mesh) that were fished for 146 net days. In 1988, sampling occurred in
suspected spawning areas (salinities 0 to 10 ppt) in the spring and in suspected feeding
areas (salinities around 24 ppt) in the summer. In 1989, nets were fished in May and
June only (salinities 6 to 15 ppt). No Atlantic sturgeon were captured. However, a large
gravid female Atlantic sturgeon (228 cm TL) weighing 98 kg (of which 15.9 kg were
eggs) was captured by a commercial fisherman in a small mesh gill net at the head-of-tide
in the Salmon Falls River in South Berwick, Maine, on June 18, 1990 (D. Grout, NHFG,
personal communication). The Salmon Falls River is a shallow tributary of the
Piscataqua and is the delineation between New Hampshire and Maine state lines. Since
1990, the NHFG has not observed or received reports of Atlantic sturgeon of any age-
class being captured in the Great Bay Estuary and its tributaries (B. Smith, NHFG,
personal communication). It is the conclusion of the Atlantic Sturgeon Status Review
Team and NHFG biologists that the Great Bay Atlantic sturgeon population is likely
extirpated (ASSRT 2007).

Merrimack River — New Hampshire and Massachusetts

Historical reports of Atlantic sturgeon in the Merrimack River include a 104 kg
sturgeon taken at Newburyport on September 14, 1938, while netting for blueback
herring (Hoover 1938). An intensive gill net survey was conducted in the Merrimack
River from 1987 through 1990 to determine annual movements, spawning, summering,
and wintering areas of shortnose and Atlantic sturgeon (Kieffer and Kynard 1993).
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Thirty-six Atlantic sturgeon were captured (70 to 156 cm TL); most being under 100 cm
TL. One dead Atlantic sturgeon was found on June 30, 1990 at the shortnose spawning
area in Haverhill, Massachusetts (between rkm 31 and 32). Of 23 subadult Atlantic
sturgeon sonically tracked in the river, 11 left the river within seven days, and the rest left
by September or October of each year (Kieffer and Kynard 1993). Fish captured in one
year were not observed in the river during subsequent years. On June 9, 1998, a 24 inch
(estimated length) Atlantic sturgeon was captured and released in the Merrimack River
by the United States Fish and Wildlife Service (USFWS) personnel who were conducting
a contaminant study on the river (D. Major, USFWS, personal communication). This
information provides no evidence of a spawning population of Atlantic sturgeon in the
Merrimack River, although it seems that the estuary is used as a nursery area (B. Kynard,
USGS Conte Anadromous Fish Research Center, personal communication; ASSRT
2007).

Taunton River — Massachusetts and Rhode Island

Historical records indicate that Atlantic sturgeon spawned in the Taunton River at
least until the turn of the century (Tracy 1905). A gill net survey was conducted in the
Taunton River during 1991 and 1992 to document the use of this system by sturgeon.
Three subadult Atlantic sturgeon were captured but were determined to be non-natal fish
(Burkett and Kynard 1993). In June 2004, a fisherman fishing in state waters noted that
the first three fathoms of towed up gear held three juvenile Atlantic or shortnose sturgeon
(Anoushian 2004). Trawlers fishing in state waters (less than three miles offshore) also
occasionally report Atlantic sturgeon captures. Since 1997, only two sturgeon have been
captured by the Rhode Island Department of Environmental Management Trawl Survey
(RIDEM), one measuring 85 cm TL was captured in 1997 in Narragansett Bay, and
another (130 cm TL) was captured in October 2005 in Rhode Island Sound (A. Libby,
RIDEM, personal communication). The NMFS observer program has also documented
Atlantic sturgeon bycatch off the coast of Rhode Island in Federal waters. Since
spawning adults were not found during the expected spawning period of May and June, it
is likely that a spawning population of Atlantic sturgeon does not occur in the Taunton
River, though the system is used as a nursery area for Atlantic sturgeon (Burkett and
Kynard 1993; ASSRT 2007).

Thames River — Connecticut

The Thames River is formed by the joining of the Yantic and Shetucket rivers in
Norwich Harbor, Connecticut. Information on abundance of Atlantic sturgeon in the
Thames River is scarce. Sturgeon scutes have been documented at an archeological site
along the river, and historical reports note sturgeon use by Native Americans. Atlantic
sturgeon were reportedly abundant in the system until the 1830s (reviewed in Minta
1992). Whitworth (1996) speculated that populations of both shortnose and Atlantic
sturgeon in the Thames were always low because the fall line is located near the limit of
saltwater intrusion, leaving little to no freshwater habitat for spawning. The construction
of the Greenville Dam in 1825 further restricted available habitat and probably prevented
sturgeon from spawning in the river. There have been some reports of low dissolved
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oxygen (DO) levels during the summer months. The mouth of the river is dredged to
accommodate the shipyard, and the channel was recently improved to provide deeper
depths to accommodate the Sea Wolf submarine. Subadult Atlantic sturgeon have been
captured in the estuary (Whitworth 1996), but it is unlikely that a spawning population is
present (ASSRT 2007).

Connecticut River — Massachusetts and Connecticut

Judd (1905) reports that sturgeon were speared at South Hadley Falls in the mid
1700s. There are historical reports of sturgeon migration as far as Hadley, Massachusetts,
but regular migration of Atlantic sturgeon beyond Enfield, Connecticut, is doubtful due to
presence of significant rapids (Judd 1905). A dam constructed at Enfield in 1827
effectively blocked any migration beyond this point, until 1977 when the dam was
breached. Until recently, there has been no evidence that Atlantic sturgeon currently use
the Massachusetts portion of the Connecticut River. On August 31, 2006, a 152.4 cm TL
Atlantic sturgeon was observed in the Holyoke Dam spillway lift (around rkm 143). The
Atlantic sturgeon was not sexed and was described as a subadult (R. Murray, Holyoke
Gas and Electric, personal communication). However, based on the size of the Atlantic
sturgeon it is possible that the fish was a mature adult. This is the first time an Atlantic
sturgeon has been reported at the Holyoke Dam fish lift (ASSRT 2007).

Six juvenile fish (9 to 11 kg) were reportedly taken opposite Haddam Meadows in
1959, but it is unclear if these were Atlantic or shortnose sturgeon. As late as the 1980s,
the Connecticut Department of Environmental Protection (CTDEP) fisheries staff
reported occasional visual observations of Atlantic sturgeon below the Enfield Dam
during May and June. From 1984 to 2000, the CTDEP studied the abundance, locations,
and seasonal movement patterns of shortnose sturgeon in the lower Connecticut River
and Long Island Sound (Savoy and Pacileo 2003). Sampling was conducted using gill
nets ranging from 10 to 18 cm stretched mesh in the lower Connecticut River (1988 to
2005) and a stratified random-block designed trawl survey (12.8 m from 1984 to 1990,
and 15.2 m from 1990 to 2005) in the Long Island Sound (also referred to as the LIS
Trawl Survey). One hundred and thirty-one Atlantic sturgeon were collected from the
lower Connecticut River gill net survey, and average lengths of fish reported from 1988
to 2000 were 77 cm FL (51 to 107 cm FL). The majority of these subadult Atlantic
sturgeon were captured in the lower river (between rkm 10 and 26) within the summer
range of the salt wedge (Savoy and Shake 1993). A total of 347 fish were collected in the
LIS Trawl Survey from 1984 through 2004, of these with reported lengths (1984 to 2000)
the mean length was 105 cm FL (ranging from 63 to 191 cm FL). Data from 1984
through 2000, indicated that 68% of the Atlantic sturgeon captured in the trawl survey
came from the Central Basin (off Faulkner Island), while 6% of catches occurred in
northern portions of the LIS survey near the mouth of the Connecticut River (ASSRT
2007).

While research efforts have not specifically investigated the occurrence of
Atlantic sturgeon in the upper Connecticut River, the species has never been collected
incidentally in this region during extensive sampling for shortnose sturgeon. Occasional
reports, sightings, and capture of large Atlantic sturgeon (150 to 300 cm) are made, but
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most Atlantic sturgeon captured within tidal waters or freshwater in Connecticut are
consistent with the size and seasonal locations of immature Atlantic sturgeon from the
Hudson River (Savoy 1996). Based on the lack of evidence of spawning adults, stocks of
Atlantic sturgeon native to Connecticut waters are believed to be extirpated (Savoy 1996;
ASSRT 2007).

Housatonic River — Connecticut

Coffin (1947) reports that Atlantic sturgeon were abundant in the Housatonic
River and were captured by Native Americans. According to Whitworth (1996), there
was a large fishing industry for sturgeon in this basin, and subadults have been captured
in the estuary. Atlantic sturgeon likely spawned at a natural fall (Great Falls) at rkm 123
until 1870 when the Derby Dam was constructed at tkm 23.5. The Derby Dam restricted
access to approximately 100 km, or 81%, of historical habitat. The Housatonic has not
been systematically sampled for sturgeon in recent years (last 15 years), but it is unlikely
that a spawning population is present (USFWS-NMFS 1998; ASSRT 2007).

Hudson River — New York

Atlantic sturgeon in the Hudson River have supported subsistence and
commercial fishing since colonial times (Kahnle et al. 1998). No data on abundance of
juveniles are available prior to the 1970s; however, catch depletion analysis estimated
conservatively that 6,000 to 6,800 females contributed to the spawning stock during the
late 1800s (Secor 2002, Kahnle et al. 2005). Two estimates of immature Atlantic
sturgeon have been calculated for the Hudson River stock, one for the 1976 year class
and one for the 1994 year class. Dovel and Berggren (1983) marked immature fish from
1976 to 1978. Estimates for the 1976 year class at age one ranged from 14,500 to 36,000
individuals (mean of 25,000). In October of 1994, the New York State Department of
Environmental Conservation (NYSDEC) stocked 4,929 marked age-0 Atlantic sturgeon,
provided by a USFWS hatchery, into the Hudson Estuary at Newburgh Bay. These fish
were reared from Hudson River brood stock. In 1995, Cornell University sampling crews
collected 15 stocked and 14 wild age-1 Atlantic sturgeon (Peterson et al. 2000). A
Petersen mark-recapture population estimate from these data suggests that there were
9,529 (95% CI = 1,916 to 10,473) age-0 Atlantic sturgeon in the estuary in 1994. Since
4,929 were stocked, 4,600 fish were of wild origin, assuming equal survival for both
hatchery and wild fish and that stocking mortality for hatchery fish was zero. Estimates
of spawning adults were also calculated by dividing the mean annual harvest from 1985
to 1995 by the exploitation rate (u). The mean annual spawning stock size (spawning
adults) was 870 (600 males and 270 females) (Kahnle et al. In press; ASSRT 2007).

Current abundance trends for Atlantic sturgeon in the Hudson River are available
from a number of surveys. From July to November during 1982 to 1990 and 1993, the
NYSDEC sampled the abundance of juvenile fish in Haverstraw Bay and the Tappan Zee
Bay. The CPUE of immature Atlantic sturgeon was 0.269 in 1982 and declined to zero
by 1990. The American shad gill net fishery in the Hudson River estuary, conducted
from early April to late May, incidentally captures young Atlantic sturgeon (< 100 cm)
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and therefore, has been monitored by onboard observers since 1980. Annual CPUE data
from the observer program were summarized as total observed catch/total observed
effort. Catch-per-unit-of-effort of Atlantic sturgeon as bycatch was greatest in the early
1980s and decreased until the mid 1990s. It has gradually begun to increase since that
time (ASSRT 2007).

Hudson River Valley utilities (Central Hudson Electric and Gas Corp.,
Consolidated Edison Company of New York, Inc., New York Power Authority, Niagara
Mohawk Power Corporation, Orange and Rockland Utilities, Inc.) conduct extensive
river-wide fishery surveys to obtain data for estimating impacts of power plant
operations. Detailed survey descriptions are provided in the utilities” annual reports
(CONED 1997). Two surveys regularly catch sturgeon, despite the fact that these
surveys were not specifically designed to capture sturgeon. The Long River Survey
(LRS) samples ichthyoplankton river-wide from the George Washington Bridge (tkm 19)
to Troy (rkm 246) using a stratified random design (CONED 1997). These data, which
are collected from May through July, provide an annual index of juvenile Atlantic
sturgeon in the Hudson River estuary since 1974. The Fall Shoals Survey (FSS),
conducted from July through October by the utilities, calculates an annual index of the
number of fish captured per haul. Between 1974 and 1984, the shoals in the entire river
(rkm 19 to 246) were sampled by epibenthic sled; in 1985 the gear was changed to a
three-meter beam trawl. Length data are only available for the beam trawl survey from
1989 to the present; fish length ranged from 10 to 100 cm TL, with most fish less than 70
cm TL. Based on these length data, it seems that ages-0 (YOY), 1, and 2 sturgeon are
present in the river. Indices from utility surveys conducted from 1974 to the present
(LRS and FSS) indicate a trend consistent with NYSDEC American shad monitoring
data. Abundance of young juvenile Atlantic sturgeon has been declining, with CPUE
peaking at 12.29 in 1986 (peak in this survey) and declining to 0.47 in 1990. Since 1990,
the CPUE has ranged from 0.47 to 3.17, increasing in recent years to 3.85 (2003). In
2000, the NYSDEC created a sturgeon juvenile survey program to supplement the
utilities’ survey; however, funds were cut in 2000, and the USFWS was contracted in
2003 to continue the program. In 2003 to 2005, 579 juveniles were collected (N = 122,
208, and 289, respectively) (Sweka et al. 2006). Pectoral spine analysis showed they
ranged from one to eight years of age, with the majority being ages two and six. None of
the captures were found to be young-of-the-year (YOY; smaller than 41 cm TL) (ASSRT
2007).

Indices for post-migrant Atlantic sturgeon are provided by the New Jersey Bureau
of Marine Fisheries from surveys of the coastal waters along the entire state (Sandy Hook
to Delaware Bay). Since 1988 when the survey was initiated, a total of 96 Atlantic
sturgeon have been captured. Abundances of post-migrants seem to be declining as
CPUE has decreased from a high of 8.75 in 1989 to 1.5 in 2003. This trend differs from
Hudson River Fall Shoals Utility Survey, which indicated an increasing or stable trend
over the last several years (ASSRT 2007).

All available data on abundance of juvenile Atlantic sturgeon in the Hudson River
estuary (i.e., mark/recapture studies, bycatch data from commercial gill net fishery, and
utilities sampling) indicate a substantial drop in production of young since the mid-1970s.
The greatest decline seemed to occur in the middle to late 1970s, followed by a secondary
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drop in the late 1980s. Sturgeon are still present, and juveniles (age-0 (YOY), 1, and 2
years) were captured in recent years and a slight increasing trend in CPUE has been
observed. The capture of YOY sturgeon in 1991, 1993 to 1996, and 2003, provides
evidence of successful spawning (ASSRT 2007).

Delaware River — New Jersey, Delaware, and Pennsylvania

The Delaware River, flowing through New Jersey, Delaware, Pennsylvania and
into Delaware Bay, historically may have supported the largest stock of Atlantic sturgeon
of any Atlantic coastal river system (Kahnle et al. 1998; Secor and Waldman 1999; Secor
2002). Prior to 1890, it is expected that more than 180,000 adult females were spawning
in the Delaware River (Secor and Waldman 1999, Secor 2002). Juveniles were once
abundant enough to be considered a nuisance bycatch of the American shad fishery.

Very little is known about adult stock size and spawning of Atlantic sturgeon in the
Delaware river; however, based on reported catches in gill nets and by harpoons during
the 1830s, they may have spawned as far north as Bordentown, south of Trenton, New
Jersey (Pennsylvania Commission of Fisheries 1897). A recent sonic tracking project,
on-going in 2006, has reported at least one adult Atlantic sturgeon migrating to
Bordentown during the spawning season (D. Fox, Delaware State University, personal
communication). Borodin (1925) reported that running-ripe sturgeon were captured near
Delaware City, Delaware adjacent to Pea Patch Island. Spawning grounds with
appropriate substrate occurred near Chester, Pennsylvania. Ryder (1888) suggested that
juvenile Atlantic sturgeon used the tidal freshwater reach of the estuary as a nursery area.
Lazzari et al. (1986) reported that the Roebling-Trenton stretch of the river may be an
important nursery area for the species (ASSRT 2007).

The current abundance of all Atlantic sturgeon life stages in the Delaware River
has been greatly reduced from the historical level. Brundage and Meadows (1982)
recorded 130 Atlantic sturgeon captures between the years of 1958 through 1980. The
Delaware Division of Fish and Wildlife (DNREC) began sampling Delaware Bay in 1966
by bottom trawl and have rarely captured Atlantic sturgeon. During the period from 1990
to 2004, the trawl survey captured 17 Atlantic sturgeon (Murphy 2005). However, there
are several areas within the estuary where juvenile sturgeon regularly occur. Lazzari et
al. (1986) frequently captured juvenile Atlantic sturgeon from May to December in the
upper tidal portion of the river below Trenton, New Jersey (N = 89, 1981 to 1984). In
addition, directed gill net surveys by DNREC from 1991 through 1998 consistently took
juvenile (N > 1,700 overall) Atlantic sturgeon in the lower Delaware River near Artificial
Island and Cherry Island Flats from late spring to early fall (Shirey et al. 1999). The
number of fish captured in the lower river annually has declined dramatically throughout
this time period from 565 individuals in 1991 to 14 in 1998. Population estimates based
on mark and recapture of juvenile Atlantic sturgeon declined from a high of 5,600 in
1991 to less than 1,000 in 1995; however, it is important to note that population estimates
violated most tagging study assumptions and should not be used as unequivocal evidence
that the population has declined dramatically. No population estimates are available from
1996 and 1997, given the low number of recaptures. Voluntary logbook reporting of
Atlantic sturgeon bycatch in the spring gill net fishery indicate that abundance varies year
to year with no indication of decline or increase mainly because the number of bycatch
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reports varies considerably by commercial fishers reporting. Bycatch data are
represented as the average bycatch per fisher per year (total bycatch/number of fishers).
An annual small mesh gill net survey began in 1991 until 1998 when sampling was
restricted to every three years in the lower Delaware River. The results of this study
indicated that CPUE (fish per gill net hour) estimates have declined from 32 fish per
effort hour in 1991 to only 2 fish per effort hour in 2004 (ASSRT 2007).

Carcasses of large adult fish (> 150 cm TL) are commonly reported along the
lower Delaware River and upper Delaware Bay during the historic spawning season (G.
Murphy, Delaware Division of Fish and Wildlife, personal communication). Fifteen
adult size fish have been documented since 1994, including several gravid females and
males. A 2.4 m female Atlantic sturgeon was found dead on June 14, 1994, adjacent to
Port Penn; ageing of a pectoral spine indicated it was approximately 25 years old (D.
Secor, University of Maryland, personal communication). Three years later, a second
female sturgeon was found in late spring/early summer of 1997 adjacent to Port Penn,
just south of the eastern end of the Chesapeake/Delaware Canal. A male sturgeon carcass
was found on May 19, 1997, just north of the mouth of the Cohansey River, on
Beechwood Beach; it seemed that the fish was cut in half by the propeller of a large
vessel. Gonadal tissue and a pectoral spine were collected and sent to USFWS-Northeast
Fisheries Center (NEFC), Fish Technology Section, Lamar, Pennsylvania, for analysis,
where it was confirmed to be a male (W. Andrews, New Jersey Division of Fish, Game,
and Wildlife, personal communication). In 2005, DNREC began tracking reported
sturgeon mortalities during the spawning season. During the first year, six adults were
found dead washed ashore in May 2005, including two from Woodland Beach
(approximately 250 cm and 170 cm TL), one from Artificial Island (larger than 180 cm
TL), one from South Bowers Beach (205 cm TL), one from Conch Bar (160 cm TL), and
one from Slaughter Beach (160 cm TL). Six additional carcasses, presumed adults, were
found during April through May 2006, including a gravid female at Augustine Beach
(144 cm), a gravid male at Sleusch Ditch (180 cm), one at South Bowers Beach (119 cm),
one at Brockonbridge Gut (112 cm), one at Kitts Hummock (208 cm), and one at Little
Tinicum Island, Pennsylvania (106 cm). The majority of adults documented had
substantial external injuries and were severed (ASSRT 2007).

In addition to the carcasses reported annually during the spawning season, several
males were captured by directed gill net efforts and a reward program conducted by
Delaware State University during April and May 2006. These males were collected in
the lower Delaware River and upper Delaware Bay and were implanted with sonic
transmitters to assist in determining spawning locations in the Delaware River (D. Fox,
Delaware State University, personal communication). Although catch rates declined
throughout the mid 1990s, the mature adults documented within the Delaware System
provide evidence that a reproducing population exists. It is speculated, however, that the
abundance of subadults within the Delaware River during the 1980s and early 1990s was
the result of a mixture of stocks including the Hudson River stock. However, genetic
data indicate that the Delaware River has a distinct genetic signature of a remnant
population (Waldman et al. 1996a; Wirgin 2006; King supplemental data 2006; ASSRT
2007).
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Chesapeake Bay and Tributaries (Potomac, Rappahannock, York, James, Susquehanna,
Nanticoke) — Pennsylvania, Marvyland, and Virginia

Historically, Atlantic sturgeon were common throughout the Chesapeake Bay and
its tributaries (Kahnle et al. 1998; Wharton 1957; Bushnoe et al. 2005). There are several
newspaper accounts of large sturgeon in the lower reaches of the Susquehanna River
from 1765 to 1895, indicating that at one time, Atlantic sturgeon may have spawned
there. Commercial landings data during the 1880s are available for the Rappahannock (8
mt), York (23 mt), and James (49 mt) providing evidence that Atlantic sturgeon were
historically present in these rivers as well (Bushnoe et al. 2005). Historical harvests were
also reported in the Patuxent, Potomac, Choptank, Nanticoke, and Wicomico/Pocomoke
rivers (S. Minkkinen, USFWS, personal communication). Prior to 1890, when a sturgeon
fishery began, Secor (2002), using U.S. Fish Commission landings, estimated
approximately 20,000 adult females inhabited the Chesapeake Bay and its tributaries
(ASSRT 2007).

For the past several decades, state fishery agencies and research facilities
operating in the Chesapeake Bay have conducted extensive finfish sampling surveys in
the mainstem Bay and all major tributaries. These surveys occurred in all seasons and
were conducted using many gear types, including trawls, seines, and gill nets. While no
surveys were directed at sturgeon, incidental captures were recorded. These data
supplement reports of sturgeon captures from commercial fishers using gill nets, pound
nets, and fyke nets with occasional visual observations of large sturgeon, including
carcasses found on beaches during the summer (ASSRT 2007).

A mixed stock analysis, performed from nDNA microsatellite markers, indicated
that the Chesapeake Bay population was comprised of three main stocks: 1) Hudson
River (23 to 30%), 2) Chesapeake Bay (0 to 35%), and 3) Delaware River (17 to 27%)
(King et al. 2001). The contribution of fish with Chesapeake Bay origin fish, which had
not been identified in previous genetic studies, indicates the likely existence of a
reproducing population within the Bay. This is further supported and substantiated by the
capture of young juveniles at the mouth of the James River and two YOY Atlantic
sturgeon captured in the river in 2002 and 2004 (Florida Museum of Natural History
2004; A. Spells, USFWS, personal communication; ASSRT 2007).

Several sturgeon sightings were made by commercial fishers and researchers
between 1978 and 1987 near the Susquehanna River mouth. A deep hole (19 m) on the
Susquehanna River near Perryville, Maryland also supported a limited sturgeon fishery
(R. St. Pierre, USFWS retired, personal communication). Maryland Department of
Natural Resources (DNR) personnel reported a large mature female Atlantic sturgeon in
the Potomac in 1970 and another in the Nanticoke River in 1972 (H. Speir, Maryland
DNR, personal communication; ASSRT 2007).

A Virginia Institute of Marine Science (VIMS) trawl survey was initiated in 1955
to investigate finfish dynamics within the Chesapeake Bay; the survey was standardized
in 1979. Since 1955, 40 Atlantic sturgeon have been captured, 16 of which were
captured since 1990, and two of these collections may have been YOY based on size. No
fish were captured between 1990 and 1996; however, seven were captured in 1998. In
subsequent years, catch declined ranging between zero and three fish per year. Similarly,
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American shad monitoring programs (independent stake gill net survey) also recorded a
spike in Atlantic sturgeon bycatch that peaked in 1998 (N = 34; 27 from James River)
and declined dramatically in later years to only one to three sturgeon being captured in
each year from 2002 to 2004. These observations could be biased by stocking 3,200
juveniles in the Nanticoke River in 1996; however, the capture of wild fish in the
Maryland Reward Tagging program conducted from 1996 to present shows identical
rates of capture for wild fish (ASSRT 2007).

The Maryland reward tagging has resulted in the capture of 1,700 Atlantic
sturgeon. Five hundred and sixty seven of these fish were hatchery fish, of which 462
were first time captures (14% recapture rate), the remaining captures (1,133) were wild.
However, none of these 1,700 Atlantic sturgeon were considered YOY based on length
data (S. Minkkinen, USFWS, personal communication). Similarly, Virginia initiated a
reward tagging program in 1996 through 1998. The majority of their recaptures were wild
Atlantic sturgeon taken from the lower James and York rivers in the 20 to 40 cm size
range and are believed to be YOY (A. Spells, USFWS, personal communication).
Captures of YOY and age-1 sturgeon in the James River during 1996 and 1997 suggest
spawning has occurred in that system. Since then, captures from the reward program
have varied, declining from 1999 to 2002 and then increasing in 2005 to levels similar to
that of 1998 and with record levels during 2006. Further evidence that spawning may
have occurred recently is provided by three carcasses of large adults found in the James
River in 2000 to 2003, the discovery of a 213 c¢m carcass of an adult found in the
Appomattox River in 2005, as well as the release of a 2.4 m Atlantic sturgeon near
Hoopers Island (Chesapeake Bay) in April, 1998 (S. Minkkinen, USFWS, personal
communication; ASSRT 2007).

These data indicate that some of the Chesapeake Bay tributaries may continue to
support spawning populations as evidenced by YOY captures (James River) and
carcasses of mature adults being found occasionally within the Bay during the spawning
season. Commercial fishers have regularly reported observations of YOY or age-1
juveniles in the York River over the past few years (K. Place, commercial fisherman,
personal communication). In 2006, tissue samples from 38 juvenile Atlantic sturgeon
measuring between 500 to 600 mm TL (around age-1) were haplotyped and genotyped by
researchers (I. Wirgin — NIEM, and T. King — USGS, supplemental data 2006). These 38
juveniles from the York River were significantly different (P < 0.01) from neighboring
subpopulations including the James River subpopulation, based on frequency differences
in mtDNA and nDNA markers. However, the York River does not contain unique
mtDNA haplotypes differentiating it directly from other sturgeon populations, and the
population could not be differentiated from the James River population using
classification techniques. Additionally, a review of spawning habitat availability in the
Chesapeake Bay and its tributaries indicated that spawning habitat is available in the
James, York, and Appomattox rivers (Bushnoe et al. 2005). Therefore, the above
information provides some evidence that a spawning population may exist in the York
River, as the population exhibits significantly different haplotype frequencies from its
neighboring subpopulations, and spawning habitat appears to be available. However,
there is a possibility that samples taken from the York River were of a mixed stock since
they measured 500 to 600 mm in total length (the size range of migratory subadults) and
many of the collections were taken from the mouth of the river (ASSRT 2007).
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North Carolina Rivers

Historically, Atlantic sturgeon were abundant in most North Carolina coastal
rivers and estuaries; the largest fishery occurring in the Roanoke River/Albemarle Sound
system and in the Cape Fear River (Kahnle et al. 1998). Historic landing records from
the late 1800s indicated that Atlantic sturgeon were very abundant within the Albemarle
Sound (around 61.5 mt/yr); however, these landings are relatively small compared to the
Delaware fishery (around 2,700 mt/yr) (Secor 2002). Abundance estimates derived from
these historical landings records indicated that between 7,200 and 10,500 adult females
were present within North Carolina prior to 1890 (Armstrong and Hightower 2002; Secor
2002).

Albemarle Sound (Roanoke and Chowan/Nottoway Rivers) — North Carolina

Historic and current survey data indicate that spawning occurs in the Roanoke
River/Albemarle Sound system, where both adults and small juveniles have been
captured. Since 1990, the NC Division of Marine Fisheries (NCDMF) has conducted the
Albemarle Sound Independent Gill Net Survey (IGNS), initially designed to target striped
bass. The survey is conducted from November to May, using a randomized block
sampling design and employing 439 m of gill net, both sinking and floating, with
stretched mesh sizes ranges from 63.5 mm (2.5 in) to 254 mm (10 in). Since 1990, 842
sturgeon have been captured ranging from 15.3 to 100 cm FL, averaging 47.2 cm FL.
One hundred and thirty-three (16%) of the 842 sturgeon captured could be classified as
YOY (£ 41 cm TL, £ 35 cm FL); the others were subadults. Incidental take of Atlantic
sturgeon in the IGNS indicate that the subpopulation has been increasing in recent years
(1990 to 2000), but since then recruitment has dramatically declined. Similarly, the

North Carolina Division of Marine Fisheries (NCDMF) Observer Program documented
the capture of 30 Atlantic sturgeon in large and small mesh gill nets; two of these
individuals being YOY (less than 410 mm TL) (Blake Price, NCDMF, personal
communication; ASSRT 2007).

In 1997 and 1998, North Carolina State University (NCSU) researchers
characterized the habitat use, growth, and movement of juvenile Atlantic sturgeon
(Armstrong and Hightower 2002). Their survey collected 107 Atlantic sturgeon, of
which 15 (14%) could be considered YOY (£ 41 cm TL or 35 cm FL). Young juveniles
were observed more often over organic rich mud bottoms and at depths of 3.6 to 5.4
meters. Adult running ripe sturgeon have not been collected in the Roanoke River even
though the North Carolina Wildlife Resources Commission (NCWRC) has sampled the
spawning grounds since the 1990s during their annual striped bass electrofishing survey.
However, in 2005, an angler captured a YOY (39 cm TL) Atlantic sturgeon in the
Roanoke River, near the city of Jamesville, North Carolina. These multiple observations
of YOY from the Albemarle Sound and Roanoke River provide evidence that spawning
continues, and catch records indicate that this population seemed to be increasing until
2000, when recruitment began to decline (ASSRT 2007).
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Pamlico Sound (Tar and Neuse Rivers) — North Carolina

Evidence of spawning was reported by Hoff (1980), who noted captures of very
young juveniles in the Tar and Neuse rivers. More recently, two juveniles
(approximately 45 and 60 cm TL) were observed dead on the bank of Banjo Creek, a
tributary to the Pamlico system (B. Brun, USFWS and U.S. Army Corps of Engineers
(retired), personal communication). An independent gill net survey, following the
Albemarle Sound IGNS methodology, was initiated in 2001. Collections were low
during the periods of 2001 to 2003, ranging from zero to one fish per year. However, in
2004, this survey collected 14 Atlantic sturgeon ranging from 460 to 802 mm FL, and
averaging 575 mm FL. During the same time period (2002 to 2003), four Atlantic
sturgeon (561 — 992 mm FL) were captured by NCSU personnel sampling in the Neuse
River (Oakley 2003). Similarly, the NCDMF Observer Program documented the capture
of 12 Atlantic sturgeon in the Pamlico Sound from April 2004 to December 2005; none
of these were YOY or spawning adults, averaging approximately 600 mm TL (Blake
Price, NCDMF, personal communication).

The incidental capture of two juvenile Atlantic sturgeon in the Tar (1) and Neuse
rivers (1) in 2005 also provides evidence that spawning may be occurring within those
rivers. The Tar River juvenile was captured near Greenville, North Carolina, by an
angler and reported to be less than 40 cm TL (P. Kornegay, NCWRC, personal
communication). The other juvenile was captured in an illegal gill net set upstream of
New Bern, North Carolina, and measured 46 cm TL. Although not confirmed as YOY,
these two captures are important in that they represent the only evidence of possible
spawning activities within the Pamlico Sound Drainage for at least the last 15 years
(ASSRT 2007).

Cape Fear River — North Carolina

A gill net survey for adult shortnose and juvenile Atlantic sturgeon was conducted
in the Cape Fear River drainage from 1990 to 1992, and replicated 1997 to 2005. Each
sampling period included two overnight sets (checked every 24 hours). The 1990 to 1992
survey captured 100 Atlantic sturgeon below Lock and Dam #1 (rkm 95) for a CPUE of
0.11 fish/net-day. No sturgeon were collected during intensive sampling above Lock and
Dam #1. In 1997, 16 Atlantic sturgeon were captured below Lock and Dam #1, an
additional 60 Atlantic sturgeon were caught in the Brunswick (a tributary of the Cape
Fear River), and 12 were caught in the Northeast Cape River (Moser et al. 1998).
Relative abundance of Atlantic sturgeon below Lock and Dam #1 seemed to have
increased dramatically since the survey was conducted in 1990 to 1992 (Moser et al.
1998) as the CPUE of Atlantic sturgeon was two to eight times greater during 1997 than
in the earlier survey. Since 1997, Atlantic sturgeon CPUE has been gradually increasing;
a regression analysis revealed that CPUE doubled between the years of 1997 (around
0.25 CPUE) and 2003 (0.50 CPUE) (Williams and Lankford 2003). This increase may
reflect the effects of North Carolina’s ban on Atlantic sturgeon fishing that began in
1991; however, the increase in CPUE may also be artificial as these estimates are similar
among years except in 2002 (large increase) that likely skewed the regression analysis.
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In 2003, the NCDMF continued the sampling program (Cape Fear River Survey) and
have collected 91 Atlantic sturgeon (427 to 1473 mm FL) (ASSRT 2007).

Adult Atlantic sturgeon have been observed migrating upstream in the fall within
the Cape Fear River, indicating that there may be two spawning seasons or some
upstream overwintering may be occurring (M. Williams, formerly of University of North
Carolina at Wilmongton, personal communcation). One large Atlantic sturgeon was
tracked moving upstream in the Black River, which is a tributary of the Cape Fear River,
in early October. Moreover, all of the largest sturgeon collected by University of North
Carolina at Wilmington personnel were later captured only during September and
October in both the Cape Fear and Northeast Cape Fear rivers. Finally, a carcass of an
adult female Atlantic sturgeon with fully developed ovaries was discovered in an area
well upstream of the saltwater-freshwater interface in mid-September. Studies in other
river systems have also demonstrated that some sturgeon will participate in upstream
spawning migrations in the fall (Rogers and Weber 1995; Weber and Jennings 1996;
Moser et al. 1998; ASSRT 2007).

South Carolina Rivers

Historically, Atlantic sturgeon were likely present in many South Carolina
river/estuary systems, but it is not known where spawning occurred. Secor (2002)
estimated that 8,000 spawning females were likely present prior to 1890, based on US
Fish Commission landing records. Since the 1800s, however, populations have declined
dramatically (Collins and Smith 1997). During the last two decades, Atlantic sturgeon
have been observed in most South Carolina coastal rivers, although it is not known if all
rivers support a spawning subpopulation (Collins and Smith 1997; ASSRT 2007).

Winyah Bay (Waccamaw, Great Pee Dee, and Sampit Rivers) — South Carolina

Recent shortnose sturgeon sampling (using 5, 5.5, 7, and 9 inch stretched mesh
experimental gill nets; 16’ otter trawl) conducted in Winyah Bay captured two sub-adult
Atlantic sturgeon during 4.2 hrs of effort in 2004. Captures of age-1 juveniles from the
Waccamaw River during the early 1980s suggest that a reproducing population of
Atlantic sturgeon may persist in that river, although the fish could have been from the
nearby Great Pee Dee River (Collins and Smith 1997). In 2003 and 2004, nine Atlantic
sturgeon (48.4 to 112.2 cm FL) were captured in the Waccamaw River during the South
Carolina Department of Natural Resources (SCDNR) annual American shad gill net
survey, although none were considered spawning adults or YOY. However, Collins et al.
(1996) note that unlike northern populations, in South Carolina, YOY are considered to
be less than 50 cm TL or 42.5 cm FL, as growth rates are greater in the warmer southern
waters compared to cooler northern waters. Therefore, the capture of a 48.4 cm FL
sturgeon provides some evidence that YOY may be present in the Waccamaw River and
some evidence of a spawning subpopulation. Lastly, watermen on the lower Waccamaw
and Pee Dee rivers have observed jumping sturgeon, which suggest that rivers either
serve as a nursery/feeding habitat or support an extant subpopulation(s) (W. Laney,
USFWS, personal communication; ASSRT 2007).
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Until recently, there was no evidence that Atlantic sturgeon spawned in the Great
Pee Dee River, although subadults were frequently captured and large adults were often
observed by fishers. However, a fishery survey conducted by Progress Energy Carolinas
Incorporated captured a running ripe male in October of 2003 and observed other large
sturgeon, perhaps revealing a fall spawning run (ASSRT 2007).

There are no data available regarding the presence of YOY or spawning adult
Atlantic sturgeon in the Sampit River, although it did historically support a subpopulation
and is thought to serve as a nursery ground for local stocks (ASSRT 2007).

Santee and Cooper Rivers — South Carolina

The capture of 151 subadults, including age-1 juveniles, in the Santee River in
1997 suggests that an Atlantic sturgeon population exists in this river (Collins and Smith
1997). This is supported by three adult Atlantic sturgeon carcasses found above the
Wilson and Pinopolis dams in Lakes Moultrie (Santee-Cooper reservoirs) during the
1990s (M. Collins, SCDNR, personal communication). Although shortnose sturgeon
spawning above the dam has been documented, there is scant information to support
existence of a land-locked subpopulation of Atlantic sturgeon. In 2004, 15 subadult
Atlantic sturgeon were captured in shortnose sturgeon surveys during 156.6 hours of
effort conducted in the Santee estuary. The previous winter, four juvenile (YOY and
subadults) Atlantic sturgeon were captured (360 to 657 mm FL) from the Santee (N =
221) and Cooper (N = 3) rivers. These data support previous hypotheses that a fall
spawning run occurs within this system, similar to that observed in other southern river
systems. However, SCDNR biologists are skeptical as to whether these smaller sturgeon
(360 and 378 mm FL) from the Santee-Cooper are resident YOY as flood waters from the
Pee Dee or Waccamaw River could have transported these YOY to the Santee-Cooper
system via Winyah Bay and the Intercoastal Waterway (ICW) (McCord 2004; ASSRT
2007).

Ashley River — South Carolina

The Ashley River, along with the Cooper River, drains into Charleston Bay; only
shortnose sturgeon have been sampled in these rivers. While the Ashley River
historically supported an Atlantic sturgeon spawning subpopulation, it is unknown
whether the subpopulation still exists (ASSRT 2007).

ACE Basin (Ashepoo, Combahee. and Edisto Rivers) — South Carolina

From 1994 through 2001, over 3,000 juveniles have been collected in the ACE
Basin including 1,331 YOY sturgeon (Collins and Smith 1997; M. Collins, SCDNR,
personal communication). Sampling for adults began in 1997, with two adult sturgeon
captured in the first year of the survey, including one gravid female (234 cm TL)
captured in the Edisto River and one running ripe male (193 cm TL) captured in the
Combahee River. The running ripe male in the Combahee River was recaptured one
week later in the Edisto River, which suggests that the three rivers that make up the ACE
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basin may support a single subpopulation that spawns in at least two of the rivers. In
1998, an additional 39 spawning adults were captured (M. Collins, SCDNR, personal
communication). These captures show that a current spawning subpopulation exists in
the ACE Basin as both YOY and spawning adults are regularly captured (ASSRT 2007).

Broad/Coosawatchie River — South Carolina

There has been little or no scientific sampling for Atlantic sturgeon in the
Broad/Coosawatchie River. One fish of unknown size was reported from a small directed
fishery during 1981 to 1982 (Smith and Dingley 1984; ASSRT 2007).

Savannah River — South Carolina and Georgia

The Savannah River supports a reproducing subpopulation of Atlantic sturgeon
(Collins and Smith 1997). According to the NOA A-National Ocean Service, 70 Atlantic
sturgeon have been captured since 1999 (J. Carter, National Ocean Service, supplemental
data 2006). Twenty-two of these fish have been YOY (less than 410 mm TL). A running
ripe male was captured at the base of the dam at Augusta during the late summer of 1997,
which supports the hypothesis that spawning occurs there in the fall (ASSRT 2007).

Georgia Rivers

Prior to the collapse of the fishery in the late 1800s, the sturgeon fishery was the
third largest fishery in Georgia. Secor (2002) estimated from U.S. Fish Commission
landing reports that approximately 11,000 spawning females were likely present prior to
1890. The sturgeon fishery was mainly centered on the Altamaha River, and in more
recent years, peak landings were recorded in 1982 (13,000 Ibs). Based on juvenile
presence and abundance, the Altamaha seems to currently support one of the healthiest
Atlantic sturgeon subpopulations in the southeast (D. Petersen, University of Georgia,
personal communication). Atlantic sturgeon are also present in the Ogeechee River;
however, the absence of age-1 fish during some years and the unbalanced age structure
suggests that the subpopulation is highly stressed (Rogers and Weber 1995). Spawning
adults have been collected in recent years from the Satilla River (Waldman et al. 1996b).
Recent sampling of the St. Mary’s River failed to locate any sturgeon, which suggests
that the subpopulation may be extirpated (Rogers et al. 1994). In Georgia, Atlantic
sturgeon are believed to spawn in the Savannah, Ogeechee, Altamaha, and Satilla rivers
(ASSRT 2007).

Ogeechee River — Georgia

Previous studies have shown the continued persistence of Atlantic sturgeon in this
river, as indicated by the capture of age +1 fish. Sampling efforts (including 1991 to
1994, 1997, and 1998) to collect age-1 sturgeon as part of the Savannah River genetics
study suggest that juvenile abundance is rare with high inter-annual variability, indicating
spawning or recruitment failure. However, the Army’s Environmental and Natural
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Resources Division (AENRD) at Fort Stewart, Georgia, collected 17 sturgeon in 2003
considered to be YOY (less than 30 cm TL) and an additional 137 fish in 2004, using a
30 m x 2 m experimental gill net (3.8, 7.7, 12.7, 15.2, 17.8 cm stretched mesh). Most of
these fish were juveniles; however, nine of these fish measured less than 41 cm TL and
were considered YOY. In 2003, 17 sturgeon captured in this survey were also considered
YOY (reported as less than 30 cm TL). The AENRD survey provides the most recent
captures of YOY in the Ogeechee (ASSRT 2007).

Altamaha River — Georgia

The Altamaha River supports one of the healthiest Atlantic sturgeon
subpopulations in the Southeast, with over 2,000 subadults captured in trammel nets, 800
of which were nominally age-1 as indicated by size. Independent monitoring of the
American shad fishery also documents the incidental take of Atlantic sturgeon within the
river. Using these data, the subpopulation does not seem to be increasing or decreasing,
as catch trends are variable (ASSRT 2007).

A survey targeting Atlantic sturgeon was initiated in 2003 by the University of
Georgia. Trammel nets (91 m x 3 m) and gill nets were set in the lower 27 rkm of the
Altamaha River, and were fished for 20 to 40 minutes during slack tides only. Sampling
for adults was conducted using large mesh-gill nets set by local commercial fishermen
during the months of April through May 2003. During 2005, similar gill nets were drift
set during slack tides to supplement catches. As of October 2005, 1,022 Atlantic
sturgeon have been captured using these gear types (trammel and large gill nets). Two
hundred and sixty seven of these fish were collected during the spring spawning run in
2004 (N = 74 adults) and 2005 (N = 139 adults). From these captures, 308

(2004) and 378 (2005) adults were estimated to have participated in the spring spawning
run, which is 1.5% of Georgia’s historical spawning stock (females) that were estimated
from U.S. Fish Commission landing records (Schuller and Peterson 2006; Secor 2002;
ASSRT 2007).

Satilla River — Georgia

Sampling results indicate that the Atlantic sturgeon subpopulation in the Satilla
River is highly stressed (Rogers and Weber 1995). Only four spawning adults or YOY,
which were used for genetic analysis (Ong et al. 1996), have been collected from this
river since 1995 (ASSRT 2007).

St. Mary’s River — Georgia and Florida

The lack of Atlantic sturgeon captures (in either scientific sampling and/or as
bycatch in other fisheries) in the St. Mary’s River indicates that the river neither supports
a spawning subpopulation nor serves as a nursery ground for Atlantic sturgeon (Rogers
and Weber 1995; Kahnle et al. 1998). However, no directed sampling surveys have been
conducted in recent Years (ASSRT 2007).
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St. Johns River — Florida

In the 1970s and 1980s, there were several reports of Atlantic sturgeon being
captured by commercial fishermen, although these fish were considered juveniles
measuring 69 to 84 cm in length (J. Holder, Florida Fish and Wildlife Commission,
personal communication). There have been reports of Atlantic sturgeon tagged in the
Edisto River (South Carolina) having been recaptured in the St. Johns River, indicating
this river may serve as a nursery ground; however, there are no data to support the
existence of a spawning subpopulation (i.e., YOY or running ripe adults) (Rogers and
Weber 1995; Kahnle et al. 1998; ASSRT 2007).

Spawning location (ecological)

A study by Collins et al. (2000b) indicated that adult Atlantic sturgeon in South Carolina
utilize a wide variety of habitats during the summer. They found sturgeon in the upper
fresh/brackish interface zone, the lower interface zone, and in the high salinity portions of the
estuary in the Edisto River, South Carolina. Atlantic sturgeon were present in this river from
March to October. During the winter, southern Atlantic sturgeon resided in the ocean (Collins et
al. 2000b). Adult Atlantic sturgeon in southern rivers exhibit behavior much like gulf sturgeon
(Acipenser oxyrinxhus desotoi) in that they spend 9 months within the river system and 3 winter
months in marine waters (M. Collins, South Carolina Department of Natural Resources, personal
communication).

Most studies indicate that after spawning, Atlantic sturgeon migrate to salt water
(Vladykov and Greeley 1963); these down-estuary migrations may occur over several months
(Bain 1997). In the St. Lawrence River, migrations downstream have been reported from
September through November (Scott and Crossman 1973). Hatin et al. (2002) found that the
majority of Atlantic sturgeon were gone from the upper St. Lawrence River by late September in
some years, while in other years, the sturgeon remained in the upper river through early
December. In the Hudson River, females migrate back to salt water immediately following
spawning, while males remain until the onset of cold temperatures in the fall (Smith 1985a).
Additionally, Bain et al. (2000) reported post-spawn adult sturgeon and older juveniles
congregating in deep water habitat during the summer in the Hudson River, New York.

Maturation and spawning periodicity

Atlantic sturgeon mature at different times along the Atlantic coast, with maturity
occurring earlier in the Southern regions (Vladykov and Greeley 1963). Females in South
Carolina first spawn between the ages of 7 and 19, and males first spawn between 5 and 13
years. In the Hudson River, New York, females first spawn between the ages of 15 and 30 years,
and males between 8§ and 20 years (Dovel 1979; Smith et al. 1982; Smith 1985a; Smith 1985b;
Young et al. 1988; Stevenson and Secor 1999). Scott and Crossman (1973) report that in the St.
Lawrence River, Canada, female Atlantic sturgeon mature at approximately 27 years, and males
mature between 22 and 34 years. Although most researchers have not verified age determination
methods, Stevenson and Secor (2000) used marginal increment analysis and rearing studies to
confirm the seasonality of annulus formation; they reported an aging precision of + 5 years for
Hudson River Atlantic sturgeon.
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Sexually mature Atlantic sturgeon do not usually spawn every year (Van Eenennaam et
al. 1996; Caron et al. 2002). However, some fish participate in spawning migrations even when
they do not spawn (Smith 1985b). There remains a high degree of uncertainty on the frequency
of spawning due in part to imprecision in methods, but also due to large natural variability
expected in this parameter. In South Carolina, females are thought to spawn every 3 to 5 years,
while males spawn at 1 to 5 year intervals (Smith 1985b). Additionally, Smith et al. (1982)
found that an average interval of 5.4 years occurred between first and second spawnings, and 3.5
years between second and third spawnings. Vladykov and Greeley (1963) concluded that
females spawn once every 2 to 3 years. Results from recent research on gonad histology and
hard part analysis of Hudson River Atlantic sturgeon suggest a spawning frequency of 3-5 years
(Van Eenennaam et al. 1996; Stevenson and Secor 2000). Interestingly, Collins et al. (2000b)
caught and then recaptured a male sturgeon (in 1998 and 1999, respectively) that was in
spawning condition for two successive spawning seasons. Similarly, Scott and Crossman (1973)
indicated that spawning might occur every year in some females.

Spawning and the saltwater interface

Atlantic sturgeon generally spawn in tidal freshwater regions of estuaries, but may spawn
in nontidal freshwater rivers in the southeastern part of their range. Most studies report that
Atlantic sturgeon spawn in freshwater above the salt wedge in estuaries (Dovel 1978, 1979;
Smith 1985b; Van Eenennaam et al. 1996; Bain et al. 2000). For instance, Dovel (1978, 1979)
reported that Atlantic sturgeon in the Hudson River, New York, spawn in freshwater above the
salt wedge. Smith (1985a) suggested that spawning fish may migrate seasonally, following the
salt front upriver as the season progresses. Dovel and Berggren (1983) reported that the majority
of spawning occurred between RKM 56 and 132 in the Hudson River. However, Van
Eenennaam et al. (1996) suggest that these results might be questionable because the salt wedge
extends to RKM 98. Atlantic sturgeon eggs cannot tolerate high salinity, thus it is more likely
that sturgeon spawn above the salt wedge, and not in brackish waters (Van Eenennaam et al.
1996). In addition, Van Eenennaam et al. (1996) found ovulating sturgeon around RKM 136 in
the Hudson River system.

Spawning substrate associations

Substrate is a key habitat parameter for Atlantic sturgeon, because a hard bottom
substrate is required for successful egg attachment and incubation (Vladykov and Greeley 1963;
Huff 1975; Smith 1985b; Gilbert 1989; Smith and Clugston 1997; Secor et al. 2002; Bushnoe et
al. 2005). Within rivers, the areas of cobble-gravel, coarse sand, and bedrock outcrops, which
occur in the rapids complex, may be considered prime habitat (Table 8-2). In northern rivers,
these areas are nearer to the salt-wedge than in southern rivers. South of the Chesapeake Bay,
nearly all rivers have extensive rapid-complex habitats in and/or near the fall line zone; these
areas are generally at least 100 km upstream from the saltwater interface (P. Brownell, NOAA
Fisheries, Southeast Regional Office, personal communication). This habitat provides Atlantic
sturgeon with well-oxygenated water, clean substrates for egg adhesion, crevices that serve as
shelter for post-hatch larvae, and macroinvertebrates for food (P. Brownell, NOAA Fisheries,
Southeast Regional Office, personal communication).
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Substrate Activity  Location Citation

Rock and bedrock spawning St. Lawrence River, Québec Hatin et al. 2002
Rock, clay, & sand spawning St. Lawrence River, Québec Caron et al. 2002
Irregular bedrock, silt, & clay spawning Hudson River, NY Bain et al. 2000
Clay/silt with rocky shoreline post-spawning Hudson River, NY Bain et al. 2000
Hard clay spawning Delaware River Borodin 1925

Small rubble & gravel spawning Delaware River Dees 1961

Clay spawning Delaware River Scott & Crossman 1973
Limestone spawning Edisto River, SC Collins et al. 2000b
Fine mud, sand, pebbles, & shell post-spawning  Edisto River, SC Collins et al. 2000b
Cobble/gravel spawning HSI Model Brownell et al. 2001

Table 8-2. Spawning (and post-spawn) substrate type for Atlantic sturgeon along the Atlantic
coast

Some researchers have attempted to identify likely spawning areas for Atlantic sturgeon
using modeling techniques. Brownell et al. (2001) developed a Habitat Suitability Index (HSI)
model for spawning Atlantic sturgeon and early egg development, and found that cobble/gravel
(64 mm to 250 mm) was the optimal spawning substrate for Atlantic sturgeon. Boulder (250 mm
to 4000 mm) scored the second highest in the model, and silt/sand (<2.0mm) and mud/soft
clay/fines scored the lowest. The curve and the data values were based on the shortnose sturgeon
model, and factors such as oxygenation, substrate embeddedness, available egg attachment sites,
protection of eggs from predators, light intensity, and solar warming were all hypothesized to be
available in cobble/gravel and boulder substrates (Brownell et al. 2001).

Bushnoe et al. (2005) identified potential spawning areas for Atlantic sturgeon in
Virginia based on the location of suitable hard substrate and a variety of other water quality
parameters, including temperature, dissolved oxygen, pH, salinity, hardness, and conductivity.
They concluded that Turkey Island oxbow and the James Neck oxbow in the James River, the
Appomattox River, the Mattaponi, and Pamunkey River in the York River system, and the
Rappahannock River, all represented potential spawning habitat (Bushnoe et al. 2005).

Spawning depth associations

Atlantic sturgeon have been documented spawning in water from 3 m to 27 m in depth
(Table 8-3) (Borodin 1925; Dees 1961; Scott and Crossman 1973; Shirey et al. 1999; Bain et al.
2000; Collins et al. 2000b; Caron et al. 2002; Hatin et al. 2002). Spawning depth seems to vary
greatly depending upon the available depth range.
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Depth Range (m) Status Location Citation

10-22 Spawning  St. Lawrence River, Québec Caron et al. 2002
17-21 Non-spawning St. Lawrence River, Québec Caron et al. 2002

15 - 27 (mean) All St. Lawrence River, Québec Hatin et al. 2002
6 -60 Spawning  St. Lawrence River, Québec Hatin et al. 2002

>7.6 Migrating  Hudson River, NY Dovel and Berggren 1983

12-27 Spawning  Hudson River, NY Bain et al. 2000
11-13 Spawning  Delaware River Borodin 1925; Scott & Crossman 1973
1.5-13 All Edisto River, SC Collins et al. 2000b
24-8 Spawning  HSI Model Brownell et al. 2001

Table 8-3. Spawning (and non-spawn) depth ranges for Atlantic sturgeon along the Atlantic
coast

A recent HSI model developed by Brownell et al. (2001) showed that the optimal depth
range in the South for spawning Atlantic sturgeon and egg incubation ranged from 2.4 m to 8 m.
It should be noted that depth in this model had a maximum range of § m because areas where
spawning is likely to occur (areas above the fall zone) in the South are not much deeper than 8 m
(P. Brownell, NOAA Fisheries, Southeast Regional Office, personal communication).

Spawning water temperature

Atlantic sturgeon reportedly spawn in waters where temperatures range from 13°C to
26°C (Table 8-4) (Borodin 1925; Huff 1975; Smith 1985b; Bain et al. 2000; Caron et al. 2002;
Hatin et al. 2002). Temperature appears to be a universal determining factor in spawning
migration times. Migration temperatures seem to be fairly uniform across the Atlantic Coast,
with southern fish migrating earlier in the spring, and northern fish following a few weeks later
once the waters reach the appropriate temperature. Generally, male Atlantic sturgeon commence
upstream migration when waters reach around 6°C (Smith et al. 1982; Dovel and Berggren 1983;
Smith 1985a). Females usually follow a few weeks later when temperatures are closer to 12°C
or 13°C (Dovel and Berggren 1983; Smith 1985a; Smith 1985b; Collins et al. 2000b). Spawning
has been found to occur most often in waters 13°C to 21°C (Ryder 1888; Scott and Crossman
1973; Bain et al. 2000; Caron et al. 2002). In addition, Mohler (2003) stated in the “Culture
Manual for Atlantic Sturgeon” that the preferred temperature for induced spawning in cultured
sturgeons is between 20°C and 21°C.
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Temperature

Sex  Activity Month Range (°C) Location Citation
Caron et al. 2002;
M/F  Spawning N/A 14.5-23.4  St. Lawrence River, Québec Hatin et al. 2002
M Migration Up N/A 56-6.1 Hudson River, NY Smith 1985a
F Migration Up & +few weeks  12.2-12.8 Hudson River, NY Smith 1985a
M Migration Up April 6 Hudson River, NY Dovel and Berggren 1983
F Migration Up &+ few weeks 13 Hudson River, NY Dovel and Berggren 1983
M/F  Spawning N/A 14 - 26 Hudson River, NY Bain et al. 2000
M/F  Spawning April - June 12.8 - 18.3  Delaware River Ryder 1888
M/F  Spawning N/A 13.3-17.8 Delaware River Scott and Crossman 1973
M Migration Up N/A 13-19 South Carolina Smith 1985b
F Spent Sept. - Oct. 17-18 Edisto River, SC Collins et al. 2000b
M/F Migration Up March 13.6 Edisto River, SC Collins et al. 2000b
M/F Present Summer up to 33.1  Edisto & Combahee Rivers, SC Collins et al. 2000b
M/F  Spawning N/A 20-21 Aquaculture facility Mohler 2003
M/F  Spawning N/A 16 - 21 HSI Model Brownell et al. 2001

Table 8-4. Spawning and migration temperatures for Atlantic sturgeon along the Atlantic coast

Spawning water velocity/flow

Atlantic sturgeon lay their eggs in flowing water (Vladykov and Greeley 1963; Van den
Avyle 1983). Modeling studies suggest that the optimal water velocities for Atlantic sturgeon
spawning range from 0.46 m/s to 0.76 m/s. Furthermore, velocities lower than 0.06 m/s and
higher than 1.07 cm/s are unsuitable for spawning (Crance 1987). A recent HSI developed for
spawning Atlantic sturgeon showed that optimal water velocity for spawning and egg incubation
ranged from 0.2 m/s to 0.76 m/s (Brownell et al. 2001).

Spawning and other water parameters

Reports of gulf sturgeon (Acipenser oxyrinchus desotoi) indicate that other important
habitat factors include hardness and conductivity. Sulak and Clugston (1999) and Fox et al.
(2000) describe the spawning sites of gulf sturgeon on the Suwannee River, Florida, as having a
moderate Ca++ ion concentration and conductivity ranging from 10 uS to 110uS. Bushnoe et al.
(2005) used these criteria to identify Atlantic sturgeon spawning habitat in rivers in Virginia.
More research will be needed to clarify the importance of these parameters.
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Spawning feeding behavior

It has been hypothesized that Atlantic sturgeon do not feed during spawning migrations.
Research is currently being conducted in South Carolina to test this hypothesis (M. Collins,
South Carolina Department of Natural Resources, personal communication). Post-spawning
adults that remain in freshwater systems have been documented feeding on gastropods and other
benthic organisms (Scott and Crossman 1973). In general, adult Atlantic sturgeon feed
indiscriminately throughout their lives and are considered to be opportunistic feeders (Vladykov
and Greeley 1963; Murawski and Pacheco 1977; Van den Avyle 1983; Haley and Bain 1997,
Colette and Klein-MacPhee 2002). They feed on mollusks, polychaetes, gastropods, shrimps,
isopods, and benthic fish in estuarine areas (Dadswell et al. 1984; Secor et al. 2000b; Colette and
Klein-MacPhee 2002). In freshwater, their prey includes aquatic insects, nematodes, amphipods,
and oligochaetes (Colette and Klein-MacPhee 2002; Hain et al. 2002).

Spawning competition and predation

Adult Atlantic sturgeon appear to have few ecological competitors. They spawn later in
the season and in different areas than shortnose sturgeon, thus avoiding competition for egg
deposition space in areas where their habitat overlaps (Bath et al. 1981; Gilbert 1989; Kynard
and Horgan 2002). Other species that might utilize the same spawning habitat include
anadromous species, such as white perch, striped bass, and American shad (D. Secor,
Chesapeake Biological Laboratory, University of Maryland Center for Environmental Science,
personal communication).

The ASSRT (2007) notes the following information on competition and predation in
Atlantic and shortnose sturgeon:

Atlantic sturgeon are benthic predators and may compete for food with other
bottom-feeding fishes and invertebrates including suckers (Moxotoma sp.), winter
flounder (Pleuronectes americanus), tautog (Tautoga onitis), cunner (Tautagolabrus
adspersus), porgies (Sparidae), croakers (Sciaenidae), and stingrays (Dasyatis sp.)
(Gilbert 1989). Specific information concerning competition between Atlantic sturgeon
and other species over habitat and food resources is scarce. There are no known exotic or
non-native species that compete directly with Atlantic sturgeon. There is a chance that
species such as suckers or other bottom forage fish would compete with Atlantic
sturgeon, but these interactions have not been elucidated (from ASSRT 2007).

The relationship between the Federally endangered shortnose sturgeon and the
Atlantic sturgeon has recently been explored. Shortnose sturgeon are sympatric with
Atlantic sturgeon throughout most of their range. Larger, adult shortnose are suspected
to compete for food and space with juvenile Atlantic sturgeon in rivers of co-occurrence
(Pottle and Dadswell 1979; Bain 1997). Haley and Bain (1997) found that while
shortnose and Atlantic sturgeon overlap in their use of the lower estuary, the overall
distribution of the two species differed by river kilometers, providing evidence that
Atlantic and shortnose sturgeon partition space within the Hudson River despite co-
occurrence in channel habitats. This finding is consistent with Kieffer and Kynard (1993)
who found that subadult Atlantic and adult shortnose sturgeon in the Merrimack River,
MA were spatially separate except for brief use of the same saline reach in the spring.
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Kahnle and Hattala (1988) conducted late summer-fall bottom trawl collections in the
lower Hudson River Estuary from 1981-1986 and found that most shortnose sturgeon
occupied tkm 55-60 in water depths of greater than six meters. Even though there was
overlap in river miles, there was separation by water depth. In Georgia, the distributions
of adult shortnose and juvenile Atlantic sturgeons overlap somewhat, but Atlantic
sturgeon tend to use more saline habitats than shortnose sturgeon (G. Roger, formerly
Georgia Department of Natural Resources, personal communication; from ASSRT 2007).

Juvenile shortnose sturgeon apparently avoid competition for food with Atlantic
sturgeon in the Saint John River, Canada by spatial separation, but adult shortnose may
compete for space with similar-sized juvenile Atlantic sturgeon (Dadswell et al. 1984).
Haley and Bain (1997) analyzed stomach contents of Atlantic and shortnose sturgeon in
the Hudson River using gastric lavage and found clear differences in their diets.
Polychaetes and isopods were primary foods retrieved from Atlantic sturgeon while
amphipods were the dominant prey obtained from shortnose sturgeon (Haley and Bain
1997; from ASSRT 2007).

Very little is known about natural predators of Atlantic sturgeon. The presence of
bony scutes are likely effective adaptations for minimizing predation of sturgeon greater
than 25 mm TL (Gadomski and Parsley 2005). Documented predators of sturgeon
(Acipenser sp.) include sea lampreys (Petromyzon marinus), gar (Lepisosteus sp.), striped
bass, common carp (Cyprinus carpio), northern pikeminnow (Ptychocheilus
oregonensis), channel catfish (Ictalurus punctatus), smallmouth bass (Micropterus
dolomieu), walleye (Sander vitreus), grey seal (Halichoerus grypus), fallfish (Semotilus
corporalis) and sea lion (Zalophus californianus) (Scott and Crossman 1973; Dadswell et
al. 1984; Miller and Beckman 1996; Kynard and Horgan 2002; Gadomski and Parsley
2005; Fernandes 2006; Wurfel and Norman 2006). In contrast to these findings, Moser et
al. 2000 tested whether flathead catfish (Pylodictus olivaris) preyed on shortnose
sturgeon (30 cm) in a controlled system, and despite sturgeon being the only prey
available none were consumed. However, Gadomksi and Parsely (2005) tested at what
size white sturgeon were preyed upon by channel catfish, northern pikeminnow,
walleyes, and prickly sculpins (Cottus asper). Their results found that channel catfish
(mean TL =472 mm), northern pikeminnow (mean TL = 464 mm), and prickly sculpin
(mean TL = 126 mm) fed on juvenile sturgeon of an average size of 121 mm TL, 134 mm
TL, and 50 mm TL, respectively. Oddly, similar size walleye (~470 mm TL) rarely fed
on white sturgeon, but juvenile walleye (mean TL = 184 mm) consumed sturgeon with a
mean size of 59 mm TL. Gadomski and Parsley (2005) suggest that these findings
indicate that predation could play an important role in sturgeon recovery (from ASSRT
2007).

Similarly, Brown et al. (2005) concluded that the “...introduction of [flathead
catfish] has the potential to adversely affect ongoing anadromous fish restoration
programs and native fish conservation efforts in the Delaware and Susquehanna basins.”
The same concern has been stated by fishery management agencies for south Atlantic
river basins where flathead catfish are firmly established and have reached significant
biomass, significantly altering native fish assemblages and biomass in the process. There
is, however, no current evidence that predation rates on Atlantic sturgeon are elevated
above “natural” levels (from ASSRT 2007).
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Part B. Atlantic Sturgeon Egg and Larval Habitat

Geographical and temporal movement patterns

Due to a low tolerance for saline environments, Atlantic sturgeon eggs must be spawned
upstream of the salt front (Van Eenennaam et al. 1996). On the other hand, research on the
conspecific A. 0. desotoi (Gulf sturgeon) indicates that Atlantic sturgeon probably select regions
with high conductivity, above the salt wedge, but below fall line regions containing freshwater
with low conductivity (Sulak and Clugston 1999; Fox et al. 2000).

Eggs are deposited into flowing water and disperse following fertilization. After
approximately twenty minutes, the demersal eggs become strongly adhesive and attach to hard
substrates (Murawski and Pacheco 1977; Van den Avyle 1983). The eggs hatch after 94 to 140
hours; subsequent to a pelagic yolksac larval period of about 10 days, late-stage larvae settle in
the demersal habitat. This will be the principal type of habitat for the remainder of the
sturgeon’s life (USFWS-NMFS 1998).

Little is known about the habitat of larval Atlantic sturgeon. Larval Atlantic sturgeon are
less than 4 weeks old, with lengths less than 30 mm (TL) (Van Eenennaam et al. 1996); they are
assumed to inhabit the same riverine or estuarine areas where they were spawned (Bain et al.
2000; Kynard and Horgan 2002). Newly hatched larvae are active swimmers and leave the
bottom to swim in the water column. Once the yolk sac is absorbed, the larvae exhibit benthic
behavior (Smith et al. 1980, 1981). Bath et al. (1981) caught free embryos by actively netting
the bottom near the spawning area, demonstrating that early life stages are benthic.

For a more controlled experiment, Kynard and Horgan (2002) raised captive Atlantic
sturgeon in chambers. They found that upon hatching, the embryos sought cover where they
remained for a few days. The fish left cover and began to migrate around day 8. Following the
passage of a few more days, the larvae stopped migrating and exhibited foraging behavior.
Downstream migration resumed again during the juvenile period when the temperature dropped.
Atlantic sturgeon larvae are capable of dispersing long distances. Movement occurs at night
during the first half of the larval migration; eventually, the fish become active during both the
day and night (Kynard and Horgan 2002). Kynard and Horgan (2002) hypothesize that this
foraging behavior is a way to reduce daytime predation while the larvae are still developing, yet
still enable them to forage when there is daylight to aid in the visual detection of prey.

Mohler (2003) found similar results. Cultured Atlantic sturgeon were mostly pelagic
after hatching and exhibited a “swim up and drift down” behavior. After three to four days, fry
began to exhibit benthic clumping behavior and swam against the direction of water flow in the
tank. Fry remained benthic for approximately four days, before moving around the tank in
search of food. At this stage, the larval Atlantic sturgeon were noted to be pelagic, until live
brine shrimp were thrown into the tank and the fry moved to the bottom of the tank to feed.
Atlantic sturgeon fry did not actively seek out a food source, but rather waited until the currents
brought food to them (Mohler 2003).

The ASSRT (2007) notes that downstream dispersal patterns may be different among
watersheds:

Differences in the innate dispersal patterns of sturgeon species in early life stages
also suggest that there are markedly separated differences in behavior between
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subpopulations of sturgeon (B. Kynard, USGS Conte Anadromous Fish Research Center,
personal communication). Boyd Kynard, a researcher at the USGS Conte Anadromous
Fish Research Center (Turner Falls, Massachusetts), has noted major differences in innate
dispersal patterns of early life stage sturgeon species including Acipenser fulvescens
(Wolf and Menominee rivers), A. brevirostrum (Connecticut and Savannah rivers), A.
transmontanus (Sacremento and Kootenai rivers), and Atlantic/Gulf sturgeon
subpopulations (Hudson and Suwannee rivers). This research suggests that Atlantic
sturgeon are likely adapted to unique features of their watershed, considering their
genetic discreteness and differing migration behaviors. These findings are similar to
research conducted on striped bass (Morone saxatilis), an anadromous fish like Atlantic
sturgeon, which correlated egg characteristics (e.g., egg diameter, egg density, etc.) with
watershed type (e.g., low, medium, high energy) (Bergey et al. 2003). Differences in egg
characteristics likely are the result of subpopulation adaptations to the watershed, but the
manner in which these adaptations were produced were not determined. The ASSRT
concluded that unique behavioral and physiological traits likely exist for each extant
subpopulation of Atlantic sturgeon — except those that share a drainage basin (similar
adaptations) (from ASSRT 2007).

Eggs, larvae, and the saltwater interface

Salinity is very important to the survival of sturgeon eggs (McEnroe and Chech 1985;
Jenkins et al. 1993; Van Eenennaam et al. 1996). Eggs are spawned in regions between the salt
front and the fall-line of large rivers or estuarine tributaries (Borodin 1925; Leland 1968; Scott
and Crossman 1973; Crance 1987; Bain et al. 2000). Bath et al. (1981) collected larval sturgeon
in salinities of 0 ppt to 22 ppt in the Hudson River, New York. Dovel and Berggren (1983)
recorded sturgeon embryos from RKM 60 to RKM 148, which includes some brackish water.
However, Van Eenennaam et al. (1996) report that Atlantic sturgeon embryo habitat must be
well above the salt wedge, due to their low tolerance to salinity. Other species of sturgeon show
this same salt intolerance. For example, free embryos, larvae, and age-0 juveniles of white
sturgeon and shortnose sturgeon also exhibit low salt tolerance. Mortality has been documented
at salinities as low as 5 ppt to 10 ppt (McEnroe and Chech 1985; Jenkins et al. 1993).

Egg and larval substrate associations

Atlantic sturgeon deposit their eggs on benthic hard substrate (Gilbert 1989; Smith and
Clugston 1997). The eggs contain adhesive strings that attach to stones, shells, sticks, and weeds
(Vladykov and Greeley 1963; Colette and MacPhee 2002). Hard substrate is also important to
larval Atlantic sturgeon, as it provides refuge from predators (Kieffer and Kynard 1996; Fox et
al. 2000). A study by Kynard and Horgan (2002) showed that after hatching, embryos
immediately sought cover. Some scientists hypothesize that rapid-complex habitats might serve
as hatcheries for Atlantic sturgeon because they provide cover, well-oxygenated hiding places,
and a food source of microinvertebrates (P. Brownell, NOAA Fisheries, Southeast Regional
Office, personal communication).
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Egg and larval depth associations

The importance of depth to embryonic and larval Atlantic sturgeon has not been
thoroughly discussed in the literature, but it is likely not as important to this species as benthic
substrate characteristics (P. Brownell, NOAA Fisheries, Southeast Regional Office, personal
communication). However, depth of migrating larvae would be an important issue to address for
a project inserting intake structures into a river near nursery grounds (W. Patrick, NOAA
Fisheries Service, personal communication). Additionally, Bain (1997) found that embryos
remain on the bottom of deep channel habitats, and Bath et al. (1981) collected larval samples
from 9.1 m to 19.8 m.

Egg and larval water temperature

Smith et al. (1980) found that Atlantic sturgeon eggs optimally hatch at temperatures
ranging from 18°C to 20°C. Hatching occurs approximately 94 to 140 hours after egg deposition
at temperatures of 20°C and 18°C, respectively, and larvae assume a demersal existence (Smith
et al. 1980). Similarly, Mohler (2003) states that in a culture setting, a temperature range of 20°C
to 21°C is favorable for the incubation of Atlantic sturgeon eggs. Temperatures below 18°C
prolong hatching and increase the risk of fungal infestation to dead eggs, which in turn can kill
the viable individuals. Hatching occurs in 60 hours at this temperature range (Mohler 2003).

Bath et al. (1981) collected larval sturgeon in the Hudson Bay, New York, in
temperatures of 15.0°C to 24.5°C. Researchers recommend that first-feeding cultured Atlantic

sturgeon fry be kept in water temperatures of 15°C to 19°C, and that a temperature of 19°C
yields higher growth rates (Kelly and Arnold 1999; Mohler 2003).

Egg and larval feeding behavior

There are no studies to indicate what larval Atlantic sturgeon prey upon in the wild.
However, it is assumed that after they absorb the yolk sac, they feed on small bottom dwelling
organisms (Gilbert 1989). Studies of other sturgeon species indicate that larvae in rivers feed on
small mobile invertebrates, including cladocerans and copepods (Baranova and Miroshnichenko
1969; Miller et al. 1991). Miller et al. (1991) found that white sturgeon larvae primarily fed on
amphipods.

During their lab test, Kynard and Horgan (2002) found that Atlantic sturgeon larvae (30
to 50 days old) preferred illumination and a white substrate. They hypothesize that an
illuminated bright substrate may make it easier for young sturgeon to locate moving prey.
Laboratory rearing of larvae depends principally on Artemia sp. as prey, which the Atlantic
sturgeon can readily consume (Kynard and Horgan 2002).

Egg and larval competition and predation

Kynard and Horgan (2002) hypothesize that larval and juvenile Atlantic sturgeon have a
low predation risk. This hypothesis is based on the theory that migration upon hatching is
stimulated by predation risk to embryos. Species that undergo high predation tend to migrate
from the area immediately after hatching (Kynard and Horgan 2002). While this hypothesis has
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not been fully tested, Kynard and Horgan (2002) have determined that shortnose sturgeon
embryos have few predators. After sampling predators in a spawning area, they found that only

one fish, the fallfish (Semotilus corporalis), had sturgeon eggs in its stomach (Kynard and
Horgan 2002).
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Part C. Atlantic Sturgeon Juvenile Estuarine Habitat

Geographical and temporal movement patterns

For the purposes of this report, a sturgeon will be considered juvenile according to the
guidelines found in the ASSRT (2007), which broke juveniles down as such:

1) YOY (AGE-0): Thought to be natal to the river they were captured in and used as
evidence in identifying extant populations

2) Juveniles or subadults (AGE-1 to AGE-15): Considered possible migrants from other
systems though the older individuals could be reproducing (maybe in more northern
waters)

3) Mature adults (AGE-15) or 150 cm TL: Generally considered mature, and if they
were captured in a river during the spawning season it was assumed that they were
going to spawn in that river (used to identify extant populations) (ASSRT 2007)

Most researchers have found that growth rates and sizes of Atlantic sturgeon vary by
latitude, with rapid growth occurring in the southern latitudes and larger maximum sizes
occurring in the north (Vladykov and Greeley 1963; Smith 1985a; Smith 1985b; Dovel and
Berggren 1983; Collins et al. 1996; Stevenson and Secor 1999). However, Johnson et al. (2005),
working off the New Jersey coast, found that their data did not fit this pattern. They suggested
that this might have been due to a mixed sample composed of Atlantic sturgeon from different
populations that had different growth rates (Johnson et al. 2005). These findings are partially
supported by genetic studies performed by Waldman et al. (1996a) who showed that
approximately 90% of the Atlantic sturgeon catch in the New York Bight was of Hudson River
origin.

The ASSRT (2007) notes the following information on juvenile Atlantic sturgeon
migrations:

Upon reaching a size of approximately 76 to 92 cm, the sub-adults may move to
coastal waters (Murawski and Pacheco 1977; Smith 1985b), where populations may
undertake long-range migrations (Dovel and Berggren 1983; Bain 1997; T. King, USGS
Leetown Science Center, Aquatic Ecology Laboratory, Kearneysville, West Virginia,
supplemental data). Tagging and genetic data indicate that sub-adult and adult Atlantic
sturgeon may travel widely once they emigrate from rivers. Sub-adult Atlantic sturgeon
wander among coastal and estuarine habitats, undergoing rapid growth (Dovel and
Berggren 1983; Stevenson 1997). These migratory sub-adults, as well as adult sturgeon,
are normally captured in shallow (10 to 50m) near shore areas dominated by gravel and
sand substrate (Stein et al. 2004; from ASSRT 2007).

Juvenile Atlantic sturgeon are thought to remain close to their natal habitats within the
freshwater portion of the estuary for at least one year before commencing migration out to sea
(Secor et al. 2000b). Migrations out to coastal areas occur between two and six years of age
(Smith 1985b), and are seasonal, with movement occurring north in the late winter, and south in
fall and early winter (Dovel 1978; Smith 1985b; USFWS-NMFS 1998). Seasonal migrations of
juveniles are regulated by changes in temperature gradients between fresh and brackish waters
(Van Den Avyle 1984). For example, hatchery-reared juveniles released in the Chesapeake Bay
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used brackish waters close to the estuary mouth during colder months, and moved upriver during
warmer months (Secor et al. 2000b).

Similar behavior has been seen in a number of river systems, including the Delaware
River, Hudson River, and the Winyah Bay system (South Carolina) (Brundage and Meadows
1982; Smith et al. 1982; Dovel and Berggren 1983; Gilbert 1989). Dovel and Berggren (1983)
reported a mass down-estuary migration of juvenile Atlantic sturgeon in the Hudson Estuary,
New York, when the temperature dropped below 20°C. Down-river/down-estuary migrations
peak at the end of October in the Hudson system. At this time, many juveniles overwinter in
deep holes, while others leave the Hudson River and move south along the Atlantic coast (Dovel
and Berggren 1983). In contrast, Moser and Ross (1995) found that juvenile sturgeon in the
Cape Fear River, North Carolina, kept the same center of distribution near the saltwater-
freshwater interface year round. However, these fish were unable to move upriver because of the
location of the Cape Fear Lock and Dam No. 1, just above the estuary (0.5 ppt interface) (P.
Brownell, NOAA Fisheries, Southeast Regional Office, personal communication).

Coastal features or shorelines where migratory Atlantic sturgeon commonly aggregate
include the Bay of Fundy, Massachusetts Bay, Rhode Island, New Jersey, Delaware, Delaware
Bay, Chesapeake Bay, and North Carolina, which presumably provide better foraging
opportunities (Dovel and Berggren 1983; Johnson et al. 1997; Rochard et al. 1997; Kynard et al.
2000; Eyler et al. 2004; Stein et al. 2004; Dadswell 2006). Smith (1985b) stated that fish tagged
off South Carolina migrated as far north as Pamlico Sound and Chesapeake Bay. Most data
indicate that Atlantic sturgeon in the northern rivers travel more extensively than those in the
southern rivers (ASMFC 1998). However, research in the southern region has not adequately
addressed inter-basin movements in the south (P. Brownell, NOAA Fisheries, Southeast
Regional Office, personal communication).

Later-stage juveniles often enter and reside in non-natal rivers that lack active spawning
sites (Bain 1997). Inter-estuarine migrations have been documented extensively in the literature
(Dovel and Berggren 1983; Smith 1985b; Welsh et al. 2002; Savoy and Pacileo 2003). These
non-natal estuarine habitats serve as nursery areas, providing abundant foraging opportunities
and thermal and salinity refuges. Therefore, these areas are very important to the Atlantic
sturgeon’s survival (Moser and Ross 1995).

Juveniles and the saltwater interface

There is a large amount of variation in the salinity tolerance of juvenile Atlantic sturgeon
(Table 8-5). Some Atlantic sturgeon may occupy freshwater habitats for two or more years,
while others move downstream to brackish waters when the water temperature drops (Scott and
Crossman 1973; Dovel 1978; Hoff 1980; Lazzari et al. 1986). Additionally, bioenergetic studies
on YOY juveniles indicate poor survival at salinities greater than 8 ppt, but euryhaline behaviors
are exhibited by juveniles age-1 and 2 (Niklitschek 2001).
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Salinity Range (ppt) Location Citation

>3 Hudson River, New York Appy and Dadswell 1978
3-16 Hudson River, New York Dadswell 1979
3-16 Hudson River, New York Brundage and Meadows 1982
0-6 Hudson River, New York Dovel and Berggren 1983
3-16 Hudson River, New York Smith 1985b
3-16 Hudson River, New York Haley et al. 1996

>3 Hudson River, New York Bain et al. 2000
0-12 Delaware River Shirey et al. 1999

<10 Brunswick River, North Carolina Moser and Ross 1995

Table 8-5. Salinity tolerance ranges for young juvenile Atlantic sturgeon along the Atlantic
coast

Juvenile substrate associations

Kynard et al. (2000) reported that juvenile Atlantic sturgeon in Massachusetts were found
mostly over sand substrates, but other associated substrates included rock, cobble, and mud
(Kynard et al. 2000). Savoy and Pacileo (2003) found that 85% of the juvenile Atlantic sturgeon
caught in Long Island Sound were in mud or transitional bottom habitats. Correspondingly, Bain
et al. (2000) found juveniles off Long Island Sound over mud substrates. In the Hudson River,
Haley et al. (1996) collected juvenile Atlantic sturgeon at sites that had silt substrates. However,
the researchers state that it is unclear whether this represents habitat preference or habitat use, as
the majority of sites sampled was composed of this substrate (Haley et al. 1996). In the same
system, Bain et al. (2000) documented juveniles over clay, silt, and sand substrates. Stein et al.
(2004) found migratory sub-adults, as well as adult Atlantic sturgeon, generally in areas
dominated by gravel and sand substrate.

Juvenile depth associations

Many researchers have found that juvenile Atlantic sturgeon tend to congregate in deep
waters (Table 8-6) (Moser and Ross 1995; Bain et al. 2000; Savoy and Pacileo 2003). Moser and
Ross (1995) report that juvenile Atlantic sturgeon in North Carolina use deep and cool areas as
thermal refuges, particularly in the summertime.
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Depth Range (m) Location Citation
2-12 Massachusetts Kynard et al. 2000
30-40 Long Island Sound, Connecticut Bain et al. 2000
27-37 Long Island Sound, Connecticut Savoy and Pacileo 2003
Mean = 22.7 Hudson River, New York Haley et al. 1996

10 — 25 (<700 mm TL)
16 —26 (>700 mm TL)
7-16
55-11
<20
<7
>10

1.8-54

Hudson River, New York
Hudson River, New York
Delaware River, Pennsylvania
Delaware River, Delaware
Chesapeake Bay, Virginia
Brunswick River, North Carolina

Cape Fear River, North Carolina

Albemarle Sound, North Carolina

Bain et al. 2000
Bain et al. 2000
Lazzari et al. 1986
Shirey et al. 1999
Musick et al. 1994
Moser and Ross 1995
Moser and Ross 1995

Armstrong and Hightower 2002

Table 8-6. Depth ranges for young juvenile Atlantic sturgeon along the Atlantic coast

Juvenile Atlantic sturgeon farther north also seem to prefer deeper areas. Bain et al.

(2000) stated that those juveniles that did not migrate out to sea during the winter occupied deep-
water habitat in the Hudson River, New York. Further north, Savoy and Pacileo (2003) found
that juvenile Atlantic sturgeon in Long Island Sound preferred the deep-water areas within the
central basin of the Sound. They reported that 71% of the Atlantic sturgeon were caught in areas
of the deepest stratum (deeper than 27 m). This area comprised only 26% of the available habitat
(Savoy and Pacileo 2003). Savoy and Pacileo (2003) also reported that Atlantic sturgeon were
rarely caught in the shallow areas (5 m to 9 m), and that the 20 fish caught in the shallow stratum
were fish migrating in and out of Long Island Sound.

While the majority of juvenile Atlantic sturgeon have been collected at the deepest depths
available, some have also been collected in shallower waters (Table 8-6). A telemetry study on
hatchery-released age-1 juveniles showed that most Atlantic sturgeon utilized depths less than 6
m (Secor et al. 2000b).
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Juvenile water temperature

Temperature Range (°C) Location Citation
13.2-26.7 Merrimack River, Massachusetts  Kieffer and Kynard 1993
242 -247 Hudson River, New York Dovel and Berggren 1983
27 Hudson River, New York Haley et al. 1996
24 - 28 Hudson River, New York Bain et al. 2000

Table 8-7. Summer temperature ranges for juvenile Atlantic sturgeon along the Atlantic
coast

Temperature is a key habitat parameter for the structuring of juvenile Atlantic sturgeon
summer habitat (Table 8-7) (Niklitschek and Secor 2005). Temperatures in excess of 28°C are
judged to have sublethal effects on Atlantic sturgeon. An increase in temperature coupled with
low dissolved oxygen and high salinity can cause loss of juvenile Atlantic sturgeon nursery
habitat. Their low tolerance to temperature and low oxygen is of particular concern during the
first two summers of life when juveniles are restricted to lower saline waters, and are unable to
seek out thermal refuge in deeper waters (Secor and Gunderson 1998; Niklitschek 2001;
Niklitschek and Secor 2005).

Temperature may also be an important habitat parameter with regard to migration
patterns, since juvenile Atlantic sturgeon appear to migrate in response to certain temperature
thresholds. Dovel and Berggren (1983) stated that downstream migrations in the Hudson River
began when temperatures reached 20°C, and peaked between 12°C and 18°C. By the time the
temperature was 9°C, juvenile Atlantic sturgeon had congregated for the winter in deep holes
(Dovel and Berggren 1983) where water temperatures can approach 0°C (Bain et al. 2000).
Similar migration patterns were noted by Dovel (1979) in the Hudson River and by Brundage
and Meadows (1982) in the Delaware River. However, Lazzari et al. (1986) reported that
juvenile Atlantic sturgeon in the Delaware River used the tidal portion of the bay for a longer
period of time and at lower temperatures than reported by other researchers. T hey found Atlantic
sturgeon in these areas through December when temperatures approached 0.5°C.

Kieffer and Kynard (1993) found during their biotelemetry studies that juvenile Atlantic
sturgeon in the Connecticut and Merrimack Rivers, Massachusetts, did not enter the river until
mid-May when the temperatures were 14.8°C to 19.0°C. The fish left the river by September or
October when river temperatures were 13°C to 18.4°C (Kieffer and Kynard 1993).

Temperature may also affect juvenile Atlantic sturgeon feeding behavior. Mohler (2003)
found that in cultured juvenile Atlantic sturgeons, a noticeable decrease in feeding occurred
when temperatures dropped to 10°C. However, minimum weight gains were noticed at

temperatures as low as 5.4°C, with weight loss occurring at lower water temperatures (Mohler
2003).
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Juvenile dissolved oxygen associations

Dissolved oxygen is a very important habitat parameter for juvenile Atlantic sturgeon. A
large proportion of Atlantic sturgeon nursery habitat has been degraded as a result of persistent
low levels of dissolved oxygen. Secor and Niklitschek (2001) report that in habitats with less
than 60% oxygen saturation (4.3 mg/L to 4.7 mg/L at 22°C to 27°C), YOY fish aged 30 to 200
days, will experience a loss in growth. Mortality of juvenile Atlantic sturgeon has been observed
for summer temperatures at levels of less than or equal to 3.3 mg/L (Secor and Niklitschek
2001). Recently, the Chesapeake Bay Program adopted dissolved oxygen guidelines based upon
levels that would protect Atlantic and shortnose sturgeon, which show unusually high sensitivity
to low oxygen concentrations among estuarine living resources (Secor and Niklitschek 2002;
EPA 2003).

Juvenile feeding behavior

Pottle and Dadswell (1982) examined the gut contents of juvenile Atlantic sturgeon in the
St. Johns River, Florida. They found that juvenile Atlantic sturgeon fed on diptera and
trichoptera, in addition to amphipods. Secor et al. (2000b) found that juvenile Atlantic sturgeon
in the Chesapeake Bay preyed upon annelid worms, isopods, amphipods, chironomid larvae, and
mysids. Moser and Ross (1995) found polycheate worms, isopods, and mollusk shell fragments
in the stomachs of juvenile sturgeon in North Carolina. An examination of 12 juvenile Atlantic
sturgeon in the Connecticut and Merrimack Rivers showed a mix of amphipods and polychaetes
(Kynard et al. 2000). In freshwater, juvenile Atlantic sturgeon ate plant and animal matter,
sludgeworms, chironomid larvae, mayfly larvae, isopods, amphipods, and small bivalve
mollusks (Scott and Crossman 1973). Scott and Crossman (1973) also noted that sturgeon
consumed mud while foraging on the bottom.

Secor et al. (2000b) analyzed the gut content of 12 juvenile Atlantic sturgeon in the
Chesapeake Bay and found that sand, silt, and detritus accounted for 34% of the gut contents.
Annelid worms made up 61% of the prey items, followed by isopods (Cyathura polita and
Cyathura sp.; 23%), amphipods (Leptocheirus plumulosus and Gammarus sp.; 10%), chironomid
larvae (1.6%), and mysids (Neomysis americana; 1.5%). One-third of the Atlantic sturgeon had
empty guts (Secor et al. 2000b). In this small study, Secor et al. (2000b) did not find that
juvenile Atlantic sturgeon preyed upon mollusks, despite their high biomass in the Chesapeake
Bay.

Juvenile competition and predation

Both juvenile Atlantic sturgeon and shortnose sturgeon occupy the same
freshwater/saltwater interface nursery habitat, although shortnose sturgeon tend to be located in
freshwater, while Atlantic sturgeon utilize more saline areas (Dadswell 1979; Dovel and
Berggren 1983; Dovel et al. 1992; Kieffer and Kynard 1993; Haley et al. 1996; Bain 1997).
Haley et al. (1996) collected the majority of juvenile Atlantic sturgeon in the Hudson River in
deeper, mesohaline (3.0 ppt to 16.0 ppt) regions, while juvenile shortnose sturgeon were found
most often in the shallower, freshwater (<0.5 ppt) zones of the estuary. Furthermore,
bioenergetic comparisons showed that age-1 Atlantic sturgeon demonstrated better growth in
brackish water (1 ppt to 10 ppt), than sympatric shortnose sturgeon juveniles (Niklitschek 2001).
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In contrast, Bain (1997) found that early juvenile Atlantic sturgeon had the same distribution as
juvenile shortnose sturgeon in the Hudson River estuary during all seasons. Both species were
similar in size, grew at about the same rate, had similar diets, and shared deep channel habitats
early in life (Bain 1997). Additionally, Bain (1997) found that the distribution of adult shortnose
sturgeon overlapped with the distribution of juvenile Atlantic sturgeon.

Haley et al. (1996) hypothesized that the freshwater/saltwater interface where both
sturgeon species concentrate, may serve as a foraging ground, and that Atlantic and shortnose
sturgeon may compete for food in this area. However, Pottle and Dadswell (1982) found that
juvenile Atlantic and shortnose sturgeon in the St. Johns River preyed on different species. They
found that Atlantic sturgeon preyed upon diptera, trichoptera, and some amphipods, while
shortnose sturgeon preyed mostly upon cladocerans, amphipods, mollusks, and insect larvae
(Pottle and Dadswell 1982). When reared in large outdoor tanks and fed an artificial diet,
shortnose sturgeon juveniles fed at higher rates and grew more rapidly than similar sized Atlantic
sturgeon (Niklitschek 2001).

In more southern rivers, juvenile Atlantic sturgeon and adult shortnose sturgeon may
share parts of the river with similar salinity levels. This has been documented in the Savannah
River during the fall and winter, and in the Altamaha River during warm summers (Kieffer and
Kynard 1993).

Atlantic sturgeon juveniles would be expected to compete with other demersal feeding
fishes in estuaries. In mid-Atlantic estuaries these demersal feeders include catfishes, white
perch, carp, spot, croaker, and hogchoker (Murdy et al. 1997).
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Part D. Atlantic Sturgeon Late Stage Juvenile and Adult Marine Habitat

All estuarine habitats for adult and juvenile Atlantic sturgeon are discussed under
previous sections. This section focuses entirely on juvenile and adult Atlantic sturgeon habitat in
marine waters.

Geographical and temporal patterns at sea

Juvenile Atlantic sturgeon are known to emigrate out of their natal estuarine habitats and
migrate long distances in the marine environment (Murawski and Pacheco 1977); the longest
oceanic journey recorded was 1,450 km (Magnin and Beaulieu 1963). Tag returns (n = 120) of
juvenile Atlantic sturgeon that were originally tagged in the Delaware River provide insight into
the coastal migration of this life stage that encompasses a broad size range (C. Shirey, Delaware
Department of Fish and Wildlife, unpublished data). After leaving the Delaware River estuary
during the fall, juvenile Atlantic sturgeon were recaptured by commercial fishermen in nearshore
waters along the Atlantic coast as far south as Cape Hatteras, North Carolina, where they were
recaptured from November through early March. Juvenile Atlantic sturgeon repeatedly crossed
the mouth of the Chesapeake Bay and traveled around the Delmarva Peninsula in March and
April, with a portion of the tagged fish re-entering the Delaware River estuary. However, many
fish continued this northerly coastal migration through the mid-Atlantic and into southern New
England waters where they were recovered throughout the summer months, primarily in the
waters of Massachusetts, Rhode Island, and Long Island, New York. Movements as far north as
Maine were documented. A southerly coastal migration was apparent from tag returns reported
in the fall. The majority of these tag returns were reported from relatively shallow nearshore
fisheries with few fish reported from waters in excess of 25 m (C. Shirey, Delaware Department
of Fish and Wildlife, unpublished data).

Little is known about the habitat use of adult Atlantic sturgeon during the non-spawning
season, particularly when the sturgeon return to marine waters (Bain 1997; Collins et al. 2000b).
While at sea, adult Atlantic sturgeon have been documented using relatively shallow nearshore
habitats (10 m to 50 m) (Laney et al. 2007; Stein et al. 2004). It is possible that individual fish
select habitats in the same areas, or even possibly school to some extent (Bain et al. 2000; Stein
et al. 2004; Laney et al. 2007).

Substrate associations at sea

Stein et al. (2004) reported that Atlantic sturgeon were found mostly over sand and gravel
substrate, and that they were associated with specific coastal features, such as the mouths of the
Chesapeake Bay and Narragansett Bay, and inlets in the North Carolina Outer Banks. Laney et
al. (2007) found similar results off the coasts of Virginia and North Carolina. The researchers
used GIS layers to analyze data from the Cooperative Winter Tagging Cruise, and found that
Atlantic sturgeon were located primarily in sandy substrates. However, the authors state that
GIS does not depict small-scale sediment distribution, thus only a broad overview of sediment
types was used. In addition, sediment sampling done along the North Carolina coast shows that
gravel substrates are found a little farther offshore from where the sturgeon were found (Laney et
al. 2007).
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Depth associations at sea

The greatest depth in the ocean at which Atlantic sturgeon have been reported caught was
75 m (Colette and Klein-MacPhee 2002). Collins and Smith (1997) report that Atlantic sturgeon
were captured at depths of 40 m in marine waters off South Carolina. Stein et al. (2004)
investigated data collected by on-board fishery observers from 1989-2000 to determine habitat
preferences of Atlantic sturgeon. They found that Atlantic sturgeon were caught in shallow (<60
m) inshore areas of the Continental Shelf. Sturgeon were captured in depths less than 25 m
along the Mid-Atlantic Bight, and in deeper waters in the Gulf of Maine (Stein et al. 2004).

The Northeast Fisheries Science Center bottom trawl survey caught 139 Atlantic sturgeon
from 1972-1996 in waters from Canada to South Carolina. They found the fish in depths of 7 m
to 75 m, with a mean depth of 17.3 m. Of the fish caught, 40% were collected at 15 m, 13% at 13
m, and less than 5% at all the depth strata (NEFC, unpublished data, reviewed in Savoy and
Pacileo 2003).

Upon entering the marine habitat, Atlantic sturgeon have been documented near the shore
in shallow waters where the depths measure less than 20 m (Gilbert 1989; Johnson et al. 1997).
During their tagging cruise off the coasts of Virginia and North Carolina, Laney et al. (2007)
captured Atlantic sturgeon at depths up to approximately 6 m. Vladykov and Greeley (1963)
record a maximum depth of at least 18 m. Additionally, Johnson et al. (2005) reported that
Atlantic sturgeon were caught within 5 km of the coast of New Jersey in waters approximately
15 m deep.

Feeding behavior at sea

There is little information regarding the marine diet of Atlantic sturgeon. Johnson et al.
(1997) suggest that this is because of the low population density of Atlantic sturgeon offshore,
and the fact that most studies have focused on rivers and estuaries. A stomach content study by
Johnson et al. (1997) found that Atlantic sturgeon off the coast of New Jersey preyed upon
polychaetes, isopods, decapods, and amphipods. They also found that mollusks and fish
contributed little to the diet, and that sand and organic debris were major components (Johnson et
al. 1997). Scott and Crossman (1973) stated that in marine waters, Atlantic sturgeon fed on
mollusks, polychaete worms, gastropods, shrimps, amphipods, isopods, and small fish
(particularly sand lances).

Competition and predation at sea

Atlantic sturgeon compete with other bottom feeding fish and invertebrates. Gilbert
(1989) lists winter flounder (Pleuronectes americanus), tautog (Tautoa onitis), cunner
(Tautogolabrus adspersus), porgies (Sparidae), croakers (Sciaenidae), and stingrays (Dasyatis
sp.) as possible competitors. Scott and Crossman (1973) report that Atlantic sturgeon are killed
by sea lampreys, Petromyzon marinus; in South Carolina, long nose gar have been reported
attacking sturgeon (Smith 1985b). Other predators can be found in Part A of this chapter.
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Section Il. ldentification and Distribution of Habitat Areas of Particular Concern for
Atlantic Sturgeon

Habitat types that qualify as Habitat Areas of Particular Concern for Atlantic sturgeon
include spawning sites/hatching grounds, nursery areas, inlets, and wintering grounds.

Spawning sites/hatching grounds occur in freshwater portions of estuaries and large
river tributaries along the Atlantic coast. These areas provide the habitat parameters essential for
reproduction, including well oxygenated water, clean substrates for egg adhesion, and crevices
that provide cover for post-hatch larvae and abundant macroinvertebrate prey items. This habitat
type is very sensitive to anthropogenic impacts, including dams and other river impoundments,
nutrient and sediment loading, pollution, navigational dredging, and other coastal developments
(especially those with intake structures). Spawning sites are very limited and have been rendered
inaccessible and/or degraded since coastal areas have become industrialized and developed.

Nursery areas are limited to freshwater/estuarine tributaries for Atlantic sturgeon age 0-
2; nursery areas include bays, estuaries, and nearshore ocean environments for older juveniles
(age >2). Freshwater and low salinity areas are important to larvae and age-0 juveniles, because
they cannot tolerate high salinity (Secor and Niklitschek 2002). Nursery habitats for juvenile
Atlantic sturgeon are essential for growth of this species. This habitat provides foraging grounds
for juvenile Atlantic sturgeon, and in some cases, thermal refuge during the summer and winter
months (Moser and Ross 1995). Nursery habitats are severely impacted by hypoxic conditions,
particularly during summer months when high temperatures can combine with low oxygen levels
to degrade and eliminate valuable habitat for juveniles (Secor and Niklitschek 2002; McBride
2004). Other anthropogenic impacts include navigational dredging and port development,
sedimentation, nutrient loading (which leads to hypoxic conditions), and recreational and
commercial vessel traffic. While nursery areas are less limited in extent than spawning areas,
they are still scarce.

Estuarine inlets provide adult and intermediate/late juvenile Atlantic sturgeon with
migration corridors to and from freshwater spawning habitat and estuarine nursery grounds. The
importance of these areas to Atlantic sturgeon has not been researched; inlets are potentially
more rare than spawning habitats. Inlets are impacted by channel alterations (deepening and
stabilization) and commercial and recreational coastal development activities. Examples of
inlets used by juvenile and adult Atlantic sturgeon include New York Harbor, Delaware Bay,
Oregon Inlet, Hatteras Inlet, and Okracoke Inlet for Atlantic sturgeon entering/leaving the Cape
Fear River, North Carolina. For movement into or out of the James River, Virginia, fish must
migrate through the mouth of the Chesapeake Bay (W. Laney, U. S. Fish and Wildlife Service,
personal communication).

Wintering Grounds for adult and late juvenile Atlantic sturgeon include the nearshore
areas off the Atlantic coast from the Gulf of Maine south to at least Cape Lookout, North
Carolina (Stein et al. 2004; Laney et al. 2007). These areas provide Atlantic sturgeon with
foraging grounds and habitat for most of the year (Johnson et al. 1997). Anthropogenic impacts
include habitat degradation due to fishing activities, commercial navigation, oil and gas
exploration, and construction of offshore liquefied natural gas (LNG) facilities. Ghost fishing
may result in sturgeon losses due to entanglement in lost gear. Winter habitat occurs in coastal
nearshore waters, which is expected to not be as limited as spawning habitats and inlets.
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Section I1l. Present Conditions of Habitat and Habitat Areas of Particular Concern for
Atlantic Sturgeon

Habitat quantity

Although the amount has not been quantified, Atlantic sturgeon habitat has decreased or
been degraded by clear-cutting, agricultural practices, dams, and other channel and watershed
modifications since the eighteenth and nineteenth centuries (Hill 1996; Secor et al. 2002;
Bushnoe et al. 2005). Historically, Atlantic sturgeon were documented in 38 rivers ranging from
the Hamilton Inlet on the coast of Labrador to the St. Johns River in Florida. The ASSRT (2007)
most recently reported that 35 of those historical rivers have Atlantic sturgeon present, and 20
are believed to be extant reproducing populations. Once abundant in every river and associated
estuary within their range, Atlantic sturgeon have now either been extirpated, or are at
historically low levels. Consequently, although Atlantic sturgeon still remain throughout much
of their former range, their numbers have been severely reduced (ASSRT 2007).

Habitat quality

The quality of Atlantic sturgeon habitat has been seriously impacted by human actions. Since
European settlement, overfishing, habitat loss, and poor water quality have all contributed to the
decline of Atlantic sturgeon stocks. Most of these impacts have been gradual and are poorly
understood (Smith 1985b; ASFMC 1998; USFWS-NMFS 1998; Secor and Gunderson 1998;
Secor et al. 2000a; Secor and Niklitschek 2001; ASSRT 2007).

237



Atlantic Coast Diadromous Fish Habitat

9'8¢-0 woy
paSuex Ayurfes
"DS Ul SOLIBMS? 0S8 “UR300 Y} UL IJUIMISAQ
STEnSqnS [[9GS Mo mcﬁwmema mcm_ Mo. m:m Mmomw_u 190 — YIIBJAl [INOS UI JUASAIJ
ue ‘sa[qqad ‘pues HNUES 4oty RIS} 09-G'1
. dIN . dIN P . PUE ‘90BLISIUI JOMO] )M SIojem . ‘epeue)) ul AoN — 1dog
-parloday ‘paloday PR 9L 1970 ‘90BLIdIUI YSIORIq Ul pajudwWnNoop parloday INOJ0 SUONBISIW WeASuMoq
JIN JIN puno, :payioday 1odd 003 JIN T
] ] /ysaxy/zaddn u0931m3s JNpy . (surrenis3) 3npy
lewndo lewndo dIN Ul Jejiqey Jowuwmns ‘pantods fewndo "83S O
Jlewndo LRy Pt d AIN '
. nw._ﬂ o i MHL_M o eun pojuLWINOO AIN oIGRIB10 QJeISTW SIOYIO JIYM ‘IOUILINS
-lqee10L ~Iqee10L 9 MHL_M o :panioday ‘lewndo lqedal0L 93 y3nouy) SISALL Y} UI UTRWAI
9143101 AIN AIN u0931ns owos ‘Surumeds
‘rewndo :9|qeJsjoL 10YV -uoneidiw weonsdn
AIN ue ur edronted Aew 194 ‘1eak
:9|qeJs|oL £K19A9 umeds jou op uoa3Img
suojsauI] v ecel
pue S[[IW [32)s PO Surumedsg ‘¢ suoiSor
L0 < woij 3e[s Yo0Ipaq -7'71 suoneidiu wenog ur quoEzuov
10 ‘90°0> 001 ‘A0 ‘[9ARIZ “191eM Jrewdq 1°9-9°G Lz¢ Surumeds _uco.oom _ saqadog
AIN J19[qennsun ‘o1qqnu Surpnjout ysoj ur a3pom SUOIIRIFIW o[BI pavIods ‘
:parioday ‘Kexyo ‘ajensqns pref| 1[es 9y} 9A0QY :parioday @:o.%oﬁ EQM=om epeus)
AIN 9L°0—9%0 :pantodey :panioday uoagmis o1 1abo e so
181S WISYLION — A[n[-Ae Bulumeds) yn
‘rewndo ‘parioday (suorgay wIsyINog JIN poIm[no 10§ [Z-07 )1 +w-§55 P o_usﬁ:w-éw,ﬁtwmmz.rhﬁ% W (bu S) NPy
JIN 9L°0-C0 10J [opout [SH) ‘lewndo ‘(suo1oy fewndo " SoRes WaYIOS — Qo4
:8]qe8[0 L rewndo WW()SZ-WH9< JIN UIRNOS 10§ | 1IN
JIN [0A®IZ/9]qq0D) 9|qeds|oL [opow [SH) 12-91 -a]qeJa|0.L (U110U 3y} UI) SOLIENIS
-dlqeJeloL ‘rewndo “rewndo 931e[ JO SUOIZOI 10JBMYSAI] [EPN)
. dIN . dIN A1qrssod pue SIOALI 101eMUYSAI]
K< [o)=HEETION :9|qeJajoL
(1/6w) (9as/w) =)
usbAxQ FSTRIENN ayeaysgqns (2dd) Auires © (w) yadag U020 pUB Jea A JO aWil ] abe1s ayi
aanyesadwa |
paAjossid ua1IND
J[qedrddy 10N = V/N "puno, uoneuwoju] oN = [N Poulydp a1e sidjowerted jejiqey djgeimsun ‘sased
owos u] ‘payrodar A10327e0 Ay} Jopun pIISI| A1k sidjoweted jelIqey PIZLIBWWNS AU} PUB ‘PIAJIIUIPI U JOU dARY SOFUERI
9[qe19[0} pue [ewnndo ‘SaLI03918D ISOW JO,{ "SUONBIOOSSE JBIIRY U0SINIS ONUE[IY UO dINJBId}I] JUALIND JY) SOZLIBWIWINS
9Iqe) SIY], "u0d3IMs dNUR[IY JO uonnquisip Sunddjye s1o03oej [eneds pue Terodwd) TJUSWUOIIAUD JUBOGIUSIS  "8-8 J[qBL

U0ab.1N1S oNUeIY JO UonNQgIsiq bunoal]y sl101oe [eneds pue [elodwa ] [eluatuuodIAUg JUBDIIUBIS /\| UONJaS

]
on
N



Chapter 8: Atlantic Sturgeon

17-S°0 30 d3uelr

pajusuINoo
T/8wg e 010005 DUE "D681-C1
S[OA9] 19909 p . udomioq syead
B PIAIISQO SA201 19RO punoy § LT0 tr punoy pue D0 Soyoear SYIUOW Jowem SuLmp Aren)so
! os[y ‘sjelqey ‘g< st Aurfes N LE-T :
(0:97) 8 dIN BUONISUEI} JO PN | oJoyMm A[ISOU puno OVEM tRUM :paniods -dn daou puv A FuLinp
armerodwo) :parioday feuont 119 P M AL punoy sur3oq uoneidu -pal, d A1BM)S9 JO YIUOW JBIU JojeM
pue djensqns pues soruoAn( a8re : SR 93nJaI [eULIOY) SB QAIOS .
Jowwins AIN . weansumoq USD[oBIq 9S[) "UOWIIOD B
N — fewndo IOAO0 AJ}SOUI PUNO,g :parioday -parioday] sojoy pue 10jem doa(g SOLIEMISO 194JO 0) SUONEISIA (suraens3) ajusAne
:panioday AIN panoday . mm___wa [eyIo[-qns are §7< ‘fewndo “Bas 0} Jno Surjeidu
/8w g< :9|qeas|o L ._m%_ﬂa o ! n:.Z O sarnjerodwo I, .m_nwﬂﬂ_o._. 210J2q Jeak & 03 dn 10J A1EN)SO
‘lewndo "IN 31qe910.L :3|0euNsuN . UM SIeIIqey [E1eU UT UTRWOY
dIN . 0~
:9|qeJs|oL -Iqee10.L ‘rewndo
8C-¢
:9|qeJsjoL
93nyo1 se ojensqns
pley asn os[e sor00ds
VAT "o1ensqns 10331 SWOS 8'61-1°6 18 PAIdS[[0D
plIey 01 yoene 101 (- d SYC— 06l woxy .
 01-g ut paptodar | o o [eATRT S[oUURYD
pue dAISaYpe . urduel sIoy (|
AIN AIN Areyow (Kurfes doop ur urewas soAiquuig .
. d . d Qwo099q s339 01 SOUBIOIOL MO -16 Ul yorey s337 . d J1uaq dre pue paumeds
-papIoday -paLI00ay ‘sanur (g PPV e M>m . cﬁow Mw :panioday m:o.ﬁ_mwtﬂpwm:o SI9UM Je)IqRY SWIES Ul punojy
. dIN d . dIN d :parioday o m% M dn v ﬁo u0agims ( or ovw nos oI U0S3INS [BATRT °ISBOD [eare] pue 663
-[BUhdo -[ethdo (suor3oy urayInog 3 E SN Punod paImn) 12-0¢ 10} [opoul ISH) onuey ay) Suofe SISALL UT
AIN AIN ’ pa1ioday uoreqnoUr : o
. . 10J [opouwt [SH) ’ ‘rewndo : . Iojem Suimory ur pref are s339
:8|qeJa|oL :9|qeJajo L A AIN n:.Z 850 10] +8-4'C
‘rewndo . ‘rewndo
[9A®I3/91qq0D) :3|qeJs|oL
lewndo .m_gmmwﬂ_ok .m_nmmﬂﬂ_ok
dIN ' .
:9|qeJajo L
(/6w) (oas/w) )
uabAxQ ISTRIIEYN ayensqns (1dd) Auies m(_:uﬁwwem._. (w) yadaq UoI11eI07] pUR JBa A JO aWl | abe1s a1
paajossid ua1Ind

239



Atlantic Coast Diadromous Fish Habitat

90IN0Sa1
pooj 112y spoddns
ey gjensqns

Jioys

€L o3uelr
ydop G/ = papI10ooax

SOAI] J1a1]}) JO

dIN dIN Aue osn [[im Koy [E3URUIUOD ) dIN .
1dop 15918213 ‘Siorem ed s11y) In0QE UMOUY] ST NI
:parioday :pantodey 181} poIsadsng JJO SI9jeM QULIBIA] :parioday Mozwﬁ cw punoy uMoE t.oz.m:wv_oﬁw A o%ov_uwmﬂ_wmg
dIN JIN “Keo pue ‘parioday dIN . (e35-1v)
. . ’ ¢ . :panioday 0} QUIBA] JO JIND) 9} WOIJ JSE0D
‘rewndo Jlewndo J[IS ‘[oAeIS ‘pueg AIN ‘rewndo : 1Npe pue ajIusAne
i d . d AIN ONUB[IY dY} JJO SBATR JIOYSIBIN
. d4IN . dIN -parioday -[eumdo . dIN ‘rewndo ‘suoseas Jurumeds-uou
-9Iqe4310L 91043101 dIN dIN -9Iqe4310L n:.Z Juumnp s1ojem ouLeWw AaZImN
Jlewndo :9|qeJ9|oL -a|qeIB|0L : : -+
AIN
[ IETIO NN
(6w) (o2s7u0) o)
uabAxQ ISTRIIEYN ayensqns (1dd) Auies @ (w) yadaq UoI11eI07] pUR JBa A JO aWl | abe1s a1
aanedadwa |
paAjossid AUEYB[1ie)

240



Chapter 8: Atlantic Sturgeon

Section V. Atlantic Sturgeon Literature Cited

Anoushian, W. 2004. Point Judith, Rhode Island fishing activity. Fathom’s Report, June 11,
2004.

Appy, R. G., and M. J. Dadswell. 1978. Parasites of Acipenser brevirostrum LeSueur and
Acipenser oxyrhynchus Mitchill (Osteichthyes: Acipenseridae) in the Saint John River
Estuary, N.B. with a description of Caballeronema pseudoargumentosus sp.n.
(Nematoda: Spirurida). Canadian Journal of Zoology 56: 1382-1391.

Armstrong, J. L., and J. E. Hightower. 2002. Potential for restoration of the Roanoke River
population of Atlantic sturgeon. Journal of Applied Ichthyology 18: 475-480.

ASMFC (Atlantic States Marine Fisheries Commission). 1998. Amendment 1 to the Interstate
Fishery Management Plan for Atlantic Sturgeon. Atlantic States Marine Fisheries
Commission, Atlantic Sturgeon Plan Development Team, Washington, D.C.

Atlantic Sturgeon Status Review Team (ASSRT). 2007. Status review of Atlantic sturgeon
(Acipenser oxyrinchus oxyrinchus). Report to National Marine Fisheries Service,
Northeast Regional Office on February 23, 2007.

Atkins, C. G. 1887. The river fisheries of Maine. In: The fisheries of fishery industries of the
United States, Section V, Vol. 1. United States Government Printing Office, Washington,
D.C.

Bain, M. B. 1997. Atlantic and shortnose sturgeons of the Hudson River: Common and divergent
life history attributes. Environmental Biology of Fishes 48: 347-358.

Bain, M. B., N. Haley, D. Peterson, J. R. Waldman, and K. Arend. 2000. Harvest and habitats of
Atlantic sturgeon Acipenser oxyrinchus Mitchill, 1815, in the Hudson River estuary:
Lessons for sturgeon conservation. Instituto Espanol de Oceanografia. Boletin 16: 43-53.

Bangor Daily News. 2005. Brewer angler hooks five-foot sturgeon during lunch break. Bangor
Daily News, Saturday, July 9, 2005. Bangor, Maine.

Baranova, B. P., and M. P. Miroshnichenko. 1969. Conditions and prospects for culturing
sturgeon in the Volgograd sturgeon nursery. Journal of Hydrobiology 5: 63-67.

Bath, D. W., J. M. O'Connor, J. B. Alber, and L. G. Arvidson. 1981. Development and
identification of larval Atlantic sturgeon (Acipenser oxyrhynchus) and shortnose sturgeon
(A. brevirostrum) from the Hudson River estuary, New York. Copeia 3: 711-717.

Beamesderfer, R. C. P., and R. A. Farr. 1997. Alternatives for the protection and restoration of
sturgeons and their habitat. Environmental Biology of Fishes 48: 407-417.

Belton, T. J., B. E. Ruppel, and K. Lockwood. 1982. PCBs (Arochlor 1254) in fish tissues
throughout the state of New Jersey: A comprehensive survey. Technical Report, New
Jersey Department of Environmental Protection, Trenton, New Jersey.

Bergey, L. L., R. A. Rulifson, M. L. Gallagher, and A. S. Overton. 2003. Variability of Atlantic
coast striped bass egg characteristics. North American Journal of Fisheries Management
23: 558-572.

241



Atlantic Coast Diadromous Fish Habitat

Bigelow, H. B., and W. C. Schroeder. 1953. Fishes of the Gulf of Maine. Fisheries Bulletin, U.S.
Fish and Wildlife Service 53, Washington, D.C.

Borodin, N. 1925. Biological observations on the Atlantic sturgeon, (Acipenser sturio).
Transactions of the American Fisheries Society 55: 184-190.

Brown, J. J., J. Perillo, T. J. Kwak, and R. J. Horwitz. 2005. Implications of Plyodictis olivaris
(flathead catfish) introduction into the Delaware and Susquehanna drainages.
Northeastern Naturalist 12: 473-484.

Brownell, P. H., S. Bolden, and B. Kynard. 2001. Spawning habitat suitability index models for
shortnose and Atlantic sturgeon. Draft report. National Marine Fisheries Service,
Southeast Region.

Brundage, H. M., 111, and R. E. Meadows. 1982. The Atlantic sturgeon, Acipenser oxyrhynchus,
in the Delaware River and Bay. U.S. Fish and Wildlife Service. Fisheries Bulletin 80:
337-343.

Budavari, S., M. J. O’Neil, A. Smith, and P. E. Heckelman. 1989. The Merck Index, 11th
edition. Merck and Company, Inc. Whitehouse Station, New Jersey.

Burkett, C., and B. Kynard. 1993. Sturgeons of the Taunton River and Mt. Hope Bay:
Distribution, habitats and movements. Final Report for Project AFC-24-1, Massachusetts
Division of Marine Fisheries, Boston, Massachusetts.

Bushnoe, T. M., J. A. Musick, and D. S. Ha. 2005 (Draft). Essential spawning and nursery
habitat of Atlantic sturgeon (Acipenser oxyrinchus) in Virginia. Provided by Jack
Musick, Virginia Institute of Marine Science, Gloucester Point, Virginia.

Caron, F., D. Hatin, and R. Fortin. 2002. Biological characteristics of adult Atlantic sturgeon
(Acipenser oxyrinchus) in the St. Lawrence River estuary and the effectiveness of
management rules. Journal of Applied Ichthyology 18: 580-585.

Coffin, C. 1947. Ancient fish weirs along the Housatonic River. Bulletin Archives of Society
Connecticut 21: 35-38.

Collins, M. R., S. G. Rogers, T. I. J. Smith, and M. L. Moser. 2000a. Primary factors affecting
sturgeon populations in the southeastern United States: Fishing mortality and degradation
of essential habitats. Bulletin of Marine Science 66: 917-928.

Collins, M. R., and T. L. J. Smith. 1997. Distribution of shortnose and Atlantic sturgeons in South
Carolina. North American Journal of Fisheries Management 17: 995-1000.

Collins, M. R,. S. G. Smith, and M. L. Moser. 1996. Bycatch of sturgeons along the southern
Atlantic coast of the USA. North American Journal of Fisheries Management 16: 24-29.

Collins, M. R, T. I. J. Smith, W. C. Post, and O. Pashuk. 2000b. Habitat utilization and
biological characteristics of adult Atlantic sturgeon in two South Carolina rivers.
Transactions of the American Fisheries Society 129: 982-988.

CONED (Consolidated Edison). 1997. Year class report for the Hudson River estuary monitoring
program. Jointly funded by Central Hudson Electric and Gas Corp., Consolidated Edison
Company of New York, Inc., New York Power Authority, Niagara Mohawk Power
Corporation, Orange and Rockland Ultilities, Inc. CONED, New York, New York.

242



Chapter 8: Atlantic Sturgeon

Cooper, S. R., and G. S. Brush. 1993. A 2,500 year history of anoxia and eutrophication in the
Chesapeake Bay. Estuaries 16: 617-626.

Crance, J. H. 1987. Habitat suitability index curves for anadromous fishes. Page 554 in M. J.
Dadswell, editor. Common Strategies of Anadromous and Catadromous Fishes.
American Fisheries Society, Symposium 1, Bethesda, Maryland.

Dadswell, M. J. 1979. Biology and population characteristics of the shortnose sturgeon,
Acipenser brevirostrum Lesueur 1818 (Osteichthyes: Acipenseridae), in the Saint John
River Estuary, New Brunswick, Canada. Canadian Journal of Zoology 57: 2186-2210.

Dadswell, M. J. 2006. A review of the status of Atlantic sturgeon in Canada, with comparisons to
populations in the United States and Europe. Fisheries 31: 218-229.

Dadswell, M. J., and R. A. Rulifson. 1994. Macrotidal estuaries: a region of collision between
migratory marine animals and tidal power development. Biological Journal of the
Linnean Society 51: 93-113.

Dadswell, M. J., B. D. Taubert, T. S. Squires, D. Marchette, and J. Buckley. 1984. Synopsis of
biological data on shortnose sturgeon, Acipenser brevirostrum, LeSueur 1818. United
States Department of Commerce, National Oceanic and Atmospheric Administration,
National Marine Fisheries Service Technical Report No. NMFS 14, Silver Spring,
Maryland.

Dees, L. T. 1961. Sturgeons. United States Department of the Interior Fish and Wildlife Service,
Bureau of Commercial Fisheries, Washington, D.C.

Dovel, W. L. 1978. Biology and management of shortnose and Atlantic sturgeon of the Hudson
River. Performance Report to the New York State Department of Environmental
Conservation, Albany, New York.

Dovel, W. L. 1979. The biology and management of shortnose and Atlantic sturgeon of the
Hudson River. Final Report to the New York State Department of Environmental
Conservation, Albany, New Y ork.

Dovel, W. L., and T. J. Berggren. 1983. Atlantic sturgeon of the Hudson estuary, New York.
New York Fish and Game Journal 30: 140-172.

Dovel, W. L., A. W. Pekovitch, and T. J. Berggren. 1992. Biology of the shortnose sturgeon
(Acipenser brevirostrum LeSueur, 1818) in the Hudson River estuary, New York. Pages
187-216 in C. L. Smith, editor. Estuarine research in the 1980’s. State University of New
York Press, Albany, New York.

EPA (United States Environmental Protection Agency). 2003. Chapter 3: Dissolved oxygen
criteria. Pages 7-100 in Ambient Water Quality Criteria for Dissolved Oxygen, Water
Clarity and Chlorophyll a for the Chesapeake Bay and its tributaries. U.S. Environmental
Protection Agency Region III Chesapeake Bay Program Office (Annapolis, Maryland)
and Region III Water Protection Division (Philadelphia, Pennsylvania), in coordination
with Office of Water Office of Science and Technology, Washington, D.C. US EPA
Report No. 903-R-03-002.

243



Atlantic Coast Diadromous Fish Habitat

Eyler, S., M. Mangold, and S. Minkkinen. 2004. Atlantic Coast sturgeon tagging database.
Summary Report prepared by US Fish and Wildlife Service, Maryland Fishery Resource
Office, Annapolis, Maryland.

Fernandes, S. 2006. Memo to NMFS-PRD noting the occurrence and observation of seal
predation on shortnose sturgeon in the Penobscot River. August 28, 2006.

Florida Museum of Natural History. 2004. Tiny sturgeon snagged in James revives reproductive
hopes. Ichthyology at the Florida Museum of Natural History in the News, March 28,
2004.

Folz, D. J., and L. S. Meyers. 1985. Management of the lake sturgeon, Acipenser fulvescens,
population in the Lake Winnebago system, Wisconsin. Developments in Environmental
Biology of Fishes 6: 135-146.

Fox, D. A., J. E. Hightower, and F. M. Parauka. 2000. Gulf sturgeon spawning migration and
habitat in the Choctawhatchee River system, Alabama-Florida. Transactions of the
American Fisheries Society 129: 811-826.

Gadomski , D. M., and M. J. Parsley. 2005. Laboratory studies on the vulnerability of young
white sturgeon to predation. North American Journal of Fisheries Management 25: 667-
674.

Gilbert, C. R. 1989. Species profiles: life histories and environmental requirements of coastal
fishes and invertebrates (Mid-Atlantic Bight) — Atlantic and shortnose sturgeons. United
States Fish and Wildlife Service Office of Biological Services Report No. FWS/OBS-
82/11.122.

Goode, G. B. 1887. The fisheries and the fishery industries of the United States. United States
Department of Commerce 109, Fish and Fisheries Section V, volume 1. United States
Government Printing Office, Washington D.C.

Gross, M. R., J. Repka, C. T. Robertson, D. H. Secor, and W. Van Winkle. 2002. Sturgeon
conservation: Insights from elasticity analysis. Pages 13-30 in W. Van Winkle, P. J.
Anders, D. H. Secor, and D. A. Dixon, editors. Biology, management, and protection of
North American sturgeon. American Fisheries Society Symposium 28, Bethesda,
Maryland.

Haley, N., and M. Bain. 1997. Habitat and food partitioning between two co-occurring sturgeons
in the Hudson River estuary. Presentation at the Estuarine Research Federation Meeting,
Providence, Rhode Island, October 14, 1997.

Haley, N., J. Boreman, and M. Bain. 1996. Juvenile sturgeon habitat use in the Hudson River.
Pages 1-20 in Final reports of the Tibor T. Polgar Fellowship Program. Hudson River
Foundation, New Y ork.

Hatin, D., R. Fortin, and F. Caron. 2002. Movements and aggregation areas of adult Atlantic
sturgeon (Acipenser oxyrinchus) in the St. Lawrence River estuary, Québec, Canada.
Journal of Applied Ichthyology 18: 586-594.

Hildebrand, S. F., and W. C. Schroeder. 1928. Fishes of the Chesapeake Bay. United States
Bureau of Fisheries Bulletin 53, Washington, D.C.

244



Chapter 8: Atlantic Sturgeon

Hill, J. 1996. Environmental considerations in licensing hydropower projects: Policies and
practices at the Federal Energy Regulatory Commission. Pages 190-199 in L. E. Miranda
and D. R. DeVries, editors. Multidimensional approaches to reservoir fisheries
management. American Fisheries Society Symposium 16, Bethesda, Maryland.

Hoff, J. G. 1980. Review of the present status of the stocks of Atlantic sturgeon Acipenser
oxyrhynchus, Mitchill. Prepared for the National Marine Fisheries Service, Northeast
Region, Gloucester, Massachusetts.

Hoover, E. E. 1938. Biological survey of the Merrimack watershed. New Hampshire Fish and
Game Commission, Concord, New Hampshire.

Huff, J. A. 1975. Life history of Gulf of Mexico sturgeon, Acipenser oxyrhinchus desotoi, in
Suwannee River, Florida. Florida Marine Research Publications 16: 32.

IAN (Integration and Application Network). 1999. Science & Site 104: Long-term options for
dredged sediment placement. University of Maryland Center for Environmental Science,
Cambridge, Maryland.

Jenkins, W. E., T. I. J. Smith, L. D. Heyward, and M. D. Knott. 1993. Tolerance of shortnose
sturgeon, Acipenser brevirostrum, juveniles to different salinity and dissolved oxygen

concentrations. Proceedings from the Annual Conference of the Southeastern
Association of Fish and Wildlife Agencies 47: 476-484.

Johnson, J. H., D. S. Dropkin, B. E. Warkentine, J. W. Rachlin, and W. D. Andrews. 1997. Food
habits of Atlantic sturgeon off the central New Jersey coast. Transactions of the
American Fisheries Society 126: 166-170.

Johnson, J. H, J. E. McKenna, Jr., D. S. Dropkin, and W. D. Andrews. 2005. A novel approach
to fitting the von Bertalanffy relationship to a mixed stock of Atlantic sturgeon harvested
off the New Jersey coast. Northeastern Naturalist 12: 195-202.

Jordan, S., C. Stenger, M. Olson, R. Batiuk, and K. Mountford. 1992. Chesapeake Bay dissolved
oxygen goal for restoration of living resource habitats. Maryland Department of Natural
Resources, Annapolis, Maryland.

Judd, S. 1905. History of Hadley including the Early of Hatfield, South Hadley, Amherst and
Granby, Massachusetts. H. R. Hunting and Company, Springfield, Massachusetts.

Kahnle, A., and K. Hattala. 1988. Bottom trawl survey of juvenile fishes in the Hudson River
estuary: Summary report for 1981-1986. New York State Department of Environmental
Conservation, Albany, New York.

Kahnle, A. W., K. A. Hattala, and K. McKown. In Press. Status of Atlantic sturgeon of the
Hudson River estuary, New York, USA. In J. Munro, D. Hatin, K. McKown, J.
Hightower, K. Sulak, A. Kahnle, and F. Caron, editors. Proceedings of the symposium on
anadromous sturgeon: Status and trends, anthropogenic impacts, and essential habitats.
American Fisheries Society, Bethesda, Maryland.

Kahnle, A. W., K. A. Hattala, K. A. McKown, C. A. Shirey, M. R. Collins, T. S. Squiers, Jr., and
T. Savoy. 1998. Stock status of Atlantic sturgeon of Atlantic coast estuaries. Report for
the Atlantic States Marine Fisheries Commission: Draft III, Washington, D.C.

245



Atlantic Coast Diadromous Fish Habitat

Kahnle, A. W., R. W. Laney, and B. J. Spear. 2005. Proceedings of the workshop on status and
management of Atlantic Sturgeon Raleigh, NC, 3-4 November 2003. Special Report No.
84 of the Atlantic States Marine Fisheries Commission, Washington, D.C.

Kelly, J. L., and D. E. Arnold. 1999. Effects of ration and temperature on growth of age-0
Atlantic sturgeon. North American Journal of Aquaculture 62: 60-65.

Kemp, W. M., P. A. Sampou, J. Garber, J. Tuttle, and W. R. Boynton. 1992. Seasonal depletion
of oxygen from bottom waters of Chesapeake Bay: Roles of benthic and planktonic

respiration and physical exchange processes. Marine Ecology Progress Series 85: 137-
152.

Kennebec River Resource Management Plan. 1993. Kennebec River resource management plan:
Balancing hydropower generation and other uses. Final Report to the Maine State
Planning Office, Augusta, Maine.

Kennish, M. J., T. J. Belton, P. Hauge, K. Lockwood, and B. E. Ruppert. 1992. Polychlorinated
biphenyls in estuarine and coastal marine waters of New Jersey: A review of
contamination problems. Reviews in Aquatic Sciences 6: 275-293.

Khoroshko, P. N., and A. D. Vlasenko. 1970. Artificial spawning grounds of sturgeon. Journal of
Ichthyology 10(3): 286-292.

Kieffer, M. C., and B. Kynard. 1993. Annual Movements of shortnose and Atlantic sturgeons in
the Merrimack River, Massachusetts. Transactions of the American Fisheries Society
122: 1088-1103.

Kieffer, M. C., and B. Kynard. 1996. Spawning of the shortnose sturgeon in the Merrimack
River, Massachusetts. Transactions of the American Fisheries Society 125: 179-186.

King, T. L., B. A. Lubinski, and A. P. Spidle. 2001. Microsatellite DNA variation in Atlantic
sturgeon (Acipenser oxyrinchus oxyrinchus) and cross-species amplification in the
Acipenseridae. Conservation Genetics 2: 103-119.

Kirk, J. P., T. D. Bryce, and J. E. Fleming. 1999. Annual report to the National Marine Fisheries
Service describing shortnose studies during 1999 on the Ogeechee River, Georgia under
permit 1189.

Kirk, J. P, T. D. Bryce, and J. E. Fleming. 2000. Anuual report to the National Marine Fisheries
Service describing shortnose studies during 2000 on the Ogeechee River, Georgia under
permit 1189.

Kirk, J. P., T. D. Bryce, and J. E. Fleming. 2001. Anuual report to the National Marine Fisheries
Service describing shortnose studies during 2001 on the Ogeechee River, Georgia under
permit 1189.

Kirk, J. P, T. D. Bryce, and J. E. Fleming. 2002. Anuual report to the National Marine Fisheries
Service describing shortnose studies during 2002 on the Ogeechee River, Georgia under
permit 1189.

Kirk, J. P., T. D. Bryce, and J. E. Fleming. 2003. Anuual report to the National Marine Fisheries
Service describing shortnose studies during 2003 on the Ogeechee River, Georgia under
permit 1189.

246



Chapter 8: Atlantic Sturgeon

Kynard, B., and M. Horgan. 2002. Otogenetic behavior and migration of Atlantic sturgeon,
Acipenser oxyrinchus oxyrinchus, and shortnose sturgeon, Acipenser brevirostrum, with
notes on social behavior. Environmental Biology of Fishes 63: 137-150.

Kynard, B., M. Horgan, M. Kieffer, and D. Seibel. 2000. Habitat used by shortnose sturgeon in
two Massachusetts rivers, with notes on estuarine Atlantic sturgeon: A hierarchical
approach. Transactions of the American Fisheries Society 129: 487-503.

Laney, R. W., J. E. Hightower, B. R. Versak, M. F. Mangold, W. W. Cole, Jr., and S. E.
Winslow. 2007. Distribution, habitat use and size of Atlantic sturgeon captured during
Cooperative Winter Tagging Cruises, 1988-2006. Pages 167-182 in J. Munro, D. Hatin, J.
E. Hightower, K. McKown, K. J. Sulak, A. W. Kahnle, and F. Caron, editors.
Anadromous sturgeons: Habitats, threats, and management. American Fisheries Society
Symposium 56, Bethesda, Maryland.

Lawson, J. 1709. A new voyage to Carolina; Containing the exact description and natural history
of that country: Together with the present state thereof, and a journal of a thousand miles,
travel'd thro' several Nations of Indians, giving a particular account of their customs,
manners and c¢. London.

Lazzari, M. A., J. C. O'Herron II, and R. W. Hastings. 1986. Occurrence of juvenile Atlantic
sturgeon, Acipenser oxyrhynchus, in the upper tidal Delaware River. Estuaries 9: 356-
361.

Leathery, S. 1998. Euthrophication primary nonpoint pollution problem. Fisheries 23: 38.

Longwell, A. C., S. Chang, A. Herbert, J. Hughes, and D. Perry. 1992. Pollution and
developmental abnormalities of Atlantic fishes. Environmental Biology of Fishes 35: 1-
21.

Leland, J. G., III. 1968. A survey of the sturgeon fishery of South Carolina. Bears Bluff
Laboratories Report No. 47, Wadmalaw Island, South Carolina.

Mac, M. J., and C. C. Edsall. 1991. Environmental contaminants and the reproductive success of
lake trout in the Great Lakes: An epidemiological approach. Journal of Toxicology and
Environmental Health 33: 375-394.

Mackiernan, G. B. 1987. Dissolved oxygen in the Chesapeake Bay: Processes and effects.
Maryland Sea Grant, College Park, Maryland.

Mallin, M. A., M. H. Posey, M. L. Moser, G. C. Shank, M. R. Mclver, T. D. Alphin, S. H.
Ensign, and J. F. Merritt. 1997. Environmental assessment of the lower Cape Fear River
system, 1996-1997. University of North Carolina at Wilmington, Center for Marine
Science Research Report No. 97-01. Wilmington, North Carolina.

Mangin, E., and G. Beaulieu. 1963. Etude morphometrique comparee de I’ Acipenser
oxyrhynchus Mitchell du Saint-Laurent et de 1’ Acipenser sturio Linne de la Gironde.
Naturaliste Canadien 90: 5-38.

McBride, M. M. 2004. A fisheries ecosystem plan for the Chesapeake Bay. Proceedings of the
14th Biennial Coastal Zone Conference, New Orleans, Louisiana. United States
Department of Commerce, NOAA Chesapeake Bay Office.

247



Atlantic Coast Diadromous Fish Habitat

McEnroe, M., and J. J. Chech, Jr. 1985. Osmoregulation in juvenile and adult white sturgeon.
Pages 23-30 in F. P. Binkoswski and S. 1. Doroshov, editors. North American sturgeons:
Biology and aquaculture potential. Dr. W. Junk Publishers, Dordrecht, Holland.

McCord, J. W. 2004. Atlantic States Marine Fisheries Commission Atlantic sturgeon plan —
amendment 1 South Carolina annual report for calendar year 2003. Compliance report
submitted to Atlantic States Marine Fisheries Commission, October 19, 2004,
Washington, D.C.

Miller, A. L., P. J. Anders, M. J. Parsley, C. R. Spraque, J. J. Warren, and L. G. Beckman. 1991.
Reproduction and early life history characteristics of white sturgeons in the Columbia
River between Bonneville and McNary dams. Pages 82-144 in A. A. Nigro, editor.
Status and habitat requirements of the white sturgeon populations in the Columbia River
downstream from McNary Dam. United States Department of Energy, Bonneville Power
Administration Division of Fish and Wildlife, Portland, Oregon.

Miller, A. 1., and L. G. Beckman. 1996. First record of predation on white sturgeon eggs by
sympatric fishes. Transactions of the American Fisheries Society 125: 338-340.

Minta, P. 1992. A preliminary plan for the restoration of anadromous fish to the Thames River
Basin. Connecticut Department of Environmental Protection. Unpublished report.

Mohler, J. W. 2003. Culture manual for the Atlantic sturgeon. United States Fish and Wildlife
Service Publication, Hadley, Massachusetts.

Moser, M. L., J. B. Bichy, and S. B. Roberts. 1998. Distribution of sturgeon in North Carolina.
Final Report to the U.S. Army Corps of Engineers, Wilmington District, Wilmington,
North Carolina.

Moser, M. L., J. Conway, T. Thorpe, and J. Robin Hall. 2000. Effects of recreational
electrofishing on sturgeon habitat in the Cape Fear river drainage. Final Report to North
Carolina Sea Grant, Fishery Resource Grant Program, Raleigh, North Carolina.

Moser, M. L., and S. W. Ross. 1995. Habitat use and movements of shortnose and Atlantic
sturgeons in the lower Cape Fear River, North Carolina. Transactions of the American
Fisheries Society 124: 225-234.

Murawski, S. A., and A. L. Pacheco. 1977. Biological and fisheries data on Atlantic sturgeon,
Acipenser oxyrhinchus (Mitchill). National Marine Fisheries Service Technical Series
Report 10: 1-69.

Murdy, E. O., R. S. Birdsong, and J. A. Musick. 1997. Fishes of Chesapeake Bay. Smithsonian
Institute Press, Washington, D.C.

Murphy, G. 2005. State of Delaware annual compliance report for Atlantic sturgeon. Submitted
to the Atlantic States Marine Fisheries Commission Atlantic Sturgeon Plan Review
Team, September 2005, Washington, D.C.

Musick, J. A., R. E. Jenkins, and N. M. Burkhead. 1994. Sturgeons: Family Acipenseridae. Pages
183-190 in R. E. Jenkins and N. M. Burkhead. Freshwater fishes of Virginia. American
Fisheries Society. Bethesda, Maryland.

248



Chapter 8: Atlantic Sturgeon

NHFG (New Hampshire Fish and Game). 1981. Inventory of the natural resources of the Great
Bay estuarine system, volume one. New Hampshire Fish and Game Department,
Concord, New Hampshire.

Niklitschek, E. J. 2001. Bioenergetics modeling and assessment of suitable habitat for juvenile
Atlantic and shortnose sturgeons (Acipenser oxyrinchus and A. brevirostrum) in the
Chesapeake Bay. Doctoral dissertation. University of Maryland at College Park,
Solomons, Maryland.

Niklitschek, E. J., and D. H. Secor. 2005. Modeling spatial and temporal variation of suitable
nursery habitats for Atlantic sturgeon in the Chesapeake Bay. Estuarine and Coastal Shelf
Science 64: 135-148.

NRC (National Research Council). 1996. Upstream: Salmon and society in the Pacific northwest.
National Academy Press, Washington, D.C.

Oakley, N. C. 2003. Status of shortnose sturgeon, Acipenser brevirostrum, in the Neuse River,
North Carolina. Masters thesis. Department of Fisheries and Wildlife Science, North
Carolina State University, Raleigh, North Carolina.

Officer, C. B., R. B. Biggs, J. L. Taft, L. E.. Cronin, M. A. Tyler, and W. R. Boynton. 1984.
Chesapeake Bay anoxia: Origin, development, and significance. Science 223: 22-27.

Ong, T. L., J. Stabile, I. I. Wirgin, and J. R. Waldman. 1996. Genetic divergence between
Acipenser oxyrinchus oxyrinchus and A. 0. desotoi as assessed by mitochondrial DNA
sequencing analysis. Copeia: 464-469.

Parsley, M. J., L. G. Beckman, and G. T. McCabe, Jr. 1993. Spawning and rearing habitat use by
white sturgeons in the Columbia River downstream from McNary Dam. Transactions of
the American Fisheries Society 122: 217-228.

Pennsylvania Commission of Fisheries. 1897. Annual report of the state commissioners of
fisheries for the year 1897. Commonwealth of Pennsylvania, Harrisburg, Pennsylvania.

Peterson, D. L. 2004. Annual Report to the National Fish and Wildlife Federation. Washington,
D.C.

Peterson, D. L., M. Bain, and N. Haley. 2000. Evidence of declining recruitment of Atlantic
sturgeon in the Hudson River. North American Journal of Fisheries Management 20:
231-238.

Pottle, R., and M. J. Dadswell. 1979. Studies on larval and juvenile shortnose sturgeon. Report to
Northeast Utilities, Hartford, Connecticut. (MS report available from M. J. Dadswell).

Pottle, R., and M. J. Dadswell. 1982. Studies on larval and juvenile shortnose sturgeon
(Acipenser brevirostrum). Final report to the Northeast Utilities Service Company,
Hartford, Connecticut.

Rehwoldt, R. E., W. Mastrianni, E. Kelley, and J. Stall. 1978. Historical and current heavy metal
residues in Hudson River fish. Bulletin of Environmental Contamination and Toxicology
19: 335-339.

Rehwoldt, R. E., W. Mastrianni, E. Kelley, and J. Stall. 1978. Historical and current heavy metal
residues in Hudson River fish. Bulletin of Environmental Toxicology 19: 335-339.

249



Atlantic Coast Diadromous Fish Habitat

Rochard, E., M. Lepage, and L. Meauze. 1997. Identification and characterization of the marine
distribution of the European sturgeon, Acipenser sturio. Aquatic Living Resources 10:
101-109.

Rogers, S. G., P. H. Flournoy, and W. Weber. 1994. Status and restoration of Atlantic sturgeon
in Georgia. Final report to NMFS for grant No. NA16FA0098-01, -02, and -03.

Rogers, S. G., and W. Weber. 1995. Status and restoration of Atlantic and shortnose sturgeons in
Georgia: Final report. National Marine Fisheries Service, Southeast Region, St.
Petersburg, Florida.

Ryder, J. A. 1888. The sturgeon and sturgeon industries of the Eastern Coast of the United
States, with an account of experiments bearing on sturgeon culture. Bulletin of the United
States Fish Commission 8: 231-328.

Safe, S. 1990. Polychlorinated biphenyls (PCBs), dibenzo-p-dioxins (PCDDs), dibenzofurans
(PCDFs), and related compounds: Environmental and mechanistic considerations which

support the development of toxic equivalency factors. Critical Reviews in Toxicology 21:
51-88.

Savoy, T. 1996. Anadromous fish studies in Connecticut waters. Completion Report AFC-22-3.
Connecticut Department of Environmental Protection, Hartford, Connecticut.

Savoy, T., and D. Pacileo. 2003. Movements and important habitats of subadult Atlantic
sturgeon in Connecticut waters. Transactions of the American Fisheries Society. 132: 1-8.

Savoy, T., and D. Shake. 1993. Anadromous fish studies in Connecticut waters. Progress Report
AFC-21-1. Connecticut Department of Environmental Protection, Hartford, Connecticut.

Schuller, P., and D. L. Peterson. 2006. Population status and spawning movements of Atlantic
sturgeon in the Altamaha River, Georgia. Presentation to the 14th American Fisheries
Society Southern Division Meeting, San Antonio, February 8-12th, 2006.

Scott, W. B., and E. J. Crossman. 1973. Freshwater fishes of Canada. Fisheries Research Board
of Canada Bulletin 184, Ottawa, Canada.

Secor, D. H. 2002. Atlantic sturgeon fisheries and stock abundances during the late nineteenth
century. Pages 89-98 in W. Van Winkle, P. J. Anders, D. H. Secor, and D. A. Dixon,
editors. Biology, management, and protection of North American sturgeon. American
Fisheries Society Symposium 28, Bethesda, Maryland.

Secor, D. H., P. J. Anders, W. Van Winkle, and D. A. Dixon. 2002. Can we study sturgeons to
extinction? What we do and don’t know about the conservation of North American
sturgeons. Pages 3-10 in W. Van Winkle, P. J. Anders, D. H. Secor, and D. A. Dixon,
editors. Biology, management, and protection of North American sturgeon. American
Fisheries Society Symposium 28, Bethesda, Maryland.

Secor, D. H., V. Arefjev, A. Nikolaev and A. Sharov. 2000a. Restoration of sturgeons: Lessons
from the Caspian Sea Sturgeon Ranching Programme. Fish and Fisheries 1: 215-230.

Secor, D. H., and T. E. Gunderson. 1998. Effects of hypoxia and temperature on survival,
growth, and respiration of juvenile Atlantic sturgeon, Acipenser oxyrinchus. Fishery
Bulletin 96: 603-613.

250



Chapter 8: Atlantic Sturgeon

Secor, D. H., and E. J. Niklitschek. 2001. Hypoxia and sturgeons: Report to the Chesapeake Bay
Program Dissolved Oxygen Criteria Team. Technical Report Series No. TS-314-01-CBL.
Chesapeake Biological Laboratory, Solomons, Maryland.

Secor, D. H., and E. Niklitschek. 2002. Sensitivity of sturgeons to environmental hypoxia: A
review of the physiological and ecological evidence. Pages 61-78 in R. V. Thurston,
editor. Fish Physiology, Toxicology, and Water Quality. Proceedings of the Sixth
International Symposium, La Paz, Mexico. U.S. Environmental Protection Agency
Office of Research and Development, Ecosystems Research Division Report No.
EPA/600/R-02/097, Athens, Georgia.

Secor, D. H., E. J. Niklitschek., J. T. Stevenson, T. E. Gunderson, S. P. Minkkinen, B.
Richardson, B. Florence, M. Mangold, J. Skjeveland, and A. Henderson Arzapalo. 2000b.

Dispersal and growth of yearling Atlantic sturgeon, Acipenser oxyrinchus, released into
Chesapeake Bay. Fishery Bulletin 98: 800-810.

Secor, D. H., and J. R. Waldman. 1999. Historical abundance of Delaware Bay Atlantic sturgeon
and potential rate of recovery. American Fisheries Society Symposium 23: 203-216.

Shirey, C. A., C. C. Martin, and E. J. Stetzar. 1999. Atlantic sturgeon abundance and movement
in the lower Delaware River. Grant #A86FAO315 to NMFS. Delaware Division of Fish
and Wildlife, Smyrna, Delaware.

Smith, C. L. 1985a. The inland fishes of New York State. New York State Department of
Environmental Conservation, Albany, New York.

Smith, T. I. J. 1985b. The fishery, biology, and management of Atlantic sturgeon, Acipenser
oxyrinchus, in North America. Environmental Biology of Fishes 14: 61-72.

Smith, T. L. J., and J. P Clugston. 1997. Status and management of Atlantic sturgeon, Acipenser
oxyrhinchus, in North America. Environmental Biology of Fishes 48: 335-346.

Smith, T. I. J., and E. K. Dingley. 1984. Review of biology and culture of Atlantic (Acipenser
oxyrhynchus) and shortnose sturgeon (A. brevirostrum). Journal of World Mariculture
Society 15: 210-218.

Smith, T. L. J., E. K. Dingley, and D. E. Marchette. 1980. Induced spawning and culture of
Atlantic sturgeon. Progressive Fish-Culturist 42: 147-151.

Smith, T. L. J., E. K. Dingley, and E. E. Marchette. 1981. Culture trials with Atlantic sturgeon,
Acipenser oxyrinchus, in the U.S.A. Journal of the World Mariculture Society 12: 78-87.

Smith, T. L. J., D. E. Marchette, and R. A. Smiley. 1982. Life history, ecology, culture and
management of Atlantic sturgeon, Acipenser oxyrinchus oxyrinchus, Mitchill, in South
Carolina: Final report to the United States Fish and Wildlife Service. South Carolina
Wildlife and Marine Resources Department, Columbia, South Carolina.

Smith, T. L. J., D. E. Marchette, and G. F. Ulrich. 1984. The Atlantic sturgeon fishery in South
Carolina. North American Journal of Fisheries Management 4: 167-176.

Spagnoli, L. L., and L. C. Skinner. 1977. PCB’s in fish from selected waters of New York State.
Pesticide Monitoring Journal 11: 69-87.

251



Atlantic Coast Diadromous Fish Habitat

Spells, A. 1998. Atlantic sturgeon population evaluation utilizing a fishery dependent reward
program in Virginia's major western shore tributaries to the Chesapeake Bay. U.S. Fish
and Wildlife Service, Charles City, Virginia.

Squiers, T. S. 2001. State of Maine 2001 Atlantic sturgeon compliance report to the Atlantic
States Marine Fisheries Commission, Washington, D.C.

Squiers, T. 2003. State of Maine 2003 Atlantic sturgeon compliance report to the Atlantic States
Marine Fisheries Commission. Report submitted to Atlantic States Marine Fisheries
Commission, October 31, 2003, Washington, D.C.

Squiers, T. 2004. State of Maine 2004 Atlantic sturgeon compliance report to the Atlantic States
Marine Fisheries Commission. Report submitted to Atlantic States Marine Fisheries
Commission, December 22, 2004, Washington, D.C.

Squiers, T. 2005. State of Maine 2005 Atlantic sturgeon compliance report to the Atlantic States
Marine Fisheries Commission. Report submitted to Atlantic States Marine Fisheries
Commission, September 30, 2005, Washington, D.C.

Stein, A. B., K. D. Friedland, and M. Sutherland. 2004. Sturgeon marine distribution and habitat
use along the northeast coast of the United States. Transactions of the American
Fisheries Society 133: 527-537.

Stevenson, J. T., and D. H. Secor. 1999. Age determination and growth of Hudson River Atlantic
sturgeon, Acipenser oxyrinchus. Fishery Bulletin 97: 153-166.

Sulak, K. J., and J. P. Clugston. 1999. Recent advances in life history of Gulf of Mexico
sturgeon, Acipenser oxyrinchus desotoi, in the Suwannee river, Florida, USA: A
synopsis. Journal of Applied Ichthyology 15: 116-128.

Sweka, J. A., J. Mohler, and M. J. Millard. 2006. Relative abundance sampling of juvenile
Atlantic sturgeon in the Hudson River. Final study report for the New York Department
of Environmental Conservation, Hudson River Fisheries Unit, New Paltz, New York.

Tracy, H. C. 1905. A list of the fishes of Rhode Island. In: 36th Annual Committee of Inland
Fisheries, Providence, Rhode Island.

USFWS-NMEFS (United States Fish and Wildlife Service and National Marine Fisheries
Service). 1998. Status review of Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus).
Special report submitted in response to a petition to list the species under the Endangered
Species Act. Hadley and Gloucester, Massachusetts.

Van Den Avyle, M. J. 1984. Species profile: Life histories and environmental requirements of
coastal fishes and invertebrates (South Atlantic): Atlantic sturgeon. U.S. Fish and
Wildlife Service Report No. FWS/OBS-82/11.25, and U. S. Army Corps of Engineers
Report No. TR EL-82-4, Washington, D.C.

Van Eenennaam, J. P., S. I. Doroshov, G. P. Moberg, J. G. Watson, D. S. Moore, and J. Linares.
1996. Reproductive conditions of the Atlantic sturgeon (Acipenser oxyrhinchus) in the
Hudson River. Estuaries 19: 769-777.

Veshchev, P. V. 1981. Effect of dredging operations in the Volga River on migration of sturgeon
larvae. Journal of Ichthyology 21: 108-112.

252



Chapter 8: Atlantic Sturgeon

Vladykov, V. D., and J. R. Greeley. 1963. Order Acipenseriformes. Pages 46-56 in H. B.
Bigelow, editor. Fishes of the western North Atlantic: Part three soft-rayed bony fishes.
Sears Foundation for Marine Research, Yale University, New Haven, Connecticut.

Waldman, J. R., J. T. Hart, and 1. I. Wirgin. 1996a. Stock composition of the New York Bight
Atlantic sturgeon fishery based on analysis of mitochondrial DNA. Transactions of the
American Fisheries Society 125: 364-371.

Waldman, J. R., K. Nolan, J. Hart, and I. I. Wirgin. 1996b. Genetic differentiation of three key
anadromous fish populations of the Hudson River. Estuaries 19: 759-768.

Weber, W., and C. A. Jennings. 1996. Endangered species management plan for the shortnose
sturgeon, Acipenser brevirostrum. Final Report to Port Stewart Military Reservation, Fort
Stewart, Georgia.

Welsh, S. A., S. M. Eyler, M. F. Mangold, and A. J. Spells. 2002. Capture locations and growth
rates of Atlantic sturgeon in the Chesapeake Bay. Pages 183-194 in W. Van Winkle, P. J.
Anders, D. H. Secor, and D. A. Dixon, editors. Biology, management, and protection of
North American sturgeon. American Fisheries Society Symposium 28, Bethesda,
Maryland.

Wharton, J. 1957. The bounty of the Chesapeake, fishing in colonial Virginia. University Press,
Charlottesville, Virginia.

Whitworth, W. 1996. Freshwater fishes of Connecticut. State Geological and Natural History
Survey of Connecticut, Connecticut Department Bulletin 114, Hartford, Connecticut.

Williams, M. S., and T. E. Lankford. 2003. Fisheries studies in the lower Cape Fear River
system, June 2002 —2003. Pages 116 — 169 in M. M. Mallin, M. R. Mclver, H. A. Wells,
M. S. Williams, T. E. Lankford, and J. F. Merritt, editors. Environmental Assessment of
the Lower Cape Fear River System 2002- 2003. Center for Marine Science Report No.
03-03, University of North Carolina at Wilmington.

Wirgin, 1. 2006. Use of DNA approaches in the management of Atlantic sturgeon populations.
Presentation given to the Atlantic States Marine Fisheries Commission Atlantic Sturgeon
Technical Committee By-catch Workshop, held February 1-3, 2006, Norfolk, Virginia.

Waurfel, B., and G. Norman. 2006. Oregon and Washington to expand sea lion control efforts in
the Columbia River. Oregon Department of Fish and Wildlife News Release March 17,
2006. Available: http://www.dfw.state.or.us/news/2006/march/018.asp.

Young, J. R., T. B. Hoff, W. P. Dey, and J. G. Hoff. 1988. Management recommendations for a
Hudson River Atlantic sturgeon fishery based on an age-structured population model:
Fisheries Research in the Hudson River. State of University of New York Press, Albany,
New York.

253



Atlantic Coast Diadromous Fish Habitat

254



Chapter 9: Striped Bass

Chapter 9

STRIPED BASS

(Morone saxatilis)

255



Atlantic Coast Diadromous Fish Habitat

In Memoriam

James Benton: April 19, 1958 — November 15, 1995
David G. Deuel: July 31, 1939 — February 17, 1995
Dr. Eileen Setzler-Hamilton: April 28, 1943 — March 12, 2003
Dr. William W. Hassler: June 16, 1917 — February 16, 2008

This chapter is dedicated to the memory of Jim Benton, David G. Deuel, Dr.
Eileen Setzler-Hamilton, and Dr. William W. Hassler, four friends and valued
colleagues with whom those of us in the striped bass management community
were privileged to work for not nearly enough years. Jim, Dave, Bill, and
Eileen all worked tirelessly during their careers for the conservation of the
striped bass and its supporting ecosystems in the Chesapeake Bay, the Roanoke
and Neuse river basins, and off the Outer Banks of North Carolina and
Virginia, and their efforts bore much fruit. They are very much missed, and
remembered.

Section I. Striped Bass Description of Habitat

Striped Bass General Habitat Description and Introduction

The striped bass (Morone saxatilis) was one of the first fish species in North America to
be actively used and managed by society (Mann 2005, 2007; Smith and Olsenius 2007).
Historically, striped bass was a highly important subsistence, commercial, and recreational
species to Native Americans for millennia, and to European travelers and invaders beginning
with the Vikings for centuries. Their importance as a harvested species continues into the
present. Aside from their importance to humans, it is likely that striped bass provide several
highly important ecosystem functions, including structuring fish and invertebrate communities
through predation, and providing trophic linkages between productive rivers and estuaries and
the coastal Atlantic Ocean (Able 2004). From this perspective, the striped bass may be seen as
an indicator of estuarine and coastal health and habitat quality. The importance of this fish
species remains undiminished today, and if anything, the relatively recent collapse (early 1980's)
and restoration (1995) of the migratory striped bass population and fishery has only heightened
public interest in management efforts (W. Laney, personal observation).

The Chesapeake Bay is the epicenter of migratory striped bass abundance and production
on the East Coast. However, other estuaries from the Cape Fear River, North Carolina, to the St.
Lawrence River, Canada, as well as the nearshore Atlantic Ocean, contribute to production and
are essential for the long-term survival and sustainability of the species (W. Laney, personal
observation). The purpose of this chapter is to describe the habitats used by all life stages of
migratory striped bass, and establish a basis for formal habitat designation.

The striped bass is an anadromous, schooling species with a historic native range
extending discontinuously from the Canadian Maritime Provinces to the Gulf of Mexico (Lee et
al. 1980; Fay et al. 1983; Hill et al. 1989; Rago 1992; Rulifson and Dadswell 1995; Richards and
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Rago 1999). On the Atlantic coast, the range of striped bass is continuous from the St. Lawrence
River and southern Gulf of St. Lawrence, Quebec, to the St. Johns River, Florida (McLane 1955;
Leim and Scott 1966). The species is absent from southeast and southwest Florida rivers below
roughly 29°N latitude; it appears again in the Gulf of Mexico from the Suwannee River, Florida,
to Lake Pontchartrain, Louisiana (Jordan 1884; Lee et al. 1980).

Many striped bass in Atlantic Coast rivers from Albemarle Sound, North Carolina, to the
St. Lawrence River are migratory as adults. They travel annually from oceanic waters to riverine
spawning grounds and back to the ocean, where they undertake a northern summer migration and
southward winter migration (Boreman and Lewis 1987). However, recent studies of otolith
microchemistry (Morris et al. 2003; Zlokovitz et al. 2003) indicate that striped bass residing in
some longer river systems (Roanoke River, North Carolina, and Hudson River, New York,
respectively) may exhibit multiple life history strategies, with some individuals remaining year-
round in the upper freshwater portion of the system. Additionally, one group of individuals
resides in the lower river and upper estuary, another group migrates to the coastal ocean, and a
final group exhibits a mid-life habitat shift between freshwater and saltwater environments
(Morris et al. 2003; Zlokovitz et al. 2003).

Striped bass populations south of Albemarle Sound, North Carolina, and in the Gulf of
Mexico are thought to be endemic to each river system, and are considered essentially non-
migratory by most researchers (Vladykov 1947; Scruggs and Fuller 1955; Scruggs 1957; Raney
1957; Murawski 1958; Barkuloo 1970; Dudley et al. 1977; Mcllwain 1980; Richkus 1990).
However, it might be that past and present management measures used for these stocks have
largely precluded most fish from reaching a minimum size for migration (i.e., small size limits
and liberal bag limits that, in combination, effectively maintain an artificially young age
structure for a species well-documented to live to at least age 30) (W. Laney, personal
observation).

Historic and recent recaptures of tagged striped bass suggest that migratory behavior in
southeastern stocks is displayed by at least some small percentage of larger individuals. Hess et
al. (1999) reported that movement between the adjacent Savannah and Ogeechee rivers in
Georgia has occasionally occurred via coastal waters. For example, a striped bass tagged in
Alligator Creek (a tributary to the Cape Fear River, North Carolina) on February 18, 2004, was
captured by an angler on May 13, 2005, at the mouth of the Cape Cod Canal in Buzzard’s Bay,
Massachusetts (Mark Westendorf, Coastal Zone Resources, Wilmington, North Carolina,
personal communication).

Additionally, two striped bass populations on the Atlantic coast, one in the John H. Kerr
Reservoir on the North Carolina/Virginia border and another in the Santee-Cooper Reservoirs in
South Carolina, developed upstream spawning migrations to reservoir tributaries after
downstream migration was precluded by dam construction (Scruggs and Fuller 1955; Scruggs
1957; Stevens 1958; Jenkins and Burkhead 1993). Additional reproducing freshwater
populations have been established in U.S. reservoirs outside the historic range of the species (in
California, Oklahoma, Oklahoma/Texas and Utah; see list in Crance 1984).

On the Pacific coast, striped bass were introduced in the San Francisco Bay estuary in
1879 and 1882, and have since spread north to VVancouver Island, British Columbia, and south to
Baja California, Mexico (Lee et al. 1980). The species has also been widely stocked in inland
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reservoirs and coastal rivers in the United States (Fuller et al. 1999) and abroad (France, Portugal
and Russia; see Hill et al. 1989).

The detailed descriptions of striped bass habitats and environmental requirements in this
chapter focus on those areas used by the Atlantic coastal migratory stocks under the jurisdiction
of the Atlantic States Marine Fisheries Commission (ASMFC) and its member states. The stock
is defined as, “...all coastal migratory striped bass stocks on the East Coast of the United States,
excluding the Exclusive Economic Zone [EEZ] (3-200 nautical miles offshore), which is
managed separately by NOAA Fisheries.” Migratory striped bass stocks occur in the riverine,
estuarine, and coastal areas of all states and jurisdictions from Maine through North Carolina, as
congressionally mandated in the Atlantic Striped Bass Conservation Act (PL 98-613) (Atlantic
Striped Bass Plan Development Team 2003). All habitats used by the stock are addressed,
including habitats outside ASMFC jurisdiction in the EEZ. Significant environmental, temporal,
and spatial factors affecting distribution of striped bass are summarized in Table 9-5. Since
tagging studies have documented exchange between migratory striped bass in U.S. and Canadian
rivers, cursory descriptions of Canadian striped bass habitats are also included.

Striped bass habitat use information in this document is largely based on material in
Bigelow and Schroeder (1953), Hardy (1978), Bain and Bain (1982), Rulifson et al. (1982), Fay
et al. (1983), Crance (1984), Richkus (1990), Funderburk et al. (1991), Rago (1992), and
Rulifson and Dadswell (1995), but has been supplemented by many other sources, including
references from the following anadromous fish and striped bass bibliographies: Street and Hall
(1973); Pfuderer et al. (1975); Rogers and Westin (1975); Horseman and Kernehan (1976);
Smith and Wells (1977); Westin and Rogers (1978); Setzler et al. (1980); and Bettross (1991).

Striped bass life stages for the purposes of this document are defined as follows (after
Hardy 1978). Eggs are extruded, fertilized, or unfertilized ova. Yolk-sac larvae are newly-
hatched individuals that range in length from 2.0 to 3.7 mm (Mansueti 1958a; Fay et al. 1983),
with a mean of 3.1 mm (Mansueti 1964) and maximum length of 6.0 to 7.0 mm, prior to yolk
absorption. Larvae are individuals that have absorbed the yolk sac, but have not yet acquired
the minimum adult fin ray complement and assumption of adult body form. Larvae range in size
from 5.0 to 36 mm (Pearson 1938; Mansueti 1958a, 1964), and include the finfold and post-
finfold larval stages as described by some authors (see Setzler et al. 1980). Juveniles range from
36 to approximately 174 mm minimum size for males (Raney 1952) and 432 mm for females
(Clark 1968), and have acquired the minimum adult fin ray complement, but have yet to reach
sexual maturity. Adults are any fish these lengths or larger that have reached sexual maturity.

Habitat Suitability Index Models

The U.S. Fish and Wildlife Service has developed several Habitat Suitability Index (HSI)
models for various applications to striped bass stocks (Bain and Bain 1982; Crance 1984). In
one instance, Bain and Bain (1982) developed a model for estuarine-associated coastal stocks of
striped bass that contains individual components corresponding to the spawning, egg, larval,
juvenile, and adult life history stages. The model is intended for use year-round on estuarine-
associated striped bass stocks located on the Atlantic, Gulf, and Pacific coasts of the United
States. This model can yield one HSI value for the entire life cycle of the striped bass, if all
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components are used, or individual HSI values can be generated for each life stage. The model
was not designed for evaluation of marine habitat. It is also not applicable to areas where partial
or extensive reduction in habitat availability has occurred due to contamination by toxic
substances. Habitat parameters required for running the model include: 1) For riverine habitats-
percent of natural river discharge, maximum total dissolved solids, average water temperature,
minimum dissolved oxygen, and average current velocity; and 2) For estuarine habitats- percent
of original salt marsh, percent of original freshwater input to estuary, average water temperature,
average salinity, and minimum and average dissolved oxygen. This model assumes that striped
bass habitat suitability is primarily associated with water quality (physicochemical conditions)
during most life stages (Bain and Bain 1982). However, food availability and water quantity are
considered particularly important life requisites in some life stages (W. Laney, personal
observation).

The U.S. Fish and Wildlife Service’s Charleston Ecological Services Field Office
modified the Bain and Bain (1982) striped bass model for use on the Savannah River,
Georgia/South Carolina (EuDaly 2002). The HSI was developed specifically to assess the
modeled impacts of Savannah Harbor deepening on striped bass spawning, egg, and larval
habitats through changes in flow velocity, dissolved oxygen, and salinity concentrations caused
by channel modifications (EuDaly 2002; Van Den Avyle et al. 1990; Winger and Lasier 1990;
Reinert and Jennings 1998; Will et al. 2000). This modified model may have application
potential in tributaries where migratory striped bass spawn closer to the estuary (W. Laney,
personal observation). Another model, developed by Crance (1984), applies to riverine or
lacustrine habitat of striped bass throughout the 48 conterminous states. The lacustrine
component of the model is generally inapplicable for migratory striped bass. The riverine model
applies during the spawning season, and can be used to assess spawning habitat for those
populations that spawn in the inland portions of East Coast rivers. The minimum length of river
required for riverine reproductive habitat in this model is about 52.6 km. This estimate may not
represent the actual minimum river length required if: 1) eggs are not moving at water velocity;
2) water temperature varies from optimal; or 3) the distance required is increased by suspension
of the newly-hatched embryo (suspension may be required for about 15 hours post-hatch).

Variables required to run the riverine spawning habitat model include: water temperature;
dissolved oxygen concentration; and current velocity (Crance 1984). At the time of its
publication, the model had not been field-tested.

Both of the striped bass models developed for the U.S. Fish and Wildlife Service (Bain
and Bain (1982) and Crance (1984)) are available on the internet at the U.S. Geological Survey
National Wetlands Research Center website: http://www.nwrc.usgs.gov/wdb/pub/
hsi/hsiintro.htm.

An additional document prepared by the Gulf States Marine Fisheries Commission
(Lukens 1988) provides a useful example of how striped bass habitat criteria may be used in
assessing and prioritizing habitats for striped bass restoration efforts. HSI models should not be
considered proven statements, but instead are hypothetical species-habitat relationships (Stier
and Crance 1985). Values provided may not be precisely applicable to all areas along the
Atlantic Coast. Information pertaining to a particular habitat should be evaluated with regard to
model criteria. Despite their limitations, HSI models are useful for evaluating species-habitat
relationships (Bilkovic 2000).
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Part A. Striped Bass Spawning Habitat

Geographical and temporal patterns of migration

Merriman (1937b) indicated that spawning probably occurred historically in every river
of any size in the northeastern United States where proper conditions were present. The present
range of migratory striped bass documented as returning regularly from the Atlantic Ocean to
coastal rivers to spawn is from the Roanoke and Chowan River tributaries of Albemarle Sound in
North Carolina to the St. Lawrence River in Canada (Raney 1952; Bigelow and Schroeder 1953;
Leim and Scott 1966; Scott and Crossman 1973; Rulifson et al. 1982; Fay et al. 1983; Hill et al.
1989; Richkus 1990; Rulifson and Dadswell 1995). In general, juveniles migrate downstream in
summer and fall, while adults migrate upriver to spawn in spring, later returning downstream to
the lower river, estuary, or ocean (Shepherd 2006). Additionally, inland spawning migration
extent has been altered by construction of dams that prevent access to some historic spawning
habitats (W. Laney, personal observation).

Spawning location (geographical)

Documented U.S. and Canadian spawning ground locations used by Atlantic migratory
striped bass can be found on the DVD supplement. The principal spawning areas for migratory
striped bass along the Atlantic coast are located in the Chesapeake Bay and its tributary rivers
and the Hudson River (Merriman 1941; Raney 1957; Berggren and Lieberman 1978; Kernehan
et al. 1981; Setzler-Hamilton and Hall 1991; Wirgin et al. 1993; Richards and Rago 1999).
Additional migratory stock spawning habitats located in the Delaware River, Roanoke River, and
Canadian Atlantic rivers (Rulifson and Dadswell 1995), are believed to make smaller
contributions to coastal fisheries (Richards and Rago 1999). Riverine stocks in North Carolina
south of Albemarle Sound (Tar-Pamlico, Neuse, Cape Fear, and Northeast Cape Fear) are
believed to make minor, if any, contributions to the coastal migratory stock. However, fish
tagged in the Atlantic Ocean have been recaptured in Pamlico Sound during the spring, which
suggests that some exchange historically occurred (Holland and Yelverton 1973). As noted by
Richards and Rago (1999), however, composition of the coastal stock varies, and is a function of
variable reproductive success in given spawning areas, spawning adult year-class strength, and
season.

In the southern portion of the range, the Roanoke River’s contribution to the coastal
migratory stock has historically been a small percentage, with some authors stating the stock was
less migratory than others (Hassler et al. 1981; Boreman and Lewis 1987; Haeseker et al. 1996).
However, the Roanoke stock was historically fished at a high rate, and fish were harvested at an
early age such that from 1956 through 1990, the recruited fish consisted predominantly of
individuals aged two and three (NC SBSMB 1991). Few fish from the stock were surviving to
an age when migratory behavior would typically be initiated. Current management measures for
the stock entail a delayed harvest and lower fishing rate that provide for a broadened age
structure. Under this management scheme, the percentage of migratory fish is likely to increase.
The Roanoke River-Ablemarle Sound stock was declared recovered by the ASMFC in 1997
(ASFMC 1998).
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Farther north, the Chesapeake Bay tributaries are thought to be the most productive
spawning grounds (Merriman 1941), and have contributed as much as 90% of Atlantic coastal
landings (Berggren and Lieberman 1978; Van Winkle et al. 1988). In fact, Chesapeake Bay fish
make a major contribution to the fishery in the lower Hudson River and New York Bight
(Berggren and Lieberman 1978). Spawning habitats in Virginia tributaries to Chesapeake Bay
were documented by Tresselt (1950, 1952), Mansueti (1961b), Rinaldo (1971), McGovern and
Olney (1988, 1996), Grant and Olney (1991), Olney et al. (1991), and Bilkovic et al. (2002).
The only direct observations of striped bass eggs and larvae in major Virginia rivers through
1991 were made by Tresselt (1952), Rinaldo (1971), McGovern and Olney (1988), and Grant
and Olney (1991).

Tresselt (1952) surveyed the Pamunkey, Mattaponi, Chickahominy, James, and
Rappahannock rivers in Virginia, to determine the location of striped bass spawning grounds.
Eggs were collected in appreciable numbers only on the Mattaponi River. In the Pamunkey,
Mattaponi, and Chickahominy rivers, the regions of greatest egg abundance coincided with the
regions of largest commercial catch. These areas were located in the first 25 miles of freshwater,
and usually had high turbidity during the spawning season. The largest numbers of eggs were
located 27 km above the mouth of the Pamunkey and 14 km above the mouth of the Mattaponi.
Only a few eggs were collected over a wide section of the James and Rappahannock rivers
(Tresselt 1952).

Similarly, Mansueti (1961b) depicted the following Virginia rivers as spawning habitat:
James, Chickahominy, Pamunkey, Mattaponi, Rappahannock, and Potomac. Surveys of
spawning grounds on the Chickahominy and James rivers during 1950 were conducted late, but
provided the first direct documentation of striped bass spawning in those systems (Grant and
Olney 1991). Additionally, Rinaldo (1971) surveyed the Pamunkey River, Virginia, during the
1966 spawning season, and determined that spawning occurred 8 to 48 km above West Point.
Olney et al. (1991) documented striped bass egg mortality, production, and female biomass in
Virginia rivers from 1980 to 1989. Sampling was conducted in the James, Pamunkey,
Mattoponi, and Rappahannock rivers during April and May. In the Pamunkey River, eggs were
collected from river kilometers (rkm) 62 to 72 and 58 to 66 in April 1987. The Pamunkey River
was also sampled during 1980, 1983 to 1985, 1988, and 1989, presumably within reach 45.6 to
88.1 rkm (Olney et al. 1991).

Kernehan et al. (1981) suggested that previous, inadequate sampling underestimated the
importance of the Upper Chesapeake Bay as striped bass spawning grounds. Phillips (1990) and
Mansueti (1961b) identified the following Upper Chesapeake Bay spawning habitats: Potomac
River, Patuxent River, Susquehanna River, Northeast River, EIk River, Chesapeake and
Delaware (C&D) Canal, Bohemia River, Sassafras River, Chester River, Choptank River,
Blackwater River, Honga River/Fishing Bay, Nanticoke River, Wicomico River, Monokin River,
and Pocomoke River.

The Susquehanna River was historically the area of greatest egg production, and
spawning was recorded as far upriver as Northumberland, Pennsylvania, or beyond (Baird 1855;
Dovel 1971). However, following construction of the Conowingo Dam near the mouth (river km
16.1) of the Susquehanna River in 1928, the principal area of egg production appeared to be the
main channel of Chesapeake Bay between Western Point and Chesapeake City (Dovel 1971). In
the Potomac River, spawning historically occurred as far upriver as Great Falls (Baird 1855;
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Hildebrand and Schroeder 1928; Shannon and Smith 1968), but in 1978 was limited to
Whitestone Point and below (Nichols and Miller 1967).

In the 1960's and 1970’s, major spawning activity centered in the C&D Canal (Beitch and
Hoffman 1962; Johnson 1972), which led some researchers around that time to state that this
canal was the most important mid-Atlantic region spawning area (Hollis 1967; Dovel 1971;
Dovel and Edmunds 1971; Warsh 1977). However, based on total eggs spawned in an area,
Kernehan et al. (1981) demonstrated that from 1973 to 1977, the Upper Chesapeake Bay from
Turkey Point southeast to Worton Point was far more important to spawning than the relatively
small C&D Canal.

For much of the 20" century, the Delaware River exhibited poor water quality and striped
bass production was low (Chittenden 1971a). Murawski (1969a) reported larvae over a distance
of 108 km in the Delaware, but this distance included a 45 km void in the vicinity of
Philadelphia. With improvements in riverine water quality, the Delaware River began to
contribute striped bass to the coastal migratory stock (Albert 1988; USDOI and USDOC 1994),
and the stock was declared recovered (ASMFC 1998).

In some years, the Hudson River contributes a significant proportion of the coastal stock
(Fabrizio 1987; Van Winkle et al. 1988). The Hudson River’s primary contribution to the stock
occurs north and east of the river (Waldman et al. 1990; Dorazio et al. 1994). Spawning occurs
in the fresh-brackish reach of the river and is concentrated between rkm 54 and 88 (Boreman
1981).

In New England, spawning was historically documented in the Thames River,
Connecticut (Maltezos 1960), and ripe females were taken in the Mouson River, Maine (Towne
1940). Spawning may have occurred in the past in the Connecticut River (Merriman 1937a), but
at least several decades ago no spawning was evident (Whitworth et al. 1968; Thomson et al.
1978), despite the fact that adult fish annually entered the river (Talbot 1966; Whitworth et al.
1968). However, Hardy (1978) reported (based on Neville (1939) and Raney (1952)) that there
was no evidence of successful spawning in coastal areas of New Jersey, or in the rivers of New
England. Currently, striped bass are apparently spawning in the Kennebec River, since the
Maine Division of Marine Fisheries is catching juveniles there on a regular basis (Lew Flagg,
Maine Department of Natural Resources, Division of Marine Fisheries, personal
communication).

Although there are no documented striped bass spawning runs in the Connecticut River,
juvenile striped bass are occasionally taken in the lower river (downstream of river km 12) by
electro-shock and beach seine. For the first time in 2004, eight to ten striped bass juveniles were
taken in the Connecticut River by electro-fishing during July from above the salt wedge
(upstream of river km 40). Although the exact origin of these striped bass juveniles could not be
determined with confidence, the juvenile striped bass occasionally taken in the lower river
(downstream of river km 12) are believed to have originated from the Hudson River stock. The
Hudson River juvenile striped bass survey conducted annually by the New York Department of
Environmental Conservation often captures juvenile striped bass as far east as Orient Point, New
York (some 100 miles east of the Hudson River). However, the recent capture of juvenile striped
bass from the upper Connecticut River (above river km 40) in 2004 probably resulted from
limited striped bass spawning in the Connecticut River. Each spring (April to June), there are
thousands of adult striped bass in the upper river (above river km 50) that use it as a primary
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feeding area for pre-spawned American shad and blueback herring. Large (greater than 80 cm)
female striped bass are often sampled in the river during the spring, but a ripe female has not
been documented in the upper river. Furthermore, during the juvenile alosine beach seine
surveys from July through October (1976-2008), researchers have yet to capture a single juvenile
striped bass. Given the record size of the current Atlantic coast striped bass stock, limited and
occasional spawning in the Connecticut River would be expected. At this time, ecologists regard
the Connecticut River as primarily an important spring feeding area for Atlantic coast striped
bass, but not a primary spawning area (V. Crecco, Connecticut Bureau of Marine Fisheries,
personal communication).

Farthest north, spawning in Canada was historically believed to occur in the Miramichi
and Saint John rivers, New Brunswick, Annapolis and Shubenacadie rivers, Nova Scotia, and St.
Lawrence River, Quebec (Leim 1924; Leim and Scott 1966; Scott and Crossman 1973).
Rulifson and Dadswell (1995) reported that ten Canadian rivers were known or believed to
sustain spawning striped bass populations, including:: the St. Lawrence River (where the
spawning stock was stated to perhaps be extirpated); the Nepisiguit River in Chaleur Bay; the
Tabusintac, Miramichi, Kouchibouguac, and Richibucto rivers in the western Gulf of St.
Lawrence; the Saint John, its tributary the Kennebecasis, and the Annapolis rivers in the outer
Bay of Fundy; and the Shubenacadie-Stewiacke river system in the inner Bay of Fundy.

Striped bass spawning in Canadian rivers is stated to occur in tidal streams a few weeks
after ice leaves the system, and occurs near the head of tide (Rulifson and Dadswell 1995). In
Bay of Fundy rivers, spawning is near, or a relatively short distance above, the head of tide. In
the Saint John River, spawning occurs in tributaries of Belleisle Bay, approximately 64 km
above Reversing Falls (Dadswell 1976). Historically, the main spawning area was at the head of
tide around Hart Island above Fredericton, about 65 km upriver from the limit of saltwater
excursion (Adams 1873), but it is thought spawning no longer occurs at this site (Jessop 1990).

The Shubenacadie-Stewiacke striped bass population is the only one documented as
successfully reproducing in a tidal bore river. The Annapolis River population may also have
historically spawned in a tidal bore river, but the tidal bore phenomenon was eliminated by
construction of a causeway (Rulifson and Dadswell 1995). In western Gulf of St. Lawrence
rivers, spawning occurs just above the head of tide (Hogans and Melvin 1984; Madden 1984). In
the St. Lawrence River, spawning is believed to have occurred at, and upstream of, Trois
Rivieres (Rulifson and Dadswell 1995). Other possible spawning grounds are alluded to in the
literature (Vladykov 1946, 1947; Beaulieu 1962, as cited in Rulifson and Dadswell 1995), but no
study of spawning habitats was ever conducted (Magnin and Beaulieu 1967, as cited in Rulifson
and Dadswell 1995).

Spawning location (ecological)

There are a number of key components of striped bass spawning habitats necessary to
retain functionality and remain hospitable for striped bass adult use, and egg and larval
production and survival. These components include: appropriate flow regimes at various
temporal scales, including suitable spring attractant flows for stocks migrating to inland
spawning grounds and suitable flows during the spawning season; appropriate temperature
regimes; appropriate dissolved oxygen levels; absence of adverse levels of turbidity, pH, and
contaminants; and suitable prey resources for larvae (W. Laney, personal observation). Setzler et
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al. (1980) indicated that maintenance of adequate spawning areas with good water quality is the
most critical necessity for continued survival of striped bass.

Migratory striped bass mostly spawn in groups in freshwater near the heads of Atlantic
coast estuaries, or far inland up major tributaries, depending upon the estuary. Hardy (1978)
summarized the general characteristics of spawning habitats used by striped bass. Spawning
occurs in fresh, turbid waters in relatively shallow reaches of rivers, streams, and creeks (0.3 to
6.1 m) (Abbott 1878; Tresselt 1950; Murawski 1969b). Some populations spawn in the upper
tidal freshwater portions of rivers (Raney 1952, 1956; Tresselt 1952; Humphries 1966; Talbot
1966) in areas just above tidal influence (Bigelow and Schroeder 1953), or hundreds of
kilometers inland in turbulent, turbid rapids (Raney 1954; McCoy 1959). These latter areas are
frequently associated with the Fall Zone (the relatively narrow belt between the Coastal Plain
and Piedmont provinces, where elevation changes more rapidly), and are characterized by
boulders and strong currents (Norney 1882; Raney 1952; McCoy 1959; Mansueti and Hollis
1963; Talbot 1966). Stocks in estuarine systems lacking pronounced tidal cycles tend to travel
further upstream to spawn (Bain and Bain 1982). Striped bass have never been documented to
spawn in lakes, within reservoirs, or in the sea (Goode et al. 1884; Bigelow and Schroeder 1953).

Striped bass spawning runs begin earlier in the southern end of the range, and occur
progressively later as the season advances and water temperatures warm (Raney 1952; Bigelow
and Schroeder 1953; Leim and Scott 1966; Scott and Crossman 1973; Bain and Bain 1982;
Rulifson et al. 1982; Fay et al. 1983; Crance 1984; Hill et al. 1989; Richkus 1990). Pre-
spawning aggregations arrive in the Chesapeake Bay during January, February, and March
(Dovel 1968). However, nearly all spawning activities in the mid-Atlantic region occur in April,
May, and June (Fay et al. 1983). Striped bass appear on spawning grounds in the Cape Fear
River, North Carolina, from mid-April to mid-May (Sholar 1977; Fischer 1980). Other North
Carolina river striped bass spawning seasons are: April to early May in the Northeast Cape Fear
River (Sholar 1977); April to mid-May, or late March to late May, in the Neuse River (Baker
1968; Hawkins 1979); mid-April to mid-May in the Tar-Pamlico River, with a peak of May 3-11
(Humphries 1966); and April 15 to May or June in the Roanoke River (Chapoton and Sykes
1961; Shannon and Smith 1968; Shannon 1970; Street 1975). Spawning runs on the Roanoke
River begin when water temperatures reach 7 or 8°C, typically during March, and terminate at
the spawning grounds near Weldon around April 1-15 (Merriman 1941; Dickson 1958; Fish and
McCoy 1959; NC WRC 1962). Peak spawning on the Roanoke River was reported by Hill et al.
(1989) to be May 10-20.

Temporal periods of striped bass spawning are similar throughout Chesapeake Bay
(Grant and Olney 1991). Spawning periods for Virginia rivers were reported by Grant and Olney
(1991), McGovern and Olney (1996), and Bilkovic et al. (2002). Peaks in spawning were
generally sharp and of limited duration. In the York River tributaries (Mattaponi and
Pamunkey), peaks occurred in the fourth week of April in both years surveyed (1980 and 1983),
and in the Rappahannock River in 1983. In 1982, the peak spawning in the Rappahannock
occurred one week earlier. Spawning in the James River was later, peaking the first week in
May in both 1981 and 1983, which is also typical in the Potomac (Setzler-Hamilton et al. 1981)
and in the upper Chesapeake Bay and the C&D Canal (Johnson and Koo 1975; Kernehan et al.
1981).

The spawning season in the Potomac River was reported as mid-April to mid-June, with a
peak from April 23 through May 8 (Baird 1855; Setzler-Hamilton et al. 1981). The spawning
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season in the Chesapeake Bay was reported as April, May, and early June (Chapoton and Sykes
1961; Dovel 1971). Similarly, in the Chesapeake and Delaware Canal, spawning occurred from
mid-April to mid-June, with a peak from April 20 to May 10 (Kernehan et al. 1981). Spawning
in the Delaware River was reported as occurring from late May to mid-June, with a peak in June
(Raney 1952). In the Hudson River, the spawning period was reported as mid-May to mid-June,
with peak activity in the last two weeks of May (Raney 1952; Rathjen and Miller 1957; Boreman
and Klauda 1988).

In Canadian populations, including Bay of Fundy rivers, spawning occurs in May and
June (Leim and Scott 1966; Scott and Crossman 1973; Meadows 1991; Rulifson and Dadswell
1995). In the Stewiacke, spawning begins in the fourth week of May, and depending upon the
weather, continues until about June 20 (Meadows 1991). In the Annapolis River, spawning
begins in late May and continues through June. Spawning in the Saint John River occurred in
May, beginning May 13" and terminating May 20" (Dadswell 1976).

The exact timing of spawning activity in western Gulf of St. Lawrence rivers is not well
documented (Rulifson and Dadswell 1995). Spawning may occur shortly after ice leaves the
rivers. Overwintering fish migrate downstream and spawn in May and early June (Vladykov and
Brousseau 1957; Hogans and Melvin 1984; Meagher et al. 1987). Spawning in the
Kouchibouguac River lasts about three days (Hogans and Melvin 1984). In the Tabusintac
River, local fishermen report that spawning occurs in the late summer-early fall, because large
adults in reproductive condition are caught during that period. If the fishermen are correct, this
would represent the only known fall-spawning population. More information is needed on the
Tabusintac population to determine whether these fish are fall spawners, or are just approaching
maturity for overwintering (Rulifson and Dadswell 1995).

Maturation and spawning periodicity

In U.S. rivers, males precede females to the spawning grounds in the spring, while
females remain offshore or in downstream estuaries until shortly before spawning (Vladykov and
Wallace 1952; Trent and Hassler 1968; Holland and Yelverton 1973). After the females arrive
on the spawning grounds, characteristic mating behavior consists of a single female surrounded
by up to 50 males, at or near the surface (Setzler et al. 1980). Eggs are broadcast loosely in the
water, and normal spawning duration for a single female is less than four hours (Lewis and
Bonner 1966). Based on the behavior of radio-tagged females in the Choptank and Nanticoke
Rivers, Maryland, Hocutt et al. (1990) think that the brackish estuary downstream of spawning
habitat is more important than previously recognized for females.

Striped bass appear to be repeat spawners (iteroparous) throughout their migratory range.
Raney (1952) reported that striped bass spawn more than once, but not necessarily every year.
Hocutt et al. (1990) reported homing of radio-tagged females to the Nanticoke River, Maryland,
and believed this constituted strong evidence for annual spawning, as well as strong evidence of
natal river fidelity by females.

Studies of mitochondrial DNA (mtDNA) suggest that there is higher female than male
fidelity to the natal spawning grounds, at least for Chesapeake Bay populations (Chapman 1987,
1989). Chapman (1989) drew the following conclusions for Chesapeake Bay striped bass: 1)
distinct matriarchal groups occurred on spawning grounds of the Choptank River, Potomac
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River, and Upper Chesapeake Bay; 2) after age two, mixed aggregations of males and females
formed during winter, probably derived from populations not surveyed in 1984; 3) males from
the mixed aggregations appeared to have dispersed randomly to spawn in 1986, which suggested
that males did not have a strong homing instinct; and 4) females appeared to return to their natal
areas, as their mtDNA frequencies in 1987 matched closely the 1984 distributions. The
conclusion presumes that striped bass tend to remain in their natal areas until age two (Chapman
1989).

Based on egg collections, the diel timing of striped bass spawning activity appears to be
variable among and between systems, and little specific information was found for many of the
systems used for spawning. Spawning activity has been noted in late afternoon and early
evening (Morgan and Gerlach 1950; NC WRC 1962), as well as late evening and early morning
(Hardy 1978). Extensive studies of the vertical, horizontal, and temporal distribution of eggs
during the spawning season were conducted in the Roanoke River, North Carolina, by McCoy
(1959) and Cheek (1961). McCoy (1959) did not detect a statistically significant daily pattern of
egg deposition, although there did appear to be some trends in the adjusted egg data showing
higher deposition in the evening (22:00) during mid-May and in the early morning (06:00)
during late May. Sampling conducted by Rulifson (1989, 1992) on the Roanoke River suggested
that egg deposition occurred more frequently near dusk. Similarly, eggs were taken in the
Susquehanna River early in the night (Pearson 1938).

Spawning and the saltwater interface

Salinity and total dissolved solid (TDS) concentrations are thought to be important
factors during the striped bass spawning period, and may be responsible for deterring spawning
or reducing spawning success (Bain and Bain 1982). In the naturalized population of the
Sacramento-San Joaquin River, California, the number of eggs deposited reached a maximum
when salinity was less than 0.18 ppt (Farley 1966), and spawning migrations did not occur at a
critical salinity concentration of 0.35 ppt (Radtke and Turner 1967). Highly successful spawning
was observed in the C&D Canal at salinities of 0.70 to 1.5 ppt (Johnson and Koo 1975).
Additionally, Stevens (1979) reported that striped bass might not spawn where salinities exceed

5 ppt.

Salinities in some Canadian spawning sites are reported by Rulifson and Dadswell
(1995). In the Bay of Fundy tributaries, the Shubenacadie and Stewiacke rivers, salinities during
spawning in 1992 and 1994 ranged from 0.0 to 22.8 ppt. Spawning areas in the Annapolis and
Saint John rivers were both located upstream of the salt wedge, and therefore presumably in
freshwater (Rulifson and Dadswell 1995).

Spawning substrate associations

Rulifson and Dadswell (1995) reported the bottom composition of some spawning
habitats in Canadian rivers. Tidal spawning areas in the Stewiacke River have silty bottoms, and
at low tide are lined by mud and sand flats (Rulifson et al. 1987). Prior to the operation of the
Annapolis Tidal Generating Station, the primary spawning area above Bridgetown (km 32
through 40, measured from the Annapolis River causeway), Nova Scotia, was characterized
primarily by sand interspersed between basalt and granite rocks and boulders (Williams et al.
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1984). In the Kennebecasis River, potential spawning habitats include a gravel substrate
(Hooper 1967; Melvin 1991). The Kouchibouguac River spawning habitat substrate consists of
cobble-sized shale rubble covered by a layer of mud, with eelgrass (Zostera marina) as the
dominant submerged vegetation (Hogens and Melvin 1984).

Spawning depth associations

Limited information is available regarding the depth of striped bass spawning habitats.
Striped bass spawning occurs at, or near, the water surface in some Atlantic coast rivers
(Merriman 1941; Raney 1952). In the Shubenacadie and Stewiacke rivers in Canada, historic
and present spawning habitats are tidally influenced. At high tide, the areas are deep and
relatively wide. At low tide, both areas become narrow, shallow channels (Rulifson et al. 1987).
Former spawning areas in the Annapolis River, Nova Scotia, were approximately 30 m wide and
consistently 1.5 to 2 m deep. Western Gulf of St. Lawrence spawning habitats also are tidally
influenced (Williams et al. 1984).

Spawning water temperature

Water temperature is a key variable influencing the activities of striped bass adults prior
to, and during, spawning migrations (Bain and Bain 1982; Crance 1984). Spawning generally
occurs in water temperatures ranging from 10.0 to 25.0°C (Nichols 1966; Hardy 1978; Merriman
1941). Spawning peaks are apparently triggered by a noticeable increase in water temperature,
generally beginning at temperatures of at least 14°C (Fay et al. 1983). Mature adults usually
initiate spawning runs when temperatures reach 14.4°C, exhibit peak activity from 15.8 to
19.4°C, and cease spawning at 20 to 25°C (W. Laney, personal observation). Other temperature
extremes reported for spawning were a low of 10°C (IEM 1973) and a high of 26.5°C (Combs
1979).

Dickson (1958) reported that striped bass spawning on the Roanoke River, North
Carolina, usually began after temperatures reached 15°C. Optimal spawning temperatures for
the Roanoke River were reported as approximately 17 to 19°C, with no spawning observed
below 12.8°C or above 22°C (Shannon and Smith 1968). McCoy (1959) reported a minimum
spawning temperature of about 15°C and a maximum of about 22°C for the Roanoke River.

In Chesapeake Bay, the striped bass spawning water temperature range was from 10.4 to
23.9°C. However, most spawning occurred between 14.4 and 21.1°C, with peak activity from
17.8 t0 20.0°C (based on egg presence) (Raney 1952; Sheridan et al. 1961; Hollis 1967; Rinaldo
1971). Peak spawning activity was observed to follow a rise of 3.5°C (Tiller 1955). Kernehan et
al. (1981) collected striped bass eggs in the vicinity of the C&D Canal in temperatures ranging
from 8.4 to 29.0°C, but the researchers noted that most larvae produced in the area resulted from
intensive spawning in water with temperatures from 13.5 to 18.0°C. Peak egg densities in
Virginia tributaries to Chesapeake Bay were limited to rapidly rising water temperatures in the
range 13.7 to 19.5°C, with eggs found in a wide range of 8.0 to 21.2°C. Eggs were nearly
always in freshwater (Grant and Olney 1991).

Spawning temperatures have been documented for striped bass in most of the Canadian
rivers where they are present. In Canadian rivers entering the Bay of Fundy, spawning is
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initiated when temperatures reach 11 to 11.5°C, and ceases above 22°C (Rulifson and Dadswell
1995). In the Shubenacadie-Stewiacke system, males in spawning condition were found at 14°C,
and ripe females were common at 16°C. In 1992, eggs were present at temperatures from 15.5 to
22.0°C (Rulifson and Dadswell 1995). In 1994, major spawning activity occurred when water
temperatures reached 18°C (K. Tull and R. A. Rulifson, East Carolina University, unpublished
data). Spawning in the Annapolis River occurred at water temperatures from 15 to 24.4°C
(Williams 1978; Parker and Doe 1981; Williams et al. 1984). Spawning in the Saint John River
began at about 11.5°C, and maximum activity was observed at 13.5°C (Dadswell 1976). In
western Gulf of St. Lawrence rivers, spawning temperatures were: Kouchibouguac River, 12 to
14.5°C, with three-day duration (Hogans and Melvin 1984); Miramichi River, spawning
condition individuals of both sexes present at 12 to 14°C; Richibucto River, both sexes ripe at 16
to 16.5°C (Rulifson et al. 1987).

Initiation and duration of spawning are both temperature-dependent (Calhoun et al. 1950;
Rathjen and Miller 1957), and sudden drops in temperature as a result of the passage of cold
fronts, or flood-control or hydropower operations, may interrupt spawning in U.S. rivers
(Calhoun et al. 1950; Chadwick 1958; Mansueti and Hollis 1963; Farley 1966; Combs 1979;
Hawkins 1979). In contrast to this pattern, in the Annapolis River, Nova Scotia, peak egg
production was observed after temperature drops (Parker and Doe 1981); however, rapid
temperature drops to 15 or 16°C resulted in temporary cessation of spawning (Williams 1978).
Spawning generally occurs on rising temperatures (Neal 1967, 1971). Depending on the estuary,
there may be one to three peaks in spawning each season. Such peaks are thought to result from
major increases in temperature (Hardy 1978).

Spawning dissolved oxygen associations

Dissolved oxygen concentrations greater than 5 mg/L are recommended for all life stages
of striped bass (USEPA 1976; Setzler-Hamilton and Hall 1991). Given that spawning adults are
present in the spring of the year when river temperatures are usually lower, oxygen concentration
is not generally a limiting factor. However, historically, striped bass spawning areas in the
Delaware River were eliminated due to low oxygen concentrations. Collections of fish
throughout the freshwater sections of the Delaware River from 1963 to 1966 contained no striped
bass. Gross pollution of the tidal freshwater zone of the river destroyed its utility as a spawning
area, and resulted in the extirpation of the striped bass from the tidal fresh and freshwater
portions of the river. Restoration of striped bass was deemed possible if pollution was decreased
so that the tidal freshwater portion of the river was functionally restored (Chittenden 1971a).
Such restoration did in fact occur, and the striped bass once again spawns in the Delaware River
(W. Laney, personal observation).

Spawning and water velocity/flow

Water flow discharge and timing in striped bass spawning rivers are significant factors
determining spawning habitat suitability (Fish and McCoy 1959; Turner and Chadwick 1972;
Mihursky et al. 1981). Some authors note that the suitability of a spawning area appears to
increase with greater river discharge (expressed as the percent of natural flow). Consequently,
Fish and McCoy (1959) found that a sustained minimum flow was necessary for suitable
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spawning conditions in the Roanoke River, North Carolina, and that rapid fluctuations in stream
flow were detrimental to spawning.

Differences in the area and spatial extent of striped bass spawning habitat can occur in
years of drought (Grant and Olney 1991). Data from the James River, Virginia, contrasted a year
of severe drought (1981) with one of near-average rainfall (1983). Estimated discharge from the
James River system into Chesapeake Bay during 1981 (March-May) averaged only 69,000 cfs,
compared with 180,000 cfs in 1983. The peak egg production zone was displaced 15 km upriver
in 1981, upstream of advancing saltwater, whereas inter-annual differences in the location of
peak spawning in other river systems where drought was not a factor were not significant (less
than 2 km) (Grant and Olney 1991).

Spawning suspended solid associations

Total dissolved solid (TDS) concentrations above 350 mg/L are reported to have blocked
striped bass spawning runs (Radtke and Turner 1967).

Spawning feeding behavior

Spawning striped bass are reported to eat little or nothing, but the fasting process is
thought to be brief (Raney 1952; Trent and Hassler 1968). Fish are reported to refrain from
feeding only immediately before and during spawning (Morgan and Gerlach 1950; Hollis 1952).
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Part B. Striped Bass Egg and Larval Habitat

Survival of striped bass eggs to hatching is primarily associated with relatively narrow
tolerances to certain physicochemical factors, including temperature, dissolved oxygen, and
current velocity. Development rates of striped bass egg and larval stages are temperature-
dependent, within the range of temperatures at which the stages remain viable. Appropriate
dissolved oxygen levels and current velocities are also required to maintain viability and keep
egg and early larval stages in suspension (Cooper and Polgar 1981).

Survival of the striped bass larval stage is considered to be most crucial for future
population abundance of mid-Atlantic striped bass stocks (Fay et al. 1983). Survival rate of
larvae, in combination with environmental conditions during early life stages, probably
determines the occurrence of occasional dominant year classes so evident in striped bass
populations. Given the importance of the larval survival rate to the production of dominant year
classes, larval habitats are especially important for sustainability of striped bass populations from
individual spawning rivers (Bain and Bain 1982).

Geographical and temporal movement patterns

The habitats occupied by eggs and larvae overlap the spawning areas to a great degree,
with larvae occurring further downstream than eggs. Eggs generally hatch in one to three days
from fertilization, depending upon temperature (see below). Eggs are transported downstream
after extrusion and fertilization, hatch as fry, and subsequently develop into post-larval and
juvenile stages. In some river systems, transition from the post-larval to juvenile stage occurs in,
or near, the river delta at the head of the adjacent estuary (Rulifson 1984; Rulifson et al. 1992a,
1992b).

The larval yolk-sac phase lasts three to nine days, depending upon water temperature (see
below; Albrecht 1964; Eldridge et al. 1977; Rogers et al. 1977). The remaining larval
development is variously reported as requiring 22 to 65 days (including an 11-day finfold stage)
(Polgar et al. 1976; Rogers et al. 1977), or 35 to 50 days (Bain and Bain 1982). As summer
progresses, larger larvae move downstream and by autumn some individuals have reached the
mouths of estuaries (Mansueti 1954; Hassler 1958). Striped bass larvae rapidly become very
motile, positively phototaxic, and continuously self-suspended (Doroshev 1970). Larvae hatched
in relative proximity to estuarine nursery areas characteristically remain in the open surface
waters of the estuary (Raney 1952).

In the Chesapeake Bay region, larval nursery areas are the same as the spawning areas
(Rinaldo 1971). Larvae are found in both fresh and brackish waters, often in association with
white perch (Morone americana), although the two species do not spawn in the same locations
(Flemer et al. 1968). In the Delaware River, larvae have been recorded within a 103 to 107 km
reach, but are found primarily in the first 13 km above Delaware Bay (Murawski 1969a).

270



Chapter 9: Striped Bass

Eggs, larvae, and the saltwater interface

Bain and Bain (1982) stated that salinity did not appear to be an important determinant of
striped bass egg survival because salinities typically encountered by eggs are not detrimental to
survival. However, low salinity is considered optimal for water hardening (Albrecht 1964;
Morgan et al. 1981).

Eggs have been found at salinities of up to 12.0 ppt (Tresselt 1950; Hollis 1967; Bason
1971; Dovel 1971). Hollis (1967) found that larvae hatched from eggs at 4.7 to 9.7 ppt survived.
Under experimental conditions, survival decreased at salinities above 4.74 ppt (Johnson 1972).
Salinity tolerance of striped bass eggs has been reported as 0 to 10 ppt (Mansueti 1958a), 0 to 9
ppt (Albrecht 1964), and 0 to 8 ppt (Morgan and Rasin 1973). Optimum salinities for egg
development were reported as 1.5 to 3.0 ppt (Mansueti 1958a) and 1.7 ppt (Albrecht 1964).
Maximum survival occurs at 0.900 to 0.948 ppt (Albrecht 1964; Talbot 1966). In addition,
development will proceed at 20 ppt, but larvae hatched die within 48 hours (Doroshev 1970).

Larvae have been documented present from 0.0 to 32.0 ppt (de Sylva et al. 1962;
Albrecht 1964; Regan et al. 1968; Doroshev 1970; Dovel 1971; Rinaldo 1971; Rogers and
Westin 1978). However, greatest density was found at salinity levels less than 2.0 ppt (Dovel
1971), and highest survival occurred up to 10 ppt (Doroshev 1970). Optimal salinities for yolk-
sac and post-yolk-sac larvae were reported as 5 to 15 and 5 to 25 ppt, respectively (Rogers and
Westin 1978). Optimal range for growth and survival as reported by Lal et al. (1977) was 3to 7
ppt. Optimal salinities for various-aged striped bass larvae were also reported as follows: 1 to 6
day-old larvae, 3.4 ppt; 7 to 13 day-old larvae, 6.7 ppt; 14 to 20 day-old larvae, 13.5 ppt; 21 to 29
day-old larvae, 20.2 ppt; and 30 to 35 day-old larvae, 33.7 ppt (Lal et al. 1977).

In addition, salinity interactions with temperature affect egg and larval striped bass.
Morgan et al. (1981) reported that a temperature-salinity interaction affected percent hatch of
eggs and percent survival of newly hatched striped bass larvae, but not larval length at 24 hr of
age. Equations were presented for percent hatch and percent survival as functions of temperature
(*T”, in °C) and salinity (“S”, in ppt):

Percent hatch = -0.83T% + 30.64T - 0.12 (S x T) + (2.22 x S) - 205.8
Percent survival = -1.03T? + 35.86T + (0.54 x S) - 246.63

The optimal temperature-salinity combination for percent survival was given as 10 ppt at 18°C
(Morgan et al. 1981).

Egg and larval substrate associations

Stevens (1966b) suggested that in the absence of current, partially developed eggs or
larvae perhaps required sandy or rocky areas with highly oxygenated water in order to escape
suffocation and survive. Additionally, Bayless (1968) observed the following percent hatch rates
on various substrates: coarse sand 35.7%; plastic 36.4%; silt 13.1%; silty clay 3.2%; and muck-
detritus 0.0%.

271



Atlantic Coast Diadromous Fish Habitat

Egg and larval depth associations

Striped bass eggs are deposited near the surface during spawning activity (Raney 1952).
They are buoyant (Mansueti 1958a) or semi-buoyant (Merriman 1937a; Raney 1958), and are
found at varying levels within the water column from the surface to the bottom. Egg distribution
in the water column appears to be random at velocities in excess of 30 cm/s (Bain and Bain
1982). Yolk-sac larvae either lie horizontally on the bottom (Rinaldo 1971), or perpendicular in
the water column with their heads toward the surface (Mansueti 1958a). They may even attempt
to swim to the surface, dropping back to the bottom between efforts (Pearson 1938; Dickson
1958; Mansueti 1958a). At one to two days of age, larvae stay near the surface, sometimes
attached to floating objects (Mansueti 1958a). By day three, they exhibit continuous swimming
ability (Tatum et al. 1966; Doroshev 1970). At about four to five days, yolk-sac larvae are able
to swim horizontally, exhibit positive phototaxis, and form schools in laboratory aquaria (McGill
1967). At lengths of 5.5 to 5.8 mm, larvae remain suspended in the water column, never sinking
to the bottom (Sandoz and Johnston 1966; Doroshev 1970).

There are indications of a general dispersal of striped bass larvae toward the bottom as
feeding begins (Rathjen and Miller 1957; Mansueti 1958a). Two weeks after hatching, larvae
forage at the bottom (Rathjen and Miller 1957; Mansueti 1958a), sometimes settling over silt and
mud (Hassler 1958). When individuals are about 12 mm long, schools move shoreward and
remain in the shore zone throughout the first summer (Raney 1958; Nichols 1966).

Extensive information regarding the horizontal and vertical distribution of striped bass
egg and larval stages (yolk-sac, finfold, and post-finfold) was provided for the Potomac River
Estuary and the Chesapeake and Delaware Canal, respectively, by Setzler-Hamilton et al. (1981)
and Kernehan et al. (1981). Generally, larval stages remained in, or near, the area spawned,
although an apparent change in location occurred upstream in the Potomac Estuary, despite a
new downstream flow of water (Setzler-Hamilton et al. 1981). The mechanisms proposed to
explain this observation (Polgar et al. 1976) were: 1) the active spawning stock continually
migrated upstream over time, and therefore, samples indicated an “upstream movement” of
larvae; or 2) there was a differential (higher) mortality of early-spawned versus late-spawned
larvae. Inthe C&D Canal, post yolk-sac stages tended to be mid-channel oriented and in highest
concentrations near the river or estuary bottom (Kernehan et al. 1981).

Egg and larval water temperature

There is some discrepancy over temperature tolerance for striped bass eggs. Table 9-1
reviews the various findings of researchers on the topic. Morgan and Rasin (1973) and Rogers et
al. (1977) indicated that egg survival rapidly declines as water temperature approaches 23°C, and
gradually declines as temperature drops below 17°C.

Characterization Temperature Range (°C) Citation

Present 8.0t0 25.0 Dovel (1971)
Tolerance 14 to 23 Mansueti (1958a)
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Characterization Temperature Range (°C) Citation

Barkuloo (1970); Doroshev (1970);

Optimal 1710 20 Morgan et al. (1981); Bain and Bain
(1982); Fay et al. (1983)

Optimal 18t0 21 Rogers et al. (1977)

Optimal 19.9t0 20.5 Albrecht (1964)
Maximum 22.2 Barkuloo (1970)
Maximum 21.1 Stevens and Fuller (1965)
Maximum 23 Shannon and Smith (1968)
Maximum 24 Morgan and Rasin (1973)
Minimum 12.8 Albrecht (1964)

Shannon and Smith (1968);
Morgan and Rasin (1973)

Minimum 12

Table 9-1. Water temperature tolerance ranges for striped bass eggs

The egg life stage is brief in comparison to other striped bass life stages (Bain and Bain
1982). In general, lower temperatures lead to longer incubation periods (Hardy 1978). Several
authors documented hatching at approximately 48 hours after fertilization at a temperature of
18°C (Bain and Bain 1982). In other studies, hatching time varied from 29 hr at 22°C to 80 hr at
11°C (Pearson 1938; Raney 1952; Mansueti 1958a; Hardy 1978).

Two equations have been reported for calculating hatching time of striped bass eggs
(Polgar et al. 1976; Rogers et al. 1977). Polgar et al. (1976) gave the following equation based
on their observations in the Potomac River: 1=-4.6 T + 131.6, where | is incubation time in
hours and T is incubation temperature in degrees Celsius. However, Rogers et al. (1977) began
their analysis of hatching time with a regression equation: Logiglength = bx +a. Then they gave
this equation for time to hatching as a function of temperature: Ty, = ae®, where Ty, = time to
hatching in hours, a = y-intercept of regression equation, b = slope of regression equation, e =
base of natural logarithms, and x = temperature in degrees Celsius.

There is also some discrepancy over temperature tolerance for striped bass larvae. Table
9-2 shows the findings of researchers. Additionally, temperature was found to interact with first
larval feeding time to determine survival (Rogers and Westin 1981). Time to death for unfed
larvae was longer at lower temperatures, within the range of 15 to 24°C (Rogers and Westin
1981).
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Characterization Temperature Range (°C) Citation

Tolerance 14 to 23 Mansueti (1958a)
Tolerance 11to 22 Murawski (1969a)
Tolerance 10to 25 Davies (1970)

Tolerance 121023 Doroshev (1970)

Optimum 16to 19 Murawski (1969a)
Optimum 15t0 22 Davies (1970)

Optimum 18t0 21 Rogers et al. (1977)
Maximum 23 (Slh;;g)on and Smith (1968); Doroshev
Maximum 28 Kelly and Chadwick (1971)
Minimum 10 Davies (1970)

Minimum 11 Doroshev (1970)

Minimum 12 Rogers et al. (1977)

Table 9-2. Water temperature tolerance ranges for striped bass larvae

Duration of the various striped bass larval stages is temperature-dependent (Table 9-2).
For example, the yolk-sac stage lasts three days at 23.9°C and six days at 16.7 to 17.8°C
(Albrecht 1964). Finfold and post-finfold stages are also temperature-mediated, and last from 11
to 65 days, with higher temperatures shortening duration of the phase (Polgar et al. 1976; Rogers
etal. 1977).

Very young striped bass have lower preferred and optimal survival temperatures (less
than or equal to 20°C) (Doroshev 1970; Westin and Rogers 1978; Setzler et al. 1980; Coutant
1985). These preferences and physiological optima correspond with spring spawning
temperatures, but do not stay that low for very long (Coutant 1985). In the Hudson River, for
example, post-yolk-sac larvae were concentrated at depths below 6 m in the main channel during
June and July, but migrated to shoal and shore zones as the water temperature increased
(McFadden 1977).

Egg and larval dissolved oxygen associations

Sufficient dissolved oxygen is an important factor in ensuring the survival of striped bass
eggs and larvae. Low dissolved oxygen concentrations (2.0 to 3.5 mg/L) were determined to be
responsible for the absence of eggs and larvae in the Delaware River (Murawski 1969a;
Chittenden 1971a). Turner and Farley (1971) reported that even moderate reductions in
dissolved oxygen concentrations (from 5 to 4 mg/L) decreased the survival of eggs. Lethal limits
for eggs were reported as oxygen concentrations of less than 1.5 mg/L (Mansueti 1958a) and less
than 5.0 mg/L (Turner and Farley 1971). The latter value was given as “predisposing to other
mortality sources,” rather than being directly lethal.
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Dissolved oxygen requirements for larvae are essentially identical to those required for
eggs (Bain and Bain 1982). Striped bass larvae need a minimum of 3 mg/L dissolved oxygen to
survive (Chittenden 1971a). Moderate reductions in dissolved oxygen concentration (from 5 to 4
mg/L) also reduced the survival of larvae (Turner and Farley 1971). Rogers and Westin (1978)
reported that lethal limits were below 2.3 mg/L for yolk-sac, and below 2.4 mg/L for post-yolk-
sac larvae.

Egg and larval pH associations

Striped bass egg tolerance limits for pH were reported as 6.6 to 9.0 by Bowker et al.
(1969). Regan et al. (1968) reported a pH tolerance of 6 to -9, with an optimum of 7 to 8 for
striped bass larvae. In addition, Davies (1970) derived a calculated optimal pH range of 7.46 to
7.85 for striped bass fry.

The effects of pH on larval striped bass, and pH trends in Chesapeake Bay spawning
rivers were reviewed by Rago (1992). Laboratory tests indicated that exposure of larval striped
bass (less than 50 days old) to pH less than or equal to 6.0 caused rapid mortality, which was
amplified as the toxicity of total aluminum increased with decreasing pH (Rago 1992).
However, increased water hardness (290 ppm) and increased salinity (5 ppt) reduce the toxic
effects of low pH and inorganic contaminants (Palawski et al. 1985). Furthermore, the toxicity
of low pH declines after 50 to 80 days post-hatch (Buckler et al. 1987).

Studies of contaminants conducted in association with the Emergency Striped Bass Study
(see Rago 1992) demonstrated that low pH rainfall, episodic pH depressions, and extended
periods of low pH conditions can occur in some poorly buffered rivers of Chesapeake Bay.
Rago (1992) noted that determining the importance of such conditions to the long-term trend (in
the case of the late 1970's and early 1980's, a decline) of striped bass populations is much more
difficult. For acid deposition to have been a primary cause of the striped bass decline that
occurred subsequent to 1970, there must have been a decreasing pH trend in spawning rivers, an
increase in the frequency of low pH events during spawning periods, or a combination of both.
A thorough survey of data sets on striped bass spawning habitats in Chesapeake Bay indicated no
statistically significant (p<0.10) changes in the frequency or magnitude of extreme pH events
(defined as levels of pH less than 6.5) since 1970 (Janicki et al. 1986). In the Choptank River,
extreme pH events were relatively common both before and after 1970, with frequencies of 32%
and 39%, respectively. In the Rappahannock River, pH events below 6.5 did not increase after
1970, but pH events in the 6.8 to 7.0 range were more frequent (p<0.05). In the York, James and
Potomac rivers, extreme pH events were infrequent or absent in the data record (Janicki et al.
1986).

Monte Carlo simulations indicated that daily sampling would have been necessary to
detect statistically significant changes (p<0.10) in the frequency of low pH events that were
observed in the Choptank and Rappahannock rivers (Rago 1992). Low pH and high aluminum
concentrations are detrimental to striped bass larvae, but there was no evidence of systematic
changes in frequency or magnitude of extreme pH events in any of the Chesapeake Bay
spawning rivers in the 1970’s. In most locations, the historical monitoring programs were
inadequate to detect all but exceptionally large changes in the frequency and magnitude of
extreme pH events (Janicki et al. 1986).

275



Atlantic Coast Diadromous Fish Habitat

Egg and larval water velocity/flow

A critical factor for egg survival and hatching success is sufficient current velocity to
maintain eggs in suspension as they drift downstream (Mansueti 1958a; Albrecht 1964; Talbot
1966; Regan et al. 1968; Bain and Bain 1982). Either tidal turbulence or river discharge can
provide sufficient water movement to suspend the eggs (Bain and Bain 1982).

Eqggs are slightly heavier than fresh water (Raney 1952; Mansueti 1958a), with an
average specific gravity of 1.0005 (Albrecht 1964; Talbot 1966), but are easily floated by
agitation (Merriman 1937a; Mansueti 1958a). Specific gravity levels change during early
development, and consequently alter the amount of current necessary for suspension. Eggs are
less buoyant immediately after fertilization (vertical water movement of 125 cm/sec required for
suspension), compared with buoyancy two to three hours later (60 cm/sec required for
suspension). Additionally, after 12 hours, unfertilized eggs become opaque and more buoyant
than fertilized eggs (Tatem et al. 1966).

Striped bass eggs drift with currents downstream from the spawning areas, sometimes at
speeds up to 2.06 km/hr and for distances up to 150 km (Neal 1964). Eggs have been recorded
in water flow rates of 54.4 to 269.6 m*/sec (Sheridan et al. 1960), tolerate current velocities of
30.5 to 500 cm/sec, and survive best at optima of 100 to 200 cm/sec (Mansueti 1958a). In
current velocities of less than 30 cm/sec, eggs are generally concentrated near the bottom, and
often experience mortality (Albrecht 1964). Talbot (1966) also thought that unsuspended eggs
had a poor chance of survival. Similarly, yolk-sac larvae require enough turbulence to keep
them from settling to the bottom where they are often smothered (Pearson 1938; Raney 1952;
Mansueti 1958a). Larvae tolerate 0 to 500 cm/sec current velocity, but survive optimally at 30 to
100 cm/sec (Regan et al. 1968). In contrast, Bayless (1968) demonstrated that eggs would hatch
without any period of suspension, although the percent hatch increased with length of suspension
during the first 15 hours post-fertilization.

Egg and larval suspended solid associations

Striped bass eggs appear to be adapted to high turbidity and heavy suspended sediment
loads (Bain and Bain 1982). Although neither turbidity nor suspended sediments have been
observed to significantly decrease hatching success (Talbot 1966; Schubel and Auld 1974), Auld
and Schulbel (1978) reported tolerance limits of 0 to 500 mg/L for larvae, and a lethal limit of
1,000 mg/L for eggs. Auld and Schubel (1978) reported lethality of yolk-sac larvae at levels
over 500 mg/L. The lethal dose at which 50% of larvae died after two days (i.e., 48 hr LDsg) was
reported as 3411 mg/L by Morgan et al. (1973).

Egg and larval feeding behavior

Feeding is generally thought to begin within four to ten days post-hatch (Mansueti 1958b;
Tatum 1966). Doroshev (1970) indicated that feeding began at approximately eight days and 6
to 7 mm total length (TL). In laboratory studies, Doroshev (1970) found that first-feeding larvae
(less than 10 mm) preferred Cyclops nauplii and copepodites. In the Potomac River, Beaven and
Mihursky (1980) reported positive electivity of larger copepods and cladocerans, and negative
electivity of copepod nauplii and rotifers in a sample of 605 striped bass larvae. At lengths
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greater than 10 mm, larvae feed primarily on larger zooplankton and macroinvertebrates
(Humphries and Cumming 1973).

The availability of sufficient concentrations of suitable prey (i.e., abundant zooplankton)
during the first several days of feeding is a critical factor influencing larval survival (Setzler et
al. 1980; Cooper and Polgar 1981; Eldridge et al. 1981; Bain and Bain 1982) and subsequent
year class strength (Heinle et al. 1975; Eldridge et al. 1981). Miller (1977) estimated that a
minimum concentration of 1,864 nauplii per liter was required for successful initiation of
feeding. Although zooplankton abundance fluctuates widely over time in any estuary, the
potential for an abundance of zooplankton appears to be related to estuarine productivity (Bain
and Bain 1982). The level of productivity in an estuary is a function of both freshwater nutrient
(detritus) input to the estuary (Biggs and Flemer 1972; Hobbie et al. 1973; Saila 1975; Day et al.
1975; Polgar et al. 1976), and detritus production in adjacent salt marshes (Teal 1962; Odum and
Heald 1973; Reimold et al. 1973; Stevenson et al. 1975). Detrital input to the estuary from
freshwater inflow is typically greatest during the late winter and early spring (Bain and Bain
1982). Heinle et al. (1975) and others have proposed that certain climatic events, which affect
nutrient release from the salt marsh and nutrient contribution by freshwater input, can influence
plankton abundance during the critical larval stage and consequently affect year-class size in
striped bass.

The complex relationship of estuarine productivity, zooplankton abundance, and larval
striped bass survival appears to have important ramifications for the success of striped bass in
estuarine systems and for the evaluation of habitat suitability (Bain and Bain 1982). Apparently,
even optimal habitat will only occasionally produce ideal conditions for striped bass survival,
and hence produce a strong year class. However, the loss of habitat suitability, which would
diminish the potential to produce strong year classes, might ultimately have serious
consequences for maintenance of a viable striped bass population.

Egg and larval competition and predation

Predation may have a significant effect on egg and larval survival; however, quantitative
estimates of the magnitude of predation are lacking for fish eggs and larval fish in general (May
1974; Dahlberg 1979), and for striped bass in particular (Setzler et al. 1980, McGovern and
Olney 1988). Setzler et al. (1980) and Fay et al. (1983) speculated that adult and juvenile white
perch probably consume large numbers of striped bass larvae. In addition, Dendy (1978)
reported predation on striped bass larvae by sessile freshwater hydra polyps, Crespedacusta
sowerbyi. Smith and Kernehan (1981) found significant predation on striped bass larvae by the
free-living copepod Cyclops bicuspidatus.

McGovern and Olney (1988) assessed predation by fish and invertebrates on the early life
history stages of striped bass in the Pamunkey River, Virginia. Field surveys during the
spawning season indicated that numerous fish and invertebrate predators varied in
spatiotemporal coincidence with eggs and larvae of striped bass. Neither eggs nor larvae of
striped bass were positively identified in gut samples (235 stomachs of 14 species) from field-
collected fishes, although various fish species did consume many white perch eggs. In the
laboratory, striped bass larvae were either attacked and killed, or eaten, by the cyclopoid
copepod Acanthocyclops vernalis, and juvenile or adult satinfin shiner Notropis analostanus,
spottail shiner N. hudsonius, tessellated darter Etheostoma olmstedi, white perch Morone
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americana, striped bass, bluegill Lepomis macrochirus, pumpkinseed L. gibbosus, channel
catfish Ictalurus punctatus, and white catfish I. catus. Consumption of larvae by spottail and
satinfin shiners increased with larger prey densities to maximal ingestion of 150 and 81 larvae
per predator per hour, respectively. At prey concentrations simulating ambient densities in the
Pamunkey River (20 to 100 larvae/m®), consumption by both fish species ranged from zero to
five larvae per hour. Those estimates were considered to be lower limits because prey densities
were not maintained during the experiments (McGovern and Olney 1988).

Based on their work and that of previous authors (Dendy 1978; Kohler and Ney 1980;
Smith and Kernehan 1981), McGovern and Olney (1988) concluded that six fish families (i.e.,
clupeids, cyprinids, ictalurids, percids, centrarchids, and moronids) and at least two invertebrate
species (copepod A. vernalis, and hydra C. sowerbyi) were potential predators on striped bass
early life stages. Furthermore, based on population abundance at the spawning grounds and
knowledge of feeding behavior, the researchers indicated that bay anchovy Anchoa mitchelli,
Atlantic menhaden Brevoortia tyrannus, other clupeids, yellow perch Perca flavescens, inland
silverside Menidia beryllina, other percids, other cyploid copepod species, and insect larvae,
should all be considered potential predators (McGovern and Olney 1988). McGovern and Olney
(1988) noted that some of the additional fish species, as well as six cyclopoid copepod species,
are abundant on striped bass spawning grounds in the Chesapeake Bay region and may be
predators of striped bass larvae. Juvenile bay anchovy were viewed as a potential key striped
bass larval predator in tidal freshwater systems, given their abundance in mid-channel areas of
the Pamunkey River, and documented laboratory predation rates on other species (Dowd 1986).

Cannibalism and predation by moronid larvae or juveniles have been suggested as
additional sources of striped bass larval mortality. Larval fish replaced insect larvae as the
dominant food item of juvenile striped bass (25 to 100 mm SL) in some areas of the Potomac
River, suggesting that slow-growing or late-spawned striped bass larvae could be cannibalized
(Boynton et al. 1981). McGovern and Olney (1988) reported predation on striped bass larvae in
the laboratory by 29-day-old striped bass (15 to 18 mm SL), and concluded that cannibalism
could occur within the duration of a normal spawning period.

Effects of contaminants on eggs and larvae

Several authors have summarized the effects of various pesticides, heavy metals,
pharmaceutical drugs, and other commonly discharged chemical substances on striped bass eggs,
larvae, and juveniles (Bonn et al. 1976; Middaugh et al. 1977; Morgan and Prince 1977; Westin
and Rogers 1978). Three classes of substances have been the primary focus of study: 1)
monocyclic aromatic hydrocarbons (e.g., benzene); 2) chlorinated hydrocarbons (e.g.,
polychlorinated biphenyls, or PCBs); and 3) residual chlorines.

Relatively low levels of residual chlorine produced pronounced impacts to striped bass
eggs and larvae (Middaugh et al. 1977; Morgan and Prince 1977). Eggs experienced 100%
mortality at 0.21 mg/L residual chlorine; 3.5% hatch and scoliosis (spinal curvature) at 0.07
mg/L residual chlorine; and 23% hatch, with difficult chorion detachment, at 0.01 mg/L residual
chlorine (Middaugh et al. 1977). There were no significant effects at levels below 0.01 mg/L
residual chlorine (Middaugh et al. 1977).
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The incipient lethal concentration (level at which mortality is first observed) of residual
chlorine for yolk-sac larvae was 0.04 mg/L (Middaugh et al. 1977). Eggs less than 13 hours old
suffered 100% mortality at 0.43 mg/L residual chlorine (Morgan and Prince 1977). Eggs that
were 24 to 40 hours old experienced 100% mortality at 0.50 mg/L residual chlorine. The LCsy
values of residual chlorine for less than 13 hour and 24 to 40 hour-old eggs, respectively, were
0.22 and 0.27 mg/L. The corresponding value for yolk-sac larvae was 0.2 mg/L residual chlorine
(Morgan and Prince 1977).

Other factors involving eggs and larvae

Striped bass populations in the past have been characterized by dramatic fluctuations in
year-class size (Bain and Bain 1982). Merriman (1941) first noted the occasional occurrence of
unusually large year classes of striped bass, and suggested a relationship between certain climatic
conditions and strong year classes. Larval survival is traditionally considered a crucial factor in
