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Preface

The purpose of this symposium was to bring together the scientists and investigators that
were involved with various aspects of anadromous Alosa species along the East Coast of the
United States and Canada. It was our hope, that through presentation and discussion of a wide
range of research endeavors, we could foster a greater understanding and appreciation of the
work that is currently being done and to identify those areas that are in need of investigation. The
value of this research will be in its scientific credibility. Each paper in this volume was subjected
to peer review, another review by each session moderator, and a final review by the senior editor:
as the last person in this chain, any errors that remain are his. The editors would like to thank the
following reviewers for their comments:

Jerald Ault Harvey Katz

Herb Austin Howard King
James Bulak Boyd Kynard
Mark Chittenden Donald MacKinley
William Dey Richard McLean
David Dowling Christine Moffitt
Arnold Eversole Mitchell Norman
Greg Garman William Richkus
Patrick Geer Richard St. Pierre

Michael Hendricks
Bruce Hill
Brian Jessop

vi

Thomas Wilcox
John Young



Introduction

Anadromous Alosa were an important source of protein for native Americans and the early
colonists along the East Coast of North America and were extensively utilized by the Colonial
troops during the American Revolution. George Washington was an avid angler for shad along
the banks of the Potomac River. The commercial fishery reached its peak in the United States
between 1895 and 1900 after which the populations of Alosa declined swiftly. In 1949, the Atlantic
States Marine Fisheries Commission asked the federal government to investigate the decline of
American shad, the largest and perhaps best known member of the herring family. Congress
authorized the U.S. Fish and Wildlife Service to conduct a ten year study of the shad. In 1960,
that study concluded that shad could probably not be restored to the abundance present at the
beginning of the 20th century and laid the blame for the shad population decline on changes in
spawning and nursery habitat from human intervention, physical and chemical changes in the
river environments from deforestation of watersheds, siltation, pollution and dam construction.

Anadromous Alosa undergo great physiological changes in making the transition from marine
to fresh water. This physiological stress may be exacerbated by the environmental conditions that
anadromous Alosa now face in many of their spawning streams. During the past thirty years
many improvements have been made in water quality, fish passages around dams, and there has
been a general increase in awareness of how humankind’s activities have accelerated the decline
of many species. In the present age the technology exists to reverse the population decline of
Alosa but do we know enough about the biology of the anadromous Alosa to effect the proper
changes?

In 1990, several Tidewater Chapter members, led by Rick Eades, decided to hold a sympo-
sium on the present status of anadromous Alosa where investigators from the Atlantic coast of
North America could present their research in an informal, chapter-meeting atmosphere. The goal
of the symposium was to bring together various agencies and institutions that were conducting
Alosa research that might not interact with each other in a more formal setting. The symposium
was held at the Clarion Resort and Conference Center in Virginia Beach, Virginia, on 14-15
January 1993, in conjunction with a joint meeting with the Virginia Chapter.

The symposium was organized within several broad topics: life history and biology, stock
assessment and management, fish passage, commercial and recreational fisheries, culture and
stocking, and ecological roles in freshwater systems. Twenty-eight papers were presented, 14 of
which are published in this volume. Many of the presentations were of work in progress (or were
presented as posters) and have been included in these published proceedings only as abstracts.

In addition to the technical presentations, the 150 registered participants enjoyed a behind-
the-scenes tour of the Virginia Marine Science Museum, the site of the evening dinner and social.
The Museum holds several fresh and saltwater aquaria (up to 50,000 gallons) with a variety of
fish and invertebrates. There are also ecological, historical, and cultural exhibits.

The Tidewater Chapter would like to thank our financial contributors whose generosity made
the symposium possible, the staff of the Virginia Marine Science Museum, and the volunteers
who assisted in organizing and running the symposium.

JOHN E. COOPER

Environmental Science and Forestry
State University of New York
Syracuse, New York 13210

Vii
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History Of Alosa Fisheries Management: Virginia, A Case Study

JOSEPH G. LOESCH AND STEVEN M. ATRAN2

The College of William and Mary, School of Marine Science, Virginia Institute of Marine Science, Gloucester Point, Virginia 23062

Abstract.—Accounts in colonial times of fishes in the estuaries and open freshwater systems of the east coast are replete
with statements about the great abundance and desirability of American shad Alosa sapidissima and river herring Alosa spp.
Many of those involved in the early shad fisheries were large plantation owners. Thomas Jefferson brought shad to
Monticello, and George Washington ran a shad fishing business, and leased fishing rights and privileges on his land on the
Potomac River. The obstruction of rivers to harness water power for mills led to a great reduction or extirpation of the anadro-
mous runs. Concern about the plight of the anadromous stocks led to legislation requiring fish passage facilities. In 1623 the
first fishery law in the Colonies (known as the Plymouth Colony Fish Law) was passed for the protection of alewives
(A. pseudoharengus). In 1680, the first law in Virginia protecting fish was passed by the House of Burgesses. Enforcement
of the laws was most often lax or absent. The loss of ancestral spawning grounds due to dams and other obstructions gained
ardent attention when a serious depletion of the striped bass Morone saxatilis stocks in Chesapeake Bay was recognized in
the late 1970’s. The necessary construction and the removal of obstructions to permit access to the lost spawning grounds is
presently in progress in Virginia and other coastal states. In contrast, the ocean-side fishery of Virginia, and such fisheries of
other states from North Carolina to New Jersey, are detrimental activities. The fisheries are conducted on the premise that
the American shad captured were destined for spawning grounds farther north, not in the state where captured. Itis a rapa-
cious attitude which precludes sensible intrastate management for the collective good of the stocks. A federal interjurisdic-

tional act, similar to that enacted for striped bass, appears to be necessary for the revitalization of Alosa stocks.

Accounts in colonial times of fishes in the estu-
aries and open freshwater systems of the east
coast are replete with statements about the great
abundance and desirability of American shad Alosa
sapidissima and herring; the term herring in colonial
times included the alewife A. pseudoharengus and
blueback herring A. aestivalis, which at the present
time are collectively referred to as river herring.
Prior to the arrival of the settlers in the early 1600’s,
the Aucocisco Indians, who lived near the
Presumpscot Falls, Maine (then part of the
Massachusetts Bay Colony), caught huge quantities
of shad, alewives, and salmon which were used for
food and fertilizer (DeRoche 1967).

Belding (1921) recounts what Thomas Morton
wrote in his New English Canaan (1632) regarding
river herring in Massachusetts:

... OF HERRING THERE IS A GREAT STORE, FAT AND
FAIR, AND TO MY MIND AS GOOD AS ANY | HAVE
SEEN, AND THESE MAY BE PRESERVED AND MADE A
GOOD COMMODITY ...

There was a general pattern throughout the
coastal colonies regarding the abundance of
anadromous fish stocks. A plethora of fishes, then

! Virginia Institute of Marine Science Contribution No. 1848

construction of dams to harness water power for
mills, and, subsequently, a great reduction or extir-
pation of the anadromous runs. Concern about the
plight of the anadromous stocks led to legislation
requiring fish passage facilities, but enforcement of
the laws was often lax or absent.

In 1623 the first fishery law in the Colonies
(known as the Plymouth Colony Fish Law) was
passed for the protection of alewives (Belding
1921). Between 1682 and 1743 a series of laws
were enacted for the construction and maintenance
of fish passage facilities, and for regulation of the
fisheries. In 1745, however, mill owners through
political pressure secured a proviso eliminating fish-
ways if the fish did not pass upstream in adequate
numbers to be of greater benefit than the loss due
to diminished water power. In addition, no dam
owner had to keep open any passageway if there
were no longer runs of alewives, shad, or salmon
(Belding 1921). Armed conflict between the
Aucocisco Indians, led by Chief Polin of the
Rockomeecook Tribe, and the white settlers in
Maine began in 1739 because dams built by the
settlers blocked the migration of salmon to Sebago
Lake (DeRoche 1967). The fighting did not entirely
end until Chief Polin was killed in 1756.

2 Present address: Gulf of Mexico Fisheries Management Council, 5401 West Kennedy Boulevard, Tampa, FL 33609-2486
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ALOSA FISHERIES MANAGEMENT IN VIRGINIA

Virginia, A Case Example

Legislation and Management

The pattern of anadromous fish abundance,
dam construction, stock reduction, fishway legisla-
tion, and circumvention of the legislation, or an indif-
ferent attitude toward enforcement of the fishways
laws was well defined in Virginia’s management
policies until recent years.

Much of the information regarding Virginia’s
anadromous fishes in colonial days was published
by the Virginia Commission of Fisheries (VCF) in
1875, the first year of the Commission’s existence.
Before the colonists came to Virginia, the native
Americans in Virginia caught American shad in the
rivers and streams in large quantities using seine
nets made from bushes (Walburg and Nichols
1967). The shad were so plentiful as they swam on
the flats that children could spear them with sticks
(VCF 1875). The early settlers utilized river herring
and shad as a major food supply, and that the fish
could be easily stored when salted added to their
value (VCF 1875; Walburg and Nichols 1967).

In 1588, Thomas Hariot wrote that during the
months of February through May in Virginia, herring
were

...MOST PLENTIFUL, AND IN BEST SEASON, WHICH
WE FOUND TO BE MOST DELICATE AND PLEASANT
MEAT (IN DE BRY 1590)

Many of those involved in the early shad fish-
eries were large plantation owners. Thomas
Jefferson brought shad to Monticello, and George
Washington ran a shad fishing business, and leased
fishing rights and privileges on his land on the
Potomac River (Mansueti and Kolb 1953).

Concern for the protection of the fishery
resources has long been evident in Virginia's laws.
In 1680, the first law in Virginia protecting fish was
passed; it prohibited the striking of fish with “giggs
and harp-irons” in the waters of Gloucester,
Middlesex, and Lancaster counties (VCF 1875). For
some reason, unknown today, the law was repealed
the next session, but at the same time a law was
passed that:

...PROHIBITED THE KILLING OF WHALES IN
CHESAPEAKE BAY, WITHOUT CONSENT OF THE
GOVERNOR. THIS WAS DICTATED BY HYGIENIC
CONSIDERATIONS. THE WHALES, IT IS PRESUMED,
BEING NUMEROUS, AND KILLED IN WANTONNESS,
WOULD FLOAT ASHORE AND SPREAD AN UNPLEAS-
ANT STENCH THROUGH THE COUNTRY SIDE, AND IT
WAS APPREHENDED THE HEALTH OF THE INHABI-
TANTS MIGHT SUFFER. WE FIND A PERMIT GIVEN
BY GOVERNOR GOOCH TO FIVE OR SIX GENTLE-

MEN TO GO TO THE CHESAPEAKE TO KILL WHALES.
POSSIBLE THESE MAMMALS OF THE FINNY RACE,
WHEN THEY HEAR OF THE DISCOVERY OF
KEROSENE, MAY RETURN TO THEIR ANCIENT
SPOUTING GROUNDS.

Apparently, members of the House of Burgesses
enjoyed blithe moments.

Beginning about 1740, Virginians became con-
cerned about the depletion of the fish stocks, and
from that time until the Revolutionary War (1775-
1783), laws were passed in Virginia requiring the
removal of the obstructions or the building of fish
passages. A typical example of this is an act,
passed in 1761, concerning a dam built on Rockfish
River, a tributary of the James River in Nelson
County, formerly part of Amherst County (VCF
1875):

IT BEING REPRESENTED THAT ALLAN HOWARD, A
GENTLEMAN, HATH ERECTED A MILL ON ROCKFISH
RIVER IN AMHERST CO, THE DAM WHEREOF HATH
ENTIRELY OBSTRUCTED THE PASSAGE OF FISH UP
SAID RIVER, TO THE GREAT LOSS AND PREJUDICE
OF THE INHABITANTS ON THE SAME, ... SAID
HOWARD SHOULD IN TWO MONTHS PULL DOWN AND
DESTROY HIS SAID MILL-DAM AND MILL-HOUSE ...
AND THAT NO DAM ON SAID RIVER BELOW THE
FORKS NEAR SAM MORRIL'S SHOULD BE LAWFUL.

Many of the early fish passage facilities were
unsuccessful. In 1771, an act was passed defining
the type of fish passages to be built and the times
when they were to be kept open (VCF 1875):

THAT A GAP BE CUT IN THE TOP OF THE DAM CON-
TIGUOUS TO THE DEEPEST PART OF THE WATER
BELOW THE DAM, IN WHICH SHALL BE SET A SLOPE
TEN FEET WIDE, AND SO DEEP THAT THE WATER
MAY RUN THROUGH IT EIGHTEEN INCHES BEFORE
IT WILL THROUGH THE WASTE, OR OVER THE DAM;
THAT THE DIRECTION OF THE SAID SLOPE BE SO,
AS WITH A PERPENDICULAR, TO BE DROPPED FROM
THE TOP OF THE DAM, WILL FORM AN ANGLE OF AT
LEAST SEVENTY-FIVE DEGREES, AND TO CONTINUE
IN THE DIRECTION TO THE BOTTOM OF THE RIVER,
BELOW THE DAM, TO BE PLANKED UP THE SIDES
TWO FEET HIGH; THAT THERE BE PITS OR BASINS
BUILT IN THE BOTTOM, AT EIGHT FEET DISTANCE,
THE WIDTH OF THE SAID SLOPE, AND TO BE
TWELVE INCHES DEEP, AND THAT THE WHOLE BE
TIGHT AND STRONG; WHICH SAID SLOPE SHALL BE
KEPT OPEN FROM THE TENTH DAY OF FEBRUARY
TO THE LAST DAY OF MAY, ANNUALLY, AND ANY
OWNER NOT COMPLYING TO FORFEIT FIVE POUNDS
TOBACCO A DAY.

Due to the onset of the Revolutionary War this law
was never enforced and the fish passage design
was not tested.
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In the Virginia Code of 1849, the Virginia legisla-
ture reaffirmed its right to restrict the building of
dams (VCF 1875):

WHATEVER POWER IS RESERVED TO THE LEGISLA-
TURE BY ANY ACT HERETOFORE PASSED, TO ABATE
ANY DAM OR OTHER WORKS IN A WATER-COURSE,
OR IMPROVE ITS NAVIGATION, SHALL CONTINUE IN
FULL FORCE.

The Virginia Commission of Fisheries in the late
1800’s was enthusiastic about the fishing potential
in the James River, and concerned about dams
being built on it. In its first annual report in 1875,
the VCF stated of the James River:

IT POSSESSES EVERY ADVANTAGE FOR THE PRO-
DUCTION OF AN IMMENSE QUANTITY OF FISH OF
VARIOUS KINDS, ALL OF WHICH ADVANTAGES ARE
LOST BY THE GREAT NUMBER OF DAMS WHICH BAR
ITS COURSE ABOVE THE TIDE. ...DAMS, ALSO,
BESIDES ARRESTING THE ASCENT OF ANADROMOUS
FISH AND WITHHOLDING THAT “PROVIDENTIAL SUC-
COR” FROM ALL THE PEOPLE ON THE STREAM,
TEND TO DENUDE THE RIVERS OF ALL THEIR NATIVE
FISHES. WITH THE FIRST FRESH IN THE FALL, THE
LARGEST AND BEST OF THESE DAMS PREVENT
THEIR REASCENT NEXT SPRING. [N THIS WAY THE
JAMES RIVER HAS BEEN STRIPPED, AND FOR ITS
VOLUME AND EXTENT, IS PERHAPS, THE POOREST
STREAM IN FISH ON THE CONTINENT.

Prior to the obstruction of the James River by
dam-building, shad and river herring reportedly
ascended about 580 km to the junction of Jackson
and Cowpasture rivers near the Blue Ridge
Mountains in Botetourt County, Virginia (McDonald
1887), and far up all the principal tributaries (VCF
1875).

It appears that the Virginia legislature of 1870-
71 began, and then aborted, a project to alleviate
the problem of obstructions on the rivers. In a letter
dated October 2, 1872, and published by the U.S.
Commission of Fish and Fisheries, McKennie
(1873) wrote concerning obstructions on the rivers
in Virginia:

| HAVE BEEN MUCH INTERESTED IN THE QUESTION
FOR SEVERAL YEARS, BUT | FEAR THAT LITTLE CAN
BE DONE UNTIL SOME CUNNING LEECH IS ABLE TO
APPLY SOME PLASTER TO OUR PEOPLE WHICH
SHALL AROUSE THEM TO A SENSE OF THEIR DUTY
TO THEMSELVES AND THEIR CHILDREN. THE PRO-
JECT STARTED IN A SMALL WAY BY THE LEGISLA-
TURE OF 1870-71 WAS DROPPED BY THAT OF
1871-72.

By 1875 there were 21 dams, with an average
height of 14.5 feet, on the James River from

Richmond to Buchanan (in Botetourt County), a dis-
tance of 327.5 km (VCF 1875); by 1882 the number
had increased to 23 (VCF 1882). These dams had
been the property of the James River and Kanawha
Canal Company, but ownership was transferred by
the Virginia Assembly to the Richmond and
Allegheny Railroad, subject to the construction by
the railroad of suitable fishways for the passage of
shad over all the dams maintained by them. In
1882 only one fishway had been constructed, that
over Bosher dam, and it was incomplete (VCF
1882).

In 1930 the General Assembly enacted Virginia
Code section 29-151, requiring the owners of dams
and other obstructions which may interfere with the
free passage of fish to provide a suitable fish ladder.
The act was amended in 1942, 1950, and again in
1958, and then read as follows:

29-151. DAMS AND FISH LADDERS; INSPECTION
OF.—ANY DAM OR OTHER THING IN A WATER
COURSE, WHICH OBSTRUCTS NAVIGATION OR THE
PASSAGE OF FISH, SHALL BE DEEMED A NUISANCE,
UNLESS IT BE TO WORK A MILL, MANUFACTORY OR
OTHER MACHINE OR ENGINE USEFUL TO THE PUB-
LIC, AND IS ALLOWED BY LAW OR ORDER OF
COURT. ANY PERSON OWNING OR HAVING CON-
TROL OF ANY DAM OR OTHER OBSTRUCTION IN ANY
OF THE STREAMS OF THIS STATE ABOVE TIDEWATER
WHICH MAY INTERFERE WITH THE FREE PASSAGE
OF FISH, SHALL PROVIDE EVERY SUCH DAM OR
OTHER OBSTRUCTION WITH A SUITABLE FISH LAD-
DER, SO THAT FISH HAVE FREE PASSAGE UP AND
DOWN THE STREAMS DURING THE MONTHS OF
MARCH, APRIL, MAY AND JUNE OF EACH YEAR,
AND MAINTAIN AND KEEP THE SAME GOOD REPAIR,
AND RESTORE IT IN CASE OF DESTRUCTION; PRO-
VIDED, HOWEVER, THAT THIS SECTION SHALL NOT
APPLY TO THE MEHERRIN RIVER WITHIN THE COUN-
TIES OF BRUNSWICK AND GREENVILLE, NOR THE
MEHERRIN RIVER WITHIN OR BETWEEN THE COUN-
TIES OF LUNENBURG AND MECKLENBURG, NOR TO
THE NOTTOWAY RIVER BETWEEN THE COUNTIES OF
LUNENBURG AND NOTTOWAY, NOR TO ABRAM’S
CREEK IN SHAWNEE DISTRICT, FREDERICK
COUNTY, NOR TO THE JAMES RIVER BETWEEN THE
COUNTIES OF BEDFORD AND AMHERST, NOR ANY
STREAMS WITHIN THE COUNTIES OF AUGUSTA,
LUNENBURG, MECKLENBURG, Louisa,
BUCKINGHAM, HALIFAX, MONTGOMERY, PULASKI,
FRANKLIN, RusseLL, TAzEWELL, GILES, BLAND,
CRAIG, WYTHE, CARROLL AND GRAYSON, NOR TO
THAT PART OF ANY STREAM THAT FORMS A PART OF
THE BOUNDARY OF HALIFAX AND FRANKLIN COUN-
TIES; PROVIDED HOWEVER, THAT NO FISH LADDERS
SHALL BE REQUIRED ON DAMS TWENTY FEET OR
MORE IN HEIGHT OR ON SUCH DAMS AS THE
COMMISSION MAY DEEM IT UNNECESSARY ON
WHICH TO HAVE LADDERS. ANY PERSON FAILING
TO COMPLY WITH THIS PROVISION SHALL BE FINED
ONE DOLLAR FOR EACH DAY’S FAILURE; AND THE
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CIRCUIT COURT OF THE COUNTY OR THE CORPORA-
TION COURT OF THE CITY IN WHICH THE DAM IS SIT-
UATED, AFTER REASONABLE NOTICE, BY RULE OR
OTHERWISE, TO THE PARTIES OR PARTY INTEREST-
ED AND UPON SATISFACTORY PROOF OF FAILURE,
SHALL CAUSE THE FISHWAY TO BE CONSTRUCTED,
OR PUT IN GOOD REPAIR AS THE CASE MAY BE, AT
THE EXPENSE OF THE OWNER OF THE DAM OR
OTHER OBSTRUCTION. [T SHALL BE THE DUTY OF
THE SAME WARDEN TO MAKE A PERSONAL INSPEC-
TION OF DAMS AND RIVERS IN HIS RESPECTIVE
COUNTY OR CITY IN THE MONTHS OF APRIL AND
OCTOBER OF EACH YEAR AND REPORT TO THE CIR-
CUIT COURT OF THE COUNTY OR THE CORPORATION
COURT OF THE CITY ANY VIOLATION OF THIS SEC-
TION. (1930, P.651; MicHIE CODE 1942,
3305(42); 1950, r.891; 1958, c. 607.)

Virginia Code section 29-151 was never strictly
administered. Although there were high and low
periods of abundance of American shad and other
important commercial and recreational species,
most everyone was satisfied with the prevailing con-
ditions - a period of low abundance for a species
would be attributed to a downturn in a natural
“cycle” of abundance.

Commercial Fisheries

Haul seines were used almost exclusively in the
early days of the commercial fisheries for American
shad, but about 1835 gill nets were introduced, and
have since become a major gear in the Chesapeake
Bay shad fisheries (Walburg and Nichols 1967).
Pound nets were introduced to the area in 1858,
and reached their peak in use in 1930 (Kriete and
Merriner 1978). At the present time, however,
almost all landings of American shad in Virginia are
from gill nets (anchor, drift, and stake). Pound net
catches of American shad appear related to stock
density. During the period 1973 to 1977, pound
nets accounted for 22% of the total landings of
American shad. In contrast, in the period 1983 to
1987, a period of low stock abundance as indicated
by a 50% decrease in the average landings relative
to the 1970’s period, pound nets accounted for only
5% of the total landings of American shad. There
was little difference in pound net fishing effort in the
two periods, indicating that American shad prefer to
migrate in mainstream waters but some must
spread to shoal waters when abundance is high.
Leggett (1976) reported that American shad in the
Connecticut River preferred deeper channel waters.

The shad fishery of Chesapeake Bay gained
importance about 1869, and developed greatly in
the ensuing years. Due to decreased landings, an
artificial hatching program was begun in 1875 by

the U.S. Fish Commission and Virginia Commission
of Fisheries. In 1879 the fishery began to improve,
and this increase led biologists to believe that the
shad fishery was largely dependent upon artificial
propagation. The hatchery program was expanded,
but later studies showed that the upsurge could not
be correlated with the output from artificial stocking
(Mansueti and Kolb 1953). In 1880 the tributaries of
the Chesapeake Bay yielded more than 2,268 met-
ric tons (mt) of shad. Virginia ranked second to
New Jersey in shad landings in 1896 with 4,990 mt.
In 1908, Virginia's catch of 3,311 mt of American
shad made it the most important fish caught in
Virginia and comprised about one fourth of all
American shad taken in the United States. In the
early 1900’s a decline began in the numbers of
shad harvested despite improved hatching methods
and increased numbers of fry released (Mansueti
and Kolb 1953). Heavy fishing pressure possibly
offset the potential gains of the hatchery operations,
or there was poor survival of the shad fry.

There was a major loss of spawning grounds
with the construction of dams on Virginia rivers.
Most of this activity on large river systems was com-
pleted by the early 1900’s. In the Chickahominy
River, American shad spawned from above the
junction with the James River to the vicinity of
Providence Forge, a distance of about 50 km
(Walburg and Sykes 1957). With the construction of
the Walker Dam in 1943, anadromous fishes were
limited, for the most part, to the lower 27 km of the
river. Occasional access to historic spawning
grounds occurs for some fishes when exceptionally
high tides cover the low-head dam for a brief period,
and also during the infrequent use of the self-oper-
ated boat lock in Walker Dam. In 1896, before the
dam was built, the Chickahominy River contributed
30% of the total American shad catch in the James
River watershed; however, in 1960 it contributed
only 13% (Walburg and Nichols 1967), and there is
no American shad fishery on the Chickahominy
River today. The loss of the fishery appears related
to the loss of the spawning grounds, since the fish-
ery was conducted below the site of the dam.

The loss of ancestral spawning grounds due to
dams and other obstructions gained attention when
a serious depletion of the striped bass Morone sax-
atilis stocks in Chesapeake Bay was recognized in
the late 1970’s. In Virginia, a feasibility study of fish
passage facilities over the dams in the James River
was conducted (Atran et al. 1983); the necessary
construction for access to the lost spawning
grounds is in progress under the auspices of the
Virginia Department of Game and Inland Fisheries.
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Ocean-Side Intercept Fishery

Although the American shad and river herring
fishery management plan calls for the enhancement
of the traditional (riverine) Alosa fisheries, an
ocean-side gill net fishery has rapidly developed. In
1980, the riverine fisheries accounted for 90%, and
the ocean-side intercept fishery 10%, of the
American shad landed in Virginia. Since then the
riverine portion of the landings steadily decreased
and by 1992, the percentages of 1980 were
reversed (Table 1).

The American shad intercept fishery is wasteful
in that the fish are captured before they can spawn,
and before the roe develop and have market value.
Furthermore, by the time American shad are avail-
able to the riverine fishermen, the market value is
often greatly depressed. The relatively stable land-
ings in the offshore fishery in recent years appear to
indicate a stable fishery; however, the apparent sta-
bility may be due to the presence of multiple stocks.
A major step toward the enhancement of the

American shad populations and the riverine shad
fisheries would be the regulation and allocation of
landings by gear and location.

The ocean-side fishery of Virginia, and such
fisheries of other states from North Carolina to New
Jersey, is conducted on the premise that the
American shad captured were destined for spawn-
ing grounds farther north, not in the state where
captured. The present evidence for this premise is
not strong; regardless, it is a rapacious attitude
which precludes sensible intrastate management for
the collective good of the stocks. A federal inter-
jurisdictional act, similar to that enacted for striped
bass, appears to be necessary for the revitalization
of Alosa stocks.

A brief account of the history of the manage-
ment of Alosa stocks has been given. A thorough
compilation remains for those persons with the time
and talent to search out correspondence, diaries,
and business logbooks and receipts, many of which
preceded state and federal fishery reports.

TaBLE 1.— American shad landings in Virginia by area of harvest. mt = metric tons. (Source: Dr. Erik Barth, Virginia Marine Resources

Commission).
Year Inside Bay Mouth (mt) Total (%) Outside Bay Mouth (mt) Total (%) Total Landings (mt)
1980 398.2 90 435 10 417
1981 101.3 45 125.0 55 226.4
1982 139.8 53 125.6 47 265.5
1983 211.0 69 94.2 31 305.2
1984 283.6 49 2922 51 575.8
1985 136.4 48 150.6 52 2871
1986 98.7 38 161.3 62 259.9
1987 107.8 38 179.2 62 287.0
1988 247 11 194.5 89 219.2
1989 465 20 181.3 80 2277
1990 58.5 28 147.4 72 205.9
1991 231 1 181.2 89 2043
1992 20.3 9 196.0 91 2163
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Afterward

In January 1994, almost a year after our pre-
sentation, the Atlantic Coastal Fisheries
Management Act became law. The act will require
coastal states from Maine to Florida to fully imple-
ment management plans developed by the Atlantic
States Marine Fisheries Commission for interjuris-
dictional species.
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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

RONALD J. KLAUDA
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Tawes State Office Building, Annapolis, MD 21401, USA

Abstract.—This paper describes the results of several laboratory experiments conducted between 1985 and 1990 with early
life stages of American shad Alosa sapidissima that were exposed to a range of acid and aluminum conditions. The goal of
the experiments was to determine the sensitivity of eggs and larvae to acid and aluminum exposures and define lethal (91 to
100% direct mortality) and critical (50 to 90% direct mortality) effects thresholds. Fertilized eggs were somewhat less sensi-
tive to acid and aluminum than were either prefeeding or feeding-stage larvae. Lethal conditions for eggs included a 48 h
exposure to pH 4.1 (no aluminum) and less acidic pulses of longer duration (96 h) accompanied by moderate levels of alu-
minum. Prefeeding larvae appeared to be slightly less sensitive than feeding larvae. Critical conditions for eggs ranged wide-
ly from pH 5.0 (no aluminum) to pH 6.5 (with 100 g/L of aluminum). Lethal conditions for prefeeding larvae ranged widely and
included a 55 h exposure to acid pulses in the mid to high pH 6 range accompanied by aluminum pulses of 57 to 460 g/L.
Shorter duration (24 h) acid pulses (pH 4.0 and 5.0) with and without aluminum, were also lethal. Critical conditions for
prefeeding larvae were 24 h acid pulses (pH 6.0 to 6.1) accompanied by aluminum pulses of 26 to 200 g/L.. Lethal conditions
for feeding larvae were not determined. Critical conditions for feeding larvae were relatively short duration (4 or 8 h) pulses of
acid only (pH 6.2) and acid plus aluminum pulses (pH 6.2 with 76 g/L of aluminum) that lasted 8 h. American shad larvae
were at least as and perhaps slightly more sensitive to acid and aluminum pulses in the laboratory than were fathead minnow
Pimephales promelas larvae. A definite linkage between habitat acidification in Maryland rivers and the generally depressed
status of American shad stocks has not yet been established. However, the results of these laboratory experiments, coupled
with monitoring data on the buffering capacity of rivers where American shad spawn, suggest that acidic deposition may be
an important anthropogenic factor in shad stock dynamics in some Maryland rivers but not in others. Three Western Shore
spawning areas (Potomac, Patuxent and Susquehanna rivers and upper Chesapeake Bay) are relatively well buffered and
experience few if any pH depressions and aluminum peaks that are likely to be toxic to American shad eggs and larvae.
However, in poorly buffered Eastern Shore rivers like the Choptank and Nanticoke, American shad stocks are likely to be
exposed, at least periodically, to storm-induced, toxic pH depressions. Hence, these stocks may recover at a much slower
rate than Western Shore Maryland stocks, even if all other natural and anthropogenic stressors are removed.

Hendrey (1987) considered the acid deposition
hypothesis that links stream acidification with the
declines of several anadromous fish populations in
Atlantic Coast estuaries as a viable topic for further
study. He recommended that research address the
sensitivity of anadromous and semi-anadromous
species, through their life cycles, to acidity and ele-
vated levels of aluminum, and the possible synergis-
tic effects of these potential toxicants in low alkalini-
ty waters. American shad Alosa sapidissima was
included in Hendrey’s list of focal species. To date,
little information on American shad tolerances to
acidic conditions has been reported (Bradford et al.
1968; Klauda and Bender 1987).

This paper describes the results of several labo-
ratory experiments with early life stages of
American shad that were conducted between 1985

and 1990. These experiments were secondary to
and conducted along with experiments that focused
on blueback herring Alosa aestivalis (Klauda and
Palmer 1987; Klauda et al. 1987). The goal of the
American shad experiments was to determine the
sensitivity of eggs and larvae to acid and aluminum
exposures, use these laboratory results to define
lethal and critical effects thresholds for the early life
history stages, and then speculate on the effects of
pH depressions and aluminum peaks in low alkalini-
ty spawning and nursery areas in Maryland rivers
on stock status.

Deriving effects thresholds from laboratory
experiments is one approach that can be used to
predict the responses of fish populations to changes
in surface water acidity (Baker et al. 1987;
Huckabee et al. 1989). The underlying rationale for
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this area of research is to determine if there are any
connections among the following three observa-
tions:

— American shad stocks declined dramati-
cally in Maryland waters of the Chesapeake
Bay beginning in the mid to late 1950°s;

— Maryland watersheds are receiving sig-
nificant loadings of acidic deposition;

— Many coastal plain streams and some
coastal plain rivers in Maryland are sensi-
tive to acid inputs and experience runoff-
induced pH depressions, often accompa-
nied by elevated levels of aluminum.

Not only have commercial landings declined
dramatically in Maryland (Figure 1), but abundance
indices for juvenile American shad based on a seine
survey (directed at juvenile striped bass Morone
saxatilis) have also steadily declined since 1960
(Speir 1987; CEC 1989; Anninos et al. 1990). As a

response to the depressed stock status, the
Maryland Department of Natural Resources issued
a moratorium on all fishing for American shad in
Chesapeake Bay and tributaries in 1980, a ban that
continues to date.

Only two Maryland stocks (Susquehanna River,
Potomac River) show any early signs of recovery
(Klauda et al. 1991; Richkus et al. 1991; Figure 2).
The remnant population of American shad in the
Potomac River that declined dramatically during the
1970’s (Table 1) is currently at low levels of abun-
dance (Klauda et al. 1991). However, juvenile
catches in recent years have increased and may
signal the beginning of a recovery trend (Richkus et
al. 1991). The most encouraging signs of stock
recovery are in the lower Susquehanna River and
upper Chesapeake Bay (Klauda et al. 1991; Richkus
et al. 1991). This region once had the largest popu-
lation of spawning American shad in Maryland
(Speir 1987) and accounted for a large percentage
of the commercial landings until the stock collapsed
during the mid 1970’s (Table 1).

2.50

2.00

1.50

1.00

POUNDS (MILLIONS)

0.50

0.00

1930 1940 1950

1960 1970 1980

FiGure 1.—Reported commercial landings of American shad in Maryland between 1929 and 1986 (from Jones et al. 1988). Landings from
1963 through 1986 include the ocean intercept fishery that operates off Ocean City, Maryland.
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RESTORATION EFFORT UNDERWAY
STOCK ABUNDANCE STILL LOW,
BUT INCREASING

REMNANT STOCK - VERY LOW ABUNDANCE
NO EVIDENCE OF STOCK RECOVERY

~ NANTICOKE

STOCK AT VERY LOW ABUNDANCE
SMALL COMMERCIAL FISHERY IN DELAWARE

REMNANT STOCK - LOW ABUNDANCE
INCREASING JUVENILE CATCHES
SUGGEST SOME STOCK RECOVERY

REMNANT STOCK - VERY LOW ABUNDANCE
NO EVIDENCE OF STOCK RECOVERY

Ficure 2.—Current status of American shad stocks in five Maryland rivers (from Klauda et al. 1991 and Richkus et al. 1991).

TasLE 1.— Reported commercial landings of American shad in Maryland by selected area or river system. Percentages of total Maryland landings
from each year are given in parentheses.

Commercial landings in pounds by year

Area or river 18962 1944 1945° 1951°¢ 1952° 19602 1969° 1975°
Upper Chesapeake 1,435,366 153,597 157,371 609,144 589,405 952,203 106,656 15,200
Bay and lower (26) (22) (26) (39) (36) ™) ) (16)
Susquehanna River
Patuxent River 188,262 1,312 849 1,441 3,427 797 NRf NRf
3) (<1) (<1) (<1) (<1) (<1)
Potomac River 838,704 48,065 50,318 66,518 147,391 32,276 NRf NR!
3) @) ®) 4) ) 2
Nanticoke River 589,160 33,123 16,606 29,110 56,370 94,792 NRf 6,900
(11) (5) 3) 2 (3) 7)
Choptank River 1,224,897 26,465 30,613 16,750 41,462 11,130 60,300 NR'
(22) 4 ®) Q)] (3) (1) (5)
Maryland total® 5,541,499 709,070 606,494 1,553,134 1634476 1,335,953 1,185,067 95,000

2From Walburg and Nichols (1967).

From Hammer et al. (1948).

°From Hensel and Tiller (1954).

“Includes areas other than those included in this table.

®From Krauthamer and Richkus (1987)

NR = not reported; landings either represent less than 5% of the total landings or the area/river is not reported separately.
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Fiure 3.—Trend in mark-recapture population estimates of adult American shad in upper Chesapeake Bay (mean+95% confidence interval)
based on Chapman’s modification to the Petersen method (from Krantz et al. 1992).

stock collapsed during the mid 1970’s (Table 1).

In spring 1991, the Petersen population esti-
mate of adult American shad in this region was
about 141,000 fish, a 14% increase over the 1990
estimate but a substantial increase over the 1981
estimate (Krantz et al. 1992, Figure 3). Other posi-
tive signs of some stock recovery in this region
were increases in the percentage of repeat spawn-
ers (sexes combined) from 10.4% in 1989 to 19.4%
in 1991, and increases in the numbers of virgin
females from 95 in 1988 to 301 in 1991.
Nevertheless, Krantz et al. (1992) cautioned that
these numbers are still low when compared to his-
torical data, and urged that conservative manage-
ment practices remain intact to allow for continued
stock rebuilding. This strong positive trend did not
continue into spring 1992 and 1993 when the popu-
lation estimates of adult American shad were
105,255 and 47,563 fish (SRAFRC 1994). At pre-
sent, there is no explanation for these recent
declines.

In spite of declines in abundance in 1992 and
1993, the American shad population in the lower
Susquehanna River/upper Chesapeake Bay is
apparently benefiting from a combination of the con-
tinuing moratorium on fishing, operations of two fish
bypass facilities at Conowingo Dam, and intensive
transport and stocking efforts (SRAFRC 1990). The
impetus for this restoration program can be traced
to a 1970 agreement among several utilities
(Philadelphia Electric Company, Susquehanna
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Electric Company, Pennsylvania Power and Light
Company, Metropolitan Edison Company, Safe
Harbor Water Power Corporation), the States of
Maryland and New York, the Commonwealth of
Pennsylvania, and the U.S. Department of the
Interior (Kotkas and Robbins 1976). This agree-
ment called for the implementation of a five-year
program “for restoration of the American shad to the
Susquehanna River” that was extended and contin-
ues to date.

By comparison, American shad stocks in two
Eastern Shore Maryland rivers (Nanticoke and
Choptank) and the Patuxent River on the Western
Shore are still at low levels of abundance and show
no signs of recovery (Klauda et al. 1991; Richkus et
al. 1991; Krantz et al. 1992). In 1896, American
shad landings in the Nanticoke River ranked fourth
among Maryland rivers, and contributed about 11%
of the total landings (Table 1). The reported catch
in the Nanticoke was 812,417 Ibs, with 223,257 Ibs
landed in Delaware, 141,000 Ibs landed in the
Maryland portion of Marshyhope Creek (a major
tributary) and 448,160 Ibs landed in the Maryland
portion of the Nanticoke River (Walburg and Nichols
1967). But, by 1960, the Nanticoke River stock
contributed only 7% of Maryland’s total American
shad commercial landings of only 95,000 Ibs (Table
1). This percentage contribution increased to 18%,
19% and 28% in 1977, 1978, and 1979; however,
the total pounds of shad landed in the Nanticoke
River steadily decreased (Krauthaumer and



Since the 1980 moratorium in Maryland, the
only fishery for American shad that still exists in a
Maryland tributary to the Chesapeake Bay occurs in
the Delaware portion of the Nanticoke River near
Woodland Ferry. Annual reported landings between
1976 and 1991 averaged 1,984 Ibs (Figure 4). Peak
landings during this period occurred in 1981 (3,800
Ibs) and 1991 (3,302 Ibs). Krantz et al. (1992) esti-
mated an annual mortality rate for American shad in
the Nanticoke River (1988-1991) of 77.4% (95%
confidence interval + 21.8%). They concluded that
the Delaware commercial fishery for American shad
in the Nanticoke River may be having an adverse
effect on the remnant stock and could be slowing its
recovery.

Reported commercial landings of American
shad in the Choptank River were over 1.2 million Ibs
in 1896 and contributed 22% of Maryland’s total
landings (Table 1). Since 1930, annual landings
have declined and ranged between 20,000 and
50,000 Ibs until 1977 when they declined further to
nearly zero (Richkus et al. 1991). Major peaks in
reported landings during this time period occurred
in 1955 (about 120,000 Ibs), 1968 (about 70,000
Ibs) and 1969 (about 60,000 Ibs). From 1944 to
1970, the Choptank River’s contribution of American
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shad to total commercial landings in Maryland
ranged from only 1 to 5% (Table 1; Krauthamer and
Richkus 1987). The current remnant stock is at very
low levels of abundance and shows no signs of
recovery (Klauda et al. 1991).

Commercial landings of American shad in the
Patuxent River were never large and contributed
only modestly to total Maryland landings (Table 1).
Even in 1896, when the reported commercial har-
vest of American shad in Maryland was about 5.5
million Ibs, Patuxent River landings were less than
0.2 million Ibs, only 3% of the Maryland total. In all
but four years of the recent data record (since
1930), annual landings were less than 5,000 Ibs
(Richkus et al. 1991). The remnant stock is current-
ly at a very low level of abundance and may still be
declining (Klauda et al. 1991).

Habitat acidification associated with acid depo-
sition appears to be an ecological problem in some
tributaries of the Chesapeake Bay that drain the
Coastal Plain physiographic province (Janicki and
Cummins 1983; Hall et al. 1985). Maryland receives
some of the highest loadings of sulfate and nitrate
in the United States (Figures 5 and 6), with two-
thirds of the acid deposition originating from
sources outside the state (PPRP 1992). In 1990,

’ THOUSANDS OF POUNDS

77 78 79 80 81 82 83 84 85 86 87 88 9 90 91

Ficure 4.—Reported commercial landings of American shad in the Delaware portion of the Nanticoke River between 1976 and 1991. Data

were not available for 1982-1984.
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Fiaure 5.—Estimated sulfate ion wet deposition (kg/hectare) in Maryland compared to the rest of the United States in 1990 (from NADP/NTN
1991).

Ficure 6.—Estimated nitrate ion wet deposition (kg/hectare) in Maryland compared to the rest of the United States in 1990 (from NADP/NTN
1991).
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Ficure 7.—Annual precipitation volume-weighted mean hydrogen ion deposition (expressed as pH) in Maryland compared to the rest of

United States in 1990 (from NAD/NTN 1991).

Maryland received 25 kg/hectare of sulfate in the
form of wet deposition (NADP/NTN 1991). Wet
deposition loadings of nitrate ranged from 16 to 18
kg/hectare. Mean annual pH of precipitation collect-
ed in Maryland during 1990 was 4.3 (Figure 7),
almost 10 fold more acidic than normal precipita-
tion. Minimum and maximum precipitation pH val-
ues recorded at monitoring stations in Maryland in
1990 were 3.5 and 6.5.

The coastal plain region of Maryland is under-
lain by thick layers of unconsolidated sand and grav-
el, silty sand, marl and shell beds superimposed
upon buried rocks of the Piedmont province (Otton
1970). The thickness of coastal plain sediments
preclude interaction between acid deposition and
bedrock. Soil pH and base saturation characteris-
tics of the soils are low (Figures 8 and 9).

The relatively low alkalinity (or acid neutralizing
capacity) values in many coastal plain Maryland
streams and in some of the Eastern Shore
Maryland rivers such as the Choptank and
Nanticoke (Tables 2 to 4) are characteristic of acid-
sensitive surface waters (Correll et al. 1984, 1987,
Janicki and Greening 1987; Knapp et al. 1988a).
These tributaries can experience temporary pH
depressions (or pulses) and become periodically
toxic to the early life stages of several migratory fish
species (Klauda 1989; Hall et al. 1993). Such puls-
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es or episodes are characterized by temporary
depressions (a few hours to a few days in duration)
of pH (from circumneutral to 4.5-6.0) and alkalinity
(from 10 or 15 to less than 1 mg/L as CaCOQ,).
Storm-induced pH depressions and temporary
reductions in buffering capacity may also be accom-
panied by substantial increases in aluminum con-
centration to peaks of 4,100 g/L for total aluminum,
almost 800 g/L for the dissolved fraction and about
160 g/L for the toxic inorganic monomeric fraction
(Table 5).

A baseflow alkalinity value of about 10 mg/L (as
CaCO,) corresponds to an acid neutralizing capaci-
ty (ANC) of about 200 eq/L, a generally accepted
threshold for surface water sensitivity to acid inputs
(Knapp et al. 1988a). Gerritsen et al. (1989) report-
ed that coastal plain Maryland streams and rivers
with baseflow ANC less than 300 eq/L (about 15
mg/L of alkalinity as CaCO,) are also at risk to pH
depressions that may be harmful to the larvae of
sensitive migratory fish species such as blueback
herring, alewife Alosa pseudoharengus, white perch
Morone americana, and striped bass. The lower the
ANC in a stream or lake below 200 eq/L, the lower
the buffering capability and the greater the sensitivi-
ty to acid inputs. A water body is defined to be
acidic when its ANC falls below 0.
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LS = LIMESTONE

(FROM BAKER 1984)

Fiaure 8.—Mean soil pH for various soil associations in Maryland (from Baker 1984).

LS = LIMESTONE

(FROM WANG AND COOTE 1981)

Ficure 9.—Percent base saturation of various soil associations in Maryland (from Wang and Coote 1981).
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TasLE 2— Selected water quality data compiled to characterize the acid sensitivity of the Choptank River near Greensboro, MD (96 km upstream
from river mouth), and in striped bass spawning areas. NC = not calculated and NR = not reported.

Total ' Dissolved
Specific hardness Dissolved Dissolved organic
Data source Time period conductance as CaCOg4 Alkalinity Calcium Aluminum carbon
Statistic pH (uS/em) (mg/L) (mg/L) (mg/L) (ug/L) (mg/L)
USGS 1975 October Minimum 6.3 64 19 6 4.8 <10 NR
1971 to Mean 6.8 105 31 15 8.1 100 NR
September Median 6.7 107 30 13 8.0 100 NR
1972 Maximum 75 130 43 26 12.0 200 NR
USGS 1980 October Minimum 6.7 64 21 6 54 NR 47
1978 to Mean 7.2 134 33 15 8.8 NR 74
September Median 73 120 35 16 9.4 NR 6.9
1979 Maximum 7.7 260 50 27 14.0 NR 11.0
James et October Minimum 59 83 18 7 46 <10 NR
al. 1984 1982 to Mean 6.8 144 31 13 8.2 135 NR
September Median 7.0 159 23 9 6.1 200 NR
1983 Maximum 72 175 51 22 14.0 200 NR
Hall 1987 April 1984* Single
Grab 6.3 130 34 NR NR NR NR
Sample
Hall 1987 April, May Minimum 56 NR NR NR NR NR NR
and June Mean 6.6 NR NR NR NR NR NR
1984 Median 6.7 NR NR NR NR NR NR
Maximum 76 NR NR NR NR NR NR
Hall 1987 April 1985% Single
Grab 8.6 220 40 27 NR 69 NR
Sample
James et October Minimum 5.0 73 25 7 6.2 <10 2.9°
al. 1988 1986 to Mean 6.7 139 41 17 10.8 105 6.3°
September Median 6.7 130 39 15 10.2 40 5.7°
1987 Maximum 76 213 55 41 15.0 440 12.0°
Hall et al. April 19872 Minimum 6.9 100 36 16 NR 5 NR
1988a Mean NR NR NR NR NR NR NR
Median NR NR NR NR NR NR NR
Maximum 72 195 48 19 NR 220 NR
Hall et al. May 19892 Single
1991 Grab 6.3 130 34 NR NR NR NR
Sample
James et al. October Minimum 55 56 37 9 9.6 <10 5.2
1992 1990 to Mean 6.0 122 42 20 1.1 52 NC(n=1)
September Median 6.0 126 41 21 11.0 30 NC(n=1)
1991 Maximum 6.9 169 52 30 14.0 190 5.2

aSample collected off Rt. 404 at Martinek State Park near Denton, MD.
Total organic carbon (mg/L)

The Choptank and Nanticoke are two Eastern
Shore rivers that possess limited buffering capacity
and are vulnerable to acidic deposition (Tables 2 to
4). In the Choptank River, pH depressions to less
than 6.5 were relatively common between 1965 and
1984 (Janicki et al. 1986). Minimum pH values less
than 6.0 were observed in 1969, 1974, 1978, and
1980. By comparison, few if any such pH depres-
sions were observed in the data sets analyzed by
Janicki et al. (1986) for the Potomac River, a major
Western Shore tributary to the Chesapeake Bay.
Alkalinity levels in the Potomac, Patuxent and
Susquehanna rivers (Tables 6 to 8) are typically
higher than in most Eastern Shore rivers. Higher
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alkalinities will ensure better buffering of acidic
inputs, lower frequencies of pH depressions below
6.5 or 6.0, and fewer episodes of increased alu-
minum concentrations that are potentially toxic to
the early life stages of sensitive fish species (Table
5). Therefore, because of their alkalinity values, the
Potomac, Patuxent, and Susquehanna rivers are
not particularly sensitive to acidic deposition.
Klauda and Bender (1987) concluded that “to
date ...no direct link between acidic deposition,
habitat acidification, and fish mortality has been
established for any Maryland watershed.” This con-
clusion is still accurate for migratory fish species
that spawn in Maryland rivers and streams. The
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TaBLE 3.— Water quality data reported by Uphoff (1989, 1992) for the Choptank River, MD, between km 56 and 79 from the river mouth, April to

mid-June, 1983 - 1988. NR = not reported.

Specific
) conductance Total hardness Alkalinity

Year Statistic pH (uS/cm) as CaCO, (mg/L) (mg/L)
1983 Minimum 6.2 60 24 10.0
Mean 6.7 190 50 174
Maximum 75 2300 139 211
Minimum 6.4 120 34 16.2
1984 Mean 6.9 290 69 21.8
Maximum 8.0 1610 182 327
Minimum 6.7 690 122 18.0
1985 Mean 71 3320 473 29.2
Maximum 79 7200 960 37.0
Minimum 6.6 137 NR NR
1986 Mean 7.2 1353 NR NR
Maximum 9.2 7200 NR NR
Minimum 6.4 157 NR 20.0
1987 Mean 6.7 874 NR 26.5
Maximum 7.6 3460 NR 35.0
Minimum 6.3 268 NR 240
1988 Mean 6.7 1247 NR 333
Maximum 8.7 8270 NR 420

laboratory test results described in this paper take a
logical first step in the search for possible connec-
tions among habitat acidification, mortality of
American shad early life stages, stock status, and
rate of stock recovery.

Objectives

The laboratory experiments described in this
paper had four objectives: 1) expose American shad
eggs and larvae to a range of acid and aluminum
pulses of several durations; 2) measure sensitivity of
these early life stages to the range of acid and alu-
minum pulses; 3) define lethal and critical conditions
(pulse magnitude and duration) for exposure of the
early life stages to acid and aluminum; and 4) com-
pare sensitivity of American shad and fathead min-
now Pimephales promelas larvae to acid and alu-
minum pulses.

The laboratory study results were used to
address these four questions: 1) are American shad
eggs and larvae sensitive to acid and aluminum
exposures that reflect periodic environmental condi-
tions observed in some Maryland spawning rivers;
2) what are the lethal and critical acid and aluminum
conditions for American shad eggs and larvae; 3)
could acid deposition and habitat acidification have
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contributed to American shad stock declines in
Maryland; and 4) is habitat acidification slowing the
recovery of some American shad stocks in
Maryland?

Methods

General Procedures

Between 1985 and 1990, 11 laboratory experi-
ments were conducted to measure the sensitivity of
American shad eggs and larvae to acid and alu-
minum pulses (Table 9). These shad experiments
were secondary to a series of experiments with
blueback herring eggs and larvae (reported in
Klauda and Palmer 1987; Klauda et al. 1987) and
could be carried out only when American shad eggs
and larvae and test tank space were available.
Therefore, the 11 experiments with American shad
should be viewed as a collection of individual experi-
ments with partial linkage to an overall experimental
design. In spite of this limitation, the paucity of data
in the literature on the sensitivity of American shad
eggs and larvae to acid and aluminum exposures
justifies the presentation of the laboratory results
reported in this paper.
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TasLE 4— Selected water quality data compiled to characterize the acid sensitivity of the Nanticoke River, near Sharptown, MD (44 km upstream
from river mouth), near Woodland Ferry, DE (54 km upstream from river mouth), at Maryland-Delaware state line (48 km upstream from river mouth),
and in striped bass spawning areas. NR = not reported and NC = not calculated (n = 1).

Total Dissolved
Location and Specific hardness Dissolved Dissolved organic
Data time conductance as CaCO,4 Alkalinity Calcium Aluminum carbon
source period Statistic pH (uS/cm) (mg/L) (mg/L) (mglL) (ug/L) (mg/L)
USGS 1975 Sharptown Minimum 6.1 75 23 20 46 <10 NR
Bridge, MD Mean 6.6 107 25 22 NC 100 NR
October 1971 to Median 6.6 85 25 22 NC 100 NR
September 1972 Maximum 72 200 26 23 46 200 NR
Delaware Sharptown Minimum 6.7 NR 20 10 NR NR NR
DNR/EC Bridge, MD Mean NR NR NR NR NR NR NR
1976 October 1974 to Median 71 NR 25 17 NR NR NR
September 1975 Maximum 75 NR 78 26 NR NR NR
Delaware Woodland Ferry, Minimum 6.7 NR 10 10 NR NR NR
DNR/EC DE October 1974  Mean NR NR NR NR NR NR NR
1976 to September Median 71 NR 20 13 NR NR NR
1975 Maximum 7.7 NR 25 26 NR NR NR
Delaware Sharptown Minimum 6.3 NR 0 9 NR NR NR
DNR/EC Bridge, MD Mean NR NR NR NR NR NR NR
1980 October 1978 to Median 73 NR 32 13 NR NR NR
September 1979 Maximum 78 NR 37 16 NR NR NR
Delaware Woodland Ferry, Minimum 6.6 NR 0 8 NR NR NR
DNR/EC DE October 1978  Mean NR NR NR NR NR NR NR
1980 to September Median 7.2 NR 31 14 NR NR NR
1979 Maximum 74 NR 36 15 NR NR NR
Hall 1984, April 19842 Minimum 6.1 85 23 NR NR NR NR
Hall et al. Mean NR NR NR NR NR NR NR
1985 Median NR NR NR NR NR NR NR
Maximum 6.8 105 64 NR NR NR NR
Hall 1987 April,bMay, June Minimum 6.0 NR NR NR NR NR NR
1984 Mean 6.7 NR NR NR NR NR NR
Median 6.7 NR NR NR NR NR NR
Maximum 8.2 NR NR NR NR NR NR
Hall 1987 April 1984° Single 6.1 100 29 NR NR NR NR
Grab
Sample
Hall 1987 April 1985° Single 7.0 2400° 282°¢ 24 NR 120 NR
Grab
Sample
Delaware State Line, Buoy Minimum 74 NR 46 22 NR NR NR
DNR/EC 45 Mean NC NR NC NC NR NR NR
1990 June 1988 Median NC NR NC NC NR NR NR
Maximum 74 NR 46 22 NR NR NR
Delaware Woodland Ferry, Minimum 5.8 92 NR 10 NR NR NR
DNR/EC DE September Mean 71 104 NR 18 NR NR NR
1990 1987 to Median NR NR NR NR NR NR NR
September 1989 Maximum 79 113 NR 29 NR NR NR
Hall et al. April 1989° Single 72 150 30 15 NR 110 NR
1991 Grab
Sample
Delaware State Line, Buoy Minimum 71 104 28 12 NR NR 6.0¢
DNR/EC 45 September Mean 74 178 43 20 NR NR 7.4
1992 1990 to August Median NR NR NR NR NR NR NR
1991 Maximum 7.8 380 62 28 NR NR 11.0¢
Delaware Woodland Ferry, Minimum 6.8 96 26 10 NR NR 5.09
DNR/EC DE September Mean 73 129 46 17 NR NR 704
1992 1989 to August Median NR NR NR NR NR NR NR
1991 Maximum 78 212 74 26 NR NR 9.4¢

3samples collected from stations at Riverton, MD (36 km from river mouth), at Vienna, MD (32 km from river mouth) and just below confluence with Mill Creek (29 km
from river mouth). 17
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TaBLe 5— Aluminum concentrations reported by various investigators in American shad spawning rivers and areas in Maryland. TD = total
dissolved (0.4 m filter); T = total unfiltered; TM = total monomeric (0.1 m filter + MIBK); IM = inorganic monomeric (pyrocatechol violet); NR = not
reported; NA = not applicable (single grab sample).

Aluminum concentration (and form) in ug/l

River or area Year and location Range Median Data source
Choptank 1971-72 <10 to 200 (TD) 100 (TD) USGS 1975
1982-83 <10to 200 (TD) 200 (TD) James et al. 1984
19852 69 (TD), 16 (TM) NA Hall et al. 1986
1986-87 <10to 440 (TD) NA Hall 1985
19862 160 (TD), 77 (TM) 40 (TD) James et al. 1988
1987 <5t039(TD) NR Hall et al. 1988a
1987 60 to 150 (TM) NR Hall et al. 1988a
19882 60 (TD) NA Hall et al. 1988b
19892 156 (TD), 112 (TM) NA Hall et al. 1991
1989 410 20 (TM) 7 (TM) Hall et al. 1991
Nanticoke 1972 <10 to 200 (TD) 100 (TD) USGS 1975
1984 480 to 4100 (T) b 1000 (T) Hall 1984
1984 54 to 459 (TD) 112 (TD)® Hall 1984
1984 39to 181 (TD) NR Mehrle et al. 1986
1985 180 35 (TD) NR Mehrle et al. 1986
19852 120 (TD), 2 (TM) NA Hall 1985
1986 42to 65 (TD) NR Mehrle et al. 1986
19862 60 (TD), 55 (TM) NA Hall et al. 1986
19882 70 (TD) NA Hall et al. 1988b
19892 110 (TD), 72 (TM) NA Hall et al. 1991
1992° 110, 130, 160 (IM) NR Secor et al. 1993
Potomac 1978-79 30to 80 (TD) 40 (TD) USGS 1980
1982-83 <10to 70 (TD) 30 (TD) James et al. 1984
19852 59 (TD), 3 (TM) NA Hall 1985
1986 <40 to 240 (TD) NR Hall et al. 1987, Hall 1988
1986 19to 90 (TM) NR Hall et al. 1987, Hall 1988
19862 90 (TD), 32 (TM) NA Hall et al. 1986
1986-87 <10to 80 (TD) 30 (TD) James et al. 1988
19882 <60 (TD) NA Hall et al. 1988b
19892 14 (TD) NA Hall et al. 1991
1990 14to 740 (TD) 77 (TD) Hall et al. 1992
1990-91 <10to 80 (TD) 20(TD) James et al. 1992
Patuxent 1982-83 <10to 40 (TD) 23 (TD) James et al. 1984
19852 19 (TD), <2 (TM) NA Hall 1985
19862 240 (TD), 112 (TM) NA Hall et al. 1986
1986-87 <10to 150 (TD) 40 (TD) James et al. 1988
19882 150 (TD) NA Hall et al. 1988b
19892 36 (TD), 10 (TM) NA Hall et al. 1991
1990-91 <10to 190 (TD) 20(TD) James et al. 1992
Susquehanna 1978-79 <10to 150 (TD) 40 (TD) USGS 1980
and upper 1982-83 <10to 50 (TD) 15(TD) James et al. 1984
Chesapeake 1986-87 <10to 100 (TD) 30 (TD) James et al. 1988
Bay 1989 15t0 367 (TD) 30 (TD) Hall et al. 1991
1989 <2t052 (TM) 18 (TM) Hall et al. 1991
1990 220 780 (TD) 258 (TD) Hall et al. 1992
1990-91 <10to 190 (TD) 20 (TD) James et al. 1992

2Single grab sample collected during the spring. Mean ratios of TM/TD were calculated as: 0.48 (Choptank), 0.53 (Nanticoke), 0.27
(Potomac), 0.29 (Patuxent), and 0.33 (Susquehanna/upper Bay) from Hall 1985, Hall et al. 1986, Hall et al. 1991.
5TD form was estimated from mean ratio of TD/T = 0.11 (Hall et al. 1985).

°From grab samples collected on 1 May 1992 at Sharptown, MD (42 km from river mouth), in lower portion of Marshyhope Creek (2 km

from creek mouth), and at Riverton, MD (36 km from river mouth).
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Two experiments were conducted with fertilized
eggs, six experiments with prefeeding yolk-sac lar-
vae, and three experiments with feeding post yolk-
sac larvae. Egg batches were obtained from the
Van Dyke Anadromous Fish Culture Station operat-
ed by the Pennsylvania Fish and Boat Commission
and located on the Juniata River near
Thompsontown, Pennsylvania. Fertilized eggs were
transported to our laboratory in Shady Side,
Maryland, and incubated in 7.0-L hatching jars with
a water flow rate of 1 to 2 L/min that gently rolled
the eggs. Larvae were reared in flow-through
aquaria and fed brine shrimp nauplii (Artemia spp.)
several times per day beginning at about 5 d post-
hatch.

KLAUDA

Fertilized eggs were incubated, larvae were
reared, and acid and aluminum exposure tests were
conducted in reconstituted well water. Source water
came from a nonchlorinated and uncontaminated
deep well. Chemical composition of the raw well
water was reported in Klauda and Palmer (1987)
and Klauda et al. (1987). Well water was demineral-
ized to a specific conductance of 3 to 6 S/cm with
either a Culligan Anion/Cation Duabed system or a
Zenon Reverse Osmosis system, and reconstituted
to test strength by adding sufficient raw well water to
achieve a total hardness between 20 and 30 mg/L
(as CaCO;). Concentrations of test water analytes
(Table 10) were representative of those Maryland
streams and rivers with limited buffering capacity

TaBLE 6.— Selected water quality data compiled to characterize the acid sensitivity of the Potomac River at Chain Bridge near Washington, DC (157
km upstream from river mouth), and in striped bass spawning areas. NR = not reported.

Total Dissolved
Specific hardness Dissolved Dissolved organic
Data Time period conductance as CaCOg4 Alkalinity Ca Al carbon
source and location Statistic pH (uS/cm) (mg/L) (mg/L) (mg/L) (ug/L) (mg/L)
USGS October 1971 Minimum 71 143 58 51 19.0 NR NR
1975 to Mean 7.6 251 106 87 314 NR NR
September Median 76 232 105 83 31.0 NR NR
19722 Maximum 8.2 392 170 151 50.0 NR NR
USGS October Minimum 7.7 135 43 29 13.0 30 21
1980 1978 to Mean 8.2 242 96 68 28.2 43 5.0
September Median 8.2 225 89 67 27.0 40 53
1979 Maximum 8.7 450 200 140 58.0 80 8.1
James et October Minimum 7.7 86 73 50 21.0 <10 NR
al. 1984 1982 to Mean 8.0 294 115 80 32.8 33 NR
September Median 8.1 295 114 79 33.0 30 NR
1983 Maximum 83 430 160 108 430 70 NR
James et October Minimum 75 224 80 54 230 <10 34
al. 1988 1986 to Mean 8.0 297 118 82 342 34 5.9
September Median 79 275 110 78 310 30 46
1987 Maximum 8.4 492 190 120 56.0 80 11.0
Hall 1987 May 1984° Single 8.2 190 60 NR NR NR NR
Grab
Sample
Hall et al. April 1986° Minimum 71 140 72 40 NR <40 NR
1987; Hall Mean NR NR NR NR NR NR NR
1988 Median NR NR NR NR NR NR NR
Maximum 8.7 280 116 105 NR 240 NR
James et October 1990  Minimum 6.6 195 82 56 240 <10 2,59
al. 1992 to September  Mean 77 289 119 84 33.2 26 434
1991 Median 74 267 115 78 330 20 33¢
Maximum 85 363 150 113 40.0 80 13.0¢
Hall et al. May 1989° Single 79 220 88 55 NR 14 NR
1991 Grab
Sample
Hall et al. April-May Minimum 7.2 173 78 40 NR 14 NR
1992 1990° Mean 76 187 88 59 NR 167 NR
Median 7.7 185 88 60 NR 80 NR
Maximum 8.0 208 116 75 NR 740 NR

3at Point of Rocks, MD.

Sample collected about 200 m upstream from Rt. 301 bridge (78 km from river mouth).
°Samples collected at three stations between Cherry Hill and Widewater, VA (123-140 km from river mouth).

Total organic carbon (mg/L).

®Samples collected at three stations off Quantico, VA (133 km from river mouth).
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TaBLE 7— Selected water quality data compiled to characterize the acid sensitivity of the Patuxent River near Bowie, MD (96 km upstream from river

mouth), and in striped bass spawning areas. NR = not reported.

Total Dissolved
Specific hardness Dissolved Dissolved organic
Data Time period conductance as CaCO4 Alkalinity Ca Al carbon
source and location Statistic pH (uS/cm) (mg/L) (mg/L) (mg/L) (ug/L) (mg/L)
USGS October 1978 Minimum 71 105 29 13 8.1 NR 438
1980 to September Mean 75 186 45 25 126 NR 49
1979 Median 74 183 48 25 135 NR 48
Maximum 7.7 255 54 36 16.0 NR 5.1
James et October 1982 Minimum 70 139 38 21 10.0 <10 NR
al. 1984 to September Mean 7.2 301 60 34 178 23 NR
1983 Median 72 249 63 33 19.0 23 NR
Maximum 75 725 82 50 26.0 40 NR
Hall 1987 May 19842 Single 6.7 150 52 NR NR NR NR
Grab
Sample
Hall 1987 April, May, Minimum 6.2 NR NR NR NR NR NR
June 1984 Mean 71 NR NR NR NR NR NR
Median 71 NR NR NR NR NR NR
Maximum 7.7 NR NR NR NR NR NR
Hall 1987  April 1985° Single 6.9 1600° 218° 40 NR 19 NR
Grab
Sample
James et October 1986 Minimum 7.0 152 48 20 140 <10 3.9
al. 1988 to September Mean 72 252 61 45 18.0 39 6.0
1987 Median 73 243 60 44 175 40 5.8
Maximum 7.7 760 83 66 26.0 150 85
James et October 1990 Minimum 6.5 144 39 25 1.0 <10 3.2°
al. 1992 to September Mean 71 256 63 46 18.7 39 5.4°
1991 Median 71 246 60 45 185 40 4.9°
Maximum 7.9 365 81 66 250 150 15.0°
Hall et al. May 19892 Single 75 200 58 38 NR 36 NR
1991 Grab
Sample

2sample collected off Ferry Landing Road near Dunkirk, MD (62 km from river mouth).

bSaIinity =1.1 ppt.
Total organic carbon (mg/L).

and defined as sensitive to acidic inputs (Knapp et
al. 1988a).

The effects of acid and aluminum pulses of dif-
ferent magnitudes and durations on American shad
eggs and larvae were conducted in either a continu-
ous flow, solenoid-activated dilution and toxicant
delivery system described in Klauda and Palmer
(1986), or in a gravity-fed, continuous-flow system
composed of four circular test tanks (0.81 m diame-
ter x 0.23 m depth; 120 L volume) in which the test
chambers containing test organisms were placed
(Klauda et al. 1992). Flow rates through the two
testing systems ranged from 100 to 200 mi/min.
Photoperiod was maintained at 12 h light: 12 h dark-
ness. Light intensities at the surface of the test
tanks ranged from 206 to 515 Ix.

Fertilized eggs were held during testing in gray
cylindrical polycarbonate test chambers of two sizes
(either 12 cm high x 8 cm diameter with an enclosed
water volume of 0.6 L, or 14.8 cm high x 11.2 cm
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diameter with an enclosed water volume of 1.4 L).
Each test chamber was fitted with 243 m mesh
Nitex screen panels in the bottom and a threaded
lid. Prefeeding and feeding larvae were held during
testing in open-top, cylindrical, translucent polyethyl-
ene test baskets (27.0 cm high x 19.2 cm diameter
x 7.8 L submerged volume). Each basket contained
four side-wall openings (7.5 cm x 10.0 cm) covered
with 243 m mesh Nitex screen. Feeding-stage lar-
vae were fed brine shrimp nauplii twice daily during
each experiment.

All head tanks and test tanks were aerated vig-
orously to ensure mixing of acid and aluminum addi-
tions as well as aeration and degassing of the
reconstituted well water. Dissolved oxygen levels in
the test tanks during the 11 experiments ranged
from 8 to 11 mg/L. Reagent grade sulfuric and nitric
acids (2:1 mixture) and aluminum (anhydrous AICl,)
were added to the test water to produce the acid
and aluminum treatments listed in Table 9.
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TasLE 8—Selected water quality data compiled to characterize the acid sensitivity of the Susquehanna River at Conowingo, MD (16 km upstream
from river mouth), and in striped bass spawning areas of the upper Chesapeake Bay. NR = not reported.

Total Dissolved

Specific hardness Dissolved Dissolved organic

Data Time period conductance as CaCO, Alkalinity Ca Al carbon

source and location Statistic pH (uS/cm) (mg/L) (mg/L) (mg/L) (ug/L) (mg/L)
USGS October 1978 Minimum 71 110 33 12 9.3 <10 19
1980 to September Mean 78 212 77 35 20.8 42 32
1991 Median 79 215 67 31 185 40 27
Maximum 84 335 120 59 33.0 150 6.1
James et October 1982 Minimum 72 138 52 22 140 <10 NR
al. 1984 to September Mean 75 242 93 41 248 21 NR
1983 Median 75 207 92 39 25.0 15 NR
Maximum 78 390 140 61 36.0 50 NR
Hall 1987 April, May, Minimum 6.6 NR NR NR NR NR NR
June 1984 Mean 77 NR NR NR NR NR NR
Median 7.7 NR NR NR NR NR NR
Maximum 8.4 NR NR NR NR NR NR
James et October 1986 Minimum 6.8 130 61 25 17.0 <10 1142
al. 1988 to September Mean 76 233 94 45 25.3 31 37
1987 Median 76 237 88 43 240 30 35°
Maximum 8.5 400 130 75 340 100 8.6%
Hall et al. April-May 1989 Minimum 72 95 40 15 NR 15 NR
1991 Mean 74 738 134 30 NR 42 NR
Median 74 210 80 30 NR 30 NR
Maximum 79 4800° 548° 55 NR 367 NR
James et October 1990 Minimum 6.4 136 50 28 14.0 <10 192
al. 1992 to September Mean 7.0 235 92 43 243 31 332
1991 Median 6.9 213 84 44 230 30 292
Maximum 75 395 140 60 35.0 70 7.0%
Hall et al. April-May Minimum 74 120 40 25 NR 16 NR
1992 1990° Mean 76 272 80 35 NR 288 NR
Median 76 175 80 34 NR 268 NR
Maximum 78 1550¢ 2004 45 NR 780 NR

3Total organic carbon (mg/L).

At three stations (Spesutie Island, Grove Point, Howell Point) off mouth of Sassafrass River, MD.

Csalinity = 3.25 ppt.
dsalinity = 1.0 ppt.

Test organisms (eggs or larvae) were trans-
ferred from the hatching jars or rearing aquaria to
the test chambers approximately 2 to 4 h before the
start of each experiment. Eggs and prefeeding lar-
vae were transferred directly into the various acid
and aluminum treatment conditions during the con-
stant exposure pilot experiments conducted in 1985
and 1986 (Table 9). Pulse (or episodic) exposure
experiments conducted in 1987, 1989, and 1990
were designed to simulate the change in acid and
aluminum components of storm-induced acidic
events measured in several coastal plain Maryland
tributaries. About 2 to 4 h after test organisms were
transferred to the test chambers and placed in
reconstituted well water (no acid or aluminum), pH
was decreased from control levels (7.1 to 7.6) to the
desired pH over a 4 to 7 h pre-pulse period, main-
tained there for the desired pulse duration (4, 8, 16,
24, or 48 h), and then gradually returned to control
conditions over an 8 to 12 h post-pulse period. See
Klauda and Palmer (1987) for examples of typical
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pH profiles measured during such pulse exposure
experiments. As pH was reduced in the test tanks,
concentrations of inorganic aluminum were simulta-
neously increased to desired levels, maintained
there for the same pulse durations as the acid, and
then returned to control conditions within the 8 to 12
h post-pulse period. Control organisms for the
pulse exposure experiments were handled exactly
as test organisms, except they encountered only
constant exposure to reconstituted well water (pH
7.1 to0 7.6).

Mortality was the test response measured
immediately after termination of each constant
exposure experiment, or 12 to 14 h after the acid
and aluminum pulses were over and water chem-
istry in the treatment tanks had returned to pre-
pulse conditions in each pulse exposure experi-
ment. All test organisms (dead and alive) were
counted and recorded. Criteria for death of eggs
and larvae were given in Klauda and Palmer (1987)
and Klauda et al. (1987).
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Lethal and Critical Conditions

One study objective was to use the observed
mortality data derived from the laboratory experi-
ments to define lethal and critical conditions for the
exposure of American shad eggs and larvae to acid
and aluminum pulses. For this paper, “lethal condi-
tions” were defined as those levels of acidity only or
acidity plus aluminum associated with 91 to 100%
direct mortality of test organisms measured at the
end of each laboratory experiment. Lethal condi-
tions were therefore defined by those acid and alu-
minum treatments that killed most or all test organ-
isms during the 11 experiments. “Critical condi-
tions” were defined as levels of acidity only or acidi-
ty plus aluminum associated with at least 50% and
as much as 90% direct mortality of test organisms
measured at the end of each laboratory experiment.
The concept of critical conditions is captured by
several toxic effects criteria that have been applied
to many contaminants. These criteria include the
traditional acute effects benchmarks of time to 50%

lethality at a given toxicant concentration (LT50); the
toxicant concentration that is lethal to 50% of the
test organisms in some specified time period such
as 24, 48, or 96 h (LC50); and the lowest toxicant
concentration that significantly increases mortality
of the test organisms compared to observed mortal-
ity in the control groups.

The definition of critical conditions used in this
paper focused on direct mortality during each
experiment as the test response. Delayed mortality
effects caused by exposure to acid and aluminum,
and sublethal effects such as reduced growth rates,
impaired feeding ability, or diminished predator
avoidance capability that could indirectly affect test
organism survival were not captured in this defini-
tion of critical conditions. Influence of avoidance
behavior or the presence of refugia on fish survival
were also not included in this definition of critical condi-
tions.

Selection of a 50% direct mortality as the lower
threshold for my definition of critical conditions

TaBLE 9.— Overview of 11 laboratory experiments conducted by Klauda and colleagues to measure the sensitivity of American shad eggs and larvae
to acid and aluminum in the laboratory. The endpoint for each experiment was direct mortality. NT = not tested, acid exposures only.

Test
Life stage Type of duration Range of pH Range of aluminum
Year (egg source) Age at testing exposure (h) exposures exposures (ug/L) Reference
1985 Fertilized egg 24-h post Constant 96 §50-78 0 - 400 Klauda and Paimer
(James River, VA) fertilization (nominal) 1987
1986 Pre-feeding yolk-sac 1-d posthatch Constant 55 54-77 11 - 460 (measured Klauda and Palmer
larva (Columbia River, as total dissolved) 1987
WA)
1987 Prefeeding yolk-sac 2-d posthatch Episodic 22 single pulses single pulses to 45 -  Klauda et al. 1988
larva (4,8,16h t05.2,6.2 79
(Columbia River, WA) pulses) (measured as total
dissolved)
1987 Feeding post yolk-sac 9-16 d posthatch Episodic 22 single pulses single pulses to 45 -  Klauda et al. 1988
larva (4,8,16h to5.2,6.2 79 (measured as
(Columbia River, WA) pulses) total dissolved)
1989 Prefeeding yolk-sac 96-h post Episodic 65 single pulses NT Klauda et al. 1992
larva fertilization (48 h pulse) to4.1-6.0
(Columbia River, WA)
1989 Prefeeding yolk-sac 1-3 d posthatch Episodic (24, 40,65 single pulses single pulses to 26 -  Klauda et al. 1992
larva 48h pulses) to4.1-6.0 71 (measured as
(Columbia River, inorganic
WA) monomeric)
1989 Feeding post yolk-sac 6-7 d posthatch Episodic (24 40 single pulses single pulses to 26- Klauda et al. 1992
larva h pulse) to4.8-6.0 71 (measured as
(Columbia River, WA) inorganic
monomeric)
1990 Prefeeding yolk-sac 1-d posthatch Episodic (24 h 40 single pulses single pulses to 22- Unpublished
larva pulse) to4.0-6.0 530 (measured as
(Delaware River, PA) inorganic
monomeric)
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relates to the traditional LC50 measure of acute tox-
icity effects (and its variants such as LD50) that are
widely reported in the aquatic toxicity literature.
Use of an acute toxicity criterion for critical condi-
tions, 50 to 90% direct mortality, avoids the uncer-
tainty associated with quantification and translation
of sublethal toxic effects to the probability of survival
for exposed individuals, cohorts, or age groups. A
50% direct mortality criterion also represents a sub-
stantial increase in mortality above the 0 to 30%
range that is typically observed in control groups of
the delicate early life stages for anadromous
Chesapeake Bay fish species during carefully
designed and managed laboratory experiments
(Klauda 1989). In summary, selection of a 50 to
90% direct mortality criterion to define critical acid
and aluminum conditions for constant and pulse
exposure experiments with American shad eggs
and larvae in the laboratory is anchored to the
premise that an increase in direct mortality of 20 to
90%, compared to control groups, should be viewed
as an adverse toxic effect and a potentially signifi-
cant increment of mortality on an American shad
cohort.

Chemical Analyses

In each treatment tank, pH was measured with
an Orion pH meter (model 231) and a Ross combi-
nation glass electrode (model 91-56) every 15 to 30
min during the pH decrease and nadir (pulse) peri-
ods, 2 or 3 times during the pH increase period,
and once at the end of the experiment just before
all test organisms were removed and counted.
During most experiments, an unfiltered water sam-
ple was collected for aluminum analysis in a 60 ml
syringe from each treatment tank at the start,
before the acid was added, at the beginning of each
acid pulse period, at the end of the pH nadir, and at
the end of each experiment. Syringe samples were
stored and transported in the dark at 4°C prior to
analysis for total and organic monomeric aluminum
within 24 h after collection using the pyrocatechol
violet flow injection method (Henshaw et al. 1987;
Knapp et al. 1988b). Concentrations of inorganic
monomeric aluminum were obtained by subtraction
(total monomeric minus organic monomeric).
During some experiments (Table 9), only total dis-
solved aluminum was measured. These measure-
ments were made from filtered water samples (0.45
m filter) by atomic absorption spectrophotometry
(Perkin EImer model 2380 equipped with a graphite
furnace).

Total hardness (EDTA titration), specific con-
ductance (YSI model 33 S-C-T meter), temperature
(mercury thermometer), dissolved oxygen (Orion

KLAUDA
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TaBLe 10~ Concentrations of analytes in the test water
(demineralized and reconstituted well water) used for the episodic
laboratory experiments with American shad eggs and larvae
conducted between 1985 and 1990. Concentrations are in mg/L
unless stated otherwise.

Measured concentration

Analyte (mean + 1 SD)
pH (units) 74 + 02
Specific conductance (uS/cm) 775 + 34
Hardness (as CaCO,) 25.7 + 41
Acid neutralizing capacity 5488 + 287
(neq/L)

Dissolved organic carbon 09 + 0.05
Dissolved inorganic carbon 54 + 0.12
Calcium 74 + 01
Magnesium 11 + 0.2
Sodium 11+ 02
Potassium 04 + 0.05
Strontium 0.06
Chloride 0.7 + 0.3
Sulfate 74 + 08
Nitrate 0.8 + 0.05
Iron 0.1 + 0.05
Manganese 08 + 04
Copper <0.001
Cadmium <0.001
Chromium 0.002
Zinc <0.01
Arsenic <0.001
Selenium <0.001
Total monomeric aluminum 9.7 + 09
(uglt)

Organic monomeric aluminum 4.7 + 1.7
(ngll)

Inorganic monomeric aluminum 50 + 038
(uglt)

electrode), dissolved organic carbon (infrared spec-
trophotometry, EPA method 415.2), dissolved inor-
ganic carbon (infrared spectrophotometry, EPA
method 415.2), acid neutralizing capacity (modified
Gran titration), major cations, major anions, and
several trace metals were measured using methods
described in APHA (1985), Hillman et al. (1986) and
Knapp et al. (1988b).
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Statistical Analyses

A General Linear Models procedure, the
Student Newman Keuls test, and the Least Squares
Mean test provided by SAS (SAS Institute 1985)
were used to analyze the results of the laboratory
experiments. The response variable, mortality, was
a logit transformation of the proportion of test organ-
isms that died during each experiment (Cox 1977;
Ashton 1982). A Duncan’s Multiple Range Test was
used to test for significant differences in mortality
among acid and aluminum treatments.

Results

Eggs. Results of the 96-h constant exposure
pilot experiment conducted in 1985 (Table 11)
showed that American shad eggs exposed to a
range of acid and aluminum conditions beginning at
24-h post-fertilization tolerated pH 5.7 treatments
(with no aluminum) and pH 6.5 treatments with 50,
200 and 400 g/L of aluminum (nominal concentra-
tions). Eggs were more sensitive to five treatments
that resulted in 50 to 90% direct mortality. These
five treatments were therefore defined as critical
conditions: pH 6.5 with no aluminum; pH 6.5 plus
100 g/L aluminum; pH 5.7 plus 50 g/L aluminum; pH
5.7 plus 200 g/L; and pH 5.0 with no aluminum.
Five other treatments were even more stressful,
resulting in 91 to 100% egg mortality and were
therefore defined as lethal conditions: pH 5.7 plus
100 g/L aluminum; pH 5.7 plus 400 g/L aluminum;
pH 5.0 plus 50 g/L aluminum; pH 5.0 plus 100 g/L
aluminum; pH 5.0 plus 200 g/L aluminum; and pH
5.0 plus 400 g/L aluminum.

The 65-h pulse exposure laboratory experiment
conducted during spring 1989 showed that 96-h
post-fertilization eggs could survive a single acid-
only pulse to pH 6.0 or 5.0 for 48 h with relatively
low mortality (Table 12). This experiment did not
reveal any critical conditions, but it did demonstrate
that lethal conditions for fertilized shad eggs (94%
mortality) occurred when they were exposed to a 48
h duration acid pulse at pH 4.1.

Prefeeding Larvae. The single constant expo-
sure pilot experiment conducted during 1986 with
prefeeding American shad larvae indicated that this
life stage was very sensitive to all but one treatment
(Table 13). Only prefeeding larvae exposed to the
treatment of pH 6.6 with 11 g/L aluminum (total dis-
solved) and the control group exhibited good sur-
vival after 55 h of continuous exposure. All but four
acid and aluminum treatments resulted in 100%
direct mortality (lethal conditions) after 55 h of expo-
sure. Six of 15 treatments resulted in greater than
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50% direct mortality after 24 h of continuous expo-
sure. The least severe treatment that resulted in at
least 50% but less than 91% direct mortality (a criti-
cal condition treatment) was a 24 h exposure to pH
6.1 with 92 g/L of total dissolved aluminum. The
least severe treatment that resulted in a lethal con-
dition effect (91 to 100% mortality) was a 24 h expo-
sure to pH 5.5 with 214 g/L of total dissolved alu-
minum.

Prefeeding larvae appeared to be very sensitive
to dissolved aluminum during this constant expo-
sure experiment. Mortality was low (14%) in the
test group exposed to pH 6.6 only (with no alu-
minum) for 55 h. However, mortality increased to
32% after 24 h of exposure and 98% after 55 h
when 57 g/L of total dissolved aluminum (about 30
g/L of total monomeric aluminum; Klauda and
Palmer 1987) were added to the pH 6.6 treatment.

During 1987, 1989, and 1990, four pulse expo-
sure experiments were conducted with prefeeding
larvae. The larvae were able to tolerate a single
acidic pulse from pH 7.6 to 6.2 for up to 16 h, either
without aluminum or accompanied by a simultane-
ous pulse of total dissolved aluminum that ranged
from 54 to 79 g/L (Table 14). Larval mortalities
associated with these treatments ranged from 19 to
38%. By comparison, prefeeding larvae experi-
enced 51% mortality after a 16 h exposure to a sin-
gle acid pulse from pH 7.6 to 5.2 with no aluminum
(a critical condition). A simultaneous aluminum
pulse of 63 g/L (as total dissolved) for 16 h
increased larval mortality to 83% (another critical
condition). None of the treatments tested during
this 1987 pulse exposure experiment resulted in
lethal conditions for prefeeding larvae.

Three pulse exposure experiments with
prefeeding larvae were conducted in 1989.
However, because control group mortality was
unexplainably high in two experiments, 67 and 71%
(Table 15), the results are inconclusive and should
be viewed with caution. The single experiment with
prefeeding larvae that had acceptable control group
mortality (mean of 19%) suggested that one critical
condition was a single 24 h acid-only pulse of pH
4.8 (64% mortality). The 1989 experiments also
suggested that prefeeding larvae were very sensi-
tive to relatively low concentration pulses of inorgan-
ic monomeric aluminum (24 to 71 g/L) for 24 and
48 h durations; however, these apparently lethal
conditions were obscured by the unexplained high
control group mortality (Table 15).

High control group mortality (52%) was also a
problem during a single pulse experiment conduct-
ed in 1990 with prefeeding larvae (Table 16).
Compared to the control group that was exposed to



pH 7.5 water with no added aluminum, larval mor-
tality was relatively low (33-48%) during exposure to
a 24 h acid pulse to pH 6.0 accompanied by an inor-
ganic monomeric aluminum pulse to 22 or 25 g/L.
However, prefeeding larvae were unable to tolerate
24 h exposures to single acid pulses to pH 5.0 or
4.0 that were accompanied by inorganic monomeric
aluminum pulses that ranged from 58 to 136 g/L at
pH 5.0 and from 102 to 530 g/L at pH 4.0, but nei-
ther critical nor lethal acidity conditions were conclu-
sively revealed for prefeeding larvae because of the
high control group mortality. The results suggest,
however, that the critical pH for a single 24 h acidic
pulse is between 5.0 and 6.0. Lethal conditions for
prefeeding shad larvae during a 24-h acid only
pulse appeared to be slightly above pH 5.0.

Feeding Larvae. American shad larvae that had
absorbed their yolks and were feeding exogenously
on brine shrimp nauplii for several days prior to test-
ing appeared to be more sensitive to acid and alu-
minum pulses than the prefeeding larvae. These
observations came from pulse exposure experi-
ments conducted during 1987 (Table 17 compared
to Table 14) and 1989 (Table 18 compared to Table
15). The 1987 experiment (Table 17) indicated that
one lethal acidity condition for feeding larvae was a
single acid pulse to pH 5.2 for 16 h plus a single
aluminum pulse of 63 g/L (total dissolved), the most
severe treatment tested. Several treatments pro-
duced critical acidity conditions. The least severe
treatment that caused at least 50% but less than
91% direct mortality was a single acid-only pulse to
pH 6.2 of 4 h duration (68% mortality).

Results of the 1989 experiments (Table 18)
were obfuscated by unexplained high control group
mortalities (82% and 85%). Larval mortality was
also high (40% to 100%) in all 24 h pulse duration
treatments. Because of high control group mortali-
ties, critical and lethal acidity conditions for feeding-
stage shad larvae were not clearly determined by
the 1989 experiments.

Comparisons of American Shad and Fathead
Minnow Larvae. Feeding-stage fathead minnow lar-
vae were tested simultaneously with prefeeding
American shad larvae during 24 h duration, single
pulse exposure experiments in 1989 and 1990 and
with feeding-stage shad larvae in 1989. The objec-
tive of these comparison tests was to provide a
species sensitivity reference for shad larvae.
Fathead minnows have been extensively tested to
evaluate their responses to an array of contami-
nants, including acid and aluminum, and are report-
ed to be a relatively sensitive fish species.

The results of the 24 h duration pulse exposure
experiment with prefeeding shad larvae and feeding
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fathead minnow larvae (Table 15) that exhibited
acceptable control group mortalities (18% for shad
and, 19% for fathead minnows) suggested that fat-
head minnow larvae were much more sensitive
than shad larvae to a single acid-only pulse to pH
5.9, but only slightly more sensitive to a single acid-
only pulse to pH 4.8. However, when all treatments
were considered, this experiment indicated similar
critical and lethal acidity conditions for prefeeding
shad larvae and feeding fathead minnow larvae.
The results of the other 1989 experiment (Table
15) and the 1990 experiments (Table 16) are incon-
clusive because of high control group mortality for
prefeeding shad larvae (52% to 71%). These pre-
liminary results at least suggest that prefeeding
shad larvae were more sensitive than feeding-stage
fathead minnow larvae to all except the most
severe 24 h duration acid and aluminum treat-
ments. One critical acidity condition for fathead
minnow larvae revealed by the 1989 experiments
was an acid-only 24h pulse to pH 4.8 that resulted
in 85% mortality (Table 15). The 1990 experiment
(Table 16) suggested that another critical condition
for fathead minnow larvae was a single 24h pulse

TaBLE 11.— Sensitivity of 24-h postfertilization American shad
eggs (source: James River, VA) to acid and aluminum during a 96-
h constant exposure laboratory test conducted in 1985 (details
reported in Klauda and Palmer 1987). Treatment results are
presented from highest to lowest observed mortality (two replicates
combined).

Nominal aluminum

Nominal pH (ug/L) Percent mortality
5.0 200 100
5.0 100 100
57 400 100
5.0 400 96
5.0 50 9%
5.7 100 92
57 200 86
5.7 50 84
5.0 0 65
6.5 100 63
6.5 0 60
6.5 200 28
6.5 50 13
6.5 400 4
5.7 0 0
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to pH 5.0 with a single aluminum pulse to 58 g/L (as
inorganic monomeric) that resulted in 54% mortality.
The least severe treatments associated with 91 to
100% direct mortality of fathead minnow larvae
(defined as lethal conditions) were a 24 h acid pulse
to pH 5.0 with a single aluminum pulse to 71 g/L
(97% mortality) and a 24 h acid pulse to pH 5.0 with
an inorganic monomeric aluminum pulse to 75 g/L
(93% mortality; Tables 15 and 16).

The sensitivity of feeding-stage shad larvae to
acid and aluminum was also compared with feed-
ing-stage fathead minnow larvae during the 1989
pulse exposure experiments (Table 18). The unex-
plainably high control group mortality for shad lar-
vae obscured any definitive conclusions about
apparent differences. These preliminary results
suggest that feeding-stage shad larvae were more
sensitive than feeding-stage fathead minnow larvae
to moderately severe acid and aluminum treat-

TaBLE 12— Sensitivity of 96-h postfertilization American shad
eggs (source: Columbia River, WA) to acid only during a 65-h
episodic exposure laboratory test conducted in 1989 (details
reported in Klauda et al. 1992). Treatment results are presented
from highest to lowest mortality (two replicates combined).

pulse r::gnitude Pulse duration (h) Percent mortality
75t04.1 48 94
75t05.0 48 30
75t06.0 48 2
None (7.5) 65 0
Discussion

American shad spawn from early March through
April in the tidal freshwater portions of several
Maryland rivers that flow into the Chesapeake Bay

(Klauda et al. 1991). The semi-demersal to pelagic,
non-adhesive fertilized eggs hatch in 2 d at a water

ments, and about equally sensitive to the most
severe treatments.

TaBLE 13.— Sensitivity of 1-d posthatch, prefeeding American shad yolk-sac larvae (source: Columbia River, WA) to acid and aluminum during a
55-h constant exposure laboratory test conducted in 1986 (details reported in Klauda and Palmer 1987). Treatment results are presented from highest
to lowest mortality after 55 hours (two replicates combined). NM = not measured.

Aluminum (ug/L) Percent mortality
Mean measured pH Nominal Measured? After 24 h After 55 h
57 400 NM 100 100
6.2 400 NM 100 100
6.7 400 460 100 100
55 200 214 92 100
6.1 200 NM 82 100
6.1 100 92 52 100
55 100 NM 46 100
5.4 50 79 33 100
6.0 0 1 29 100
6.9 200 182 31 100
54 0 11 23 100
6.1 50 61 29 98
6.6 50 57 32 98
6.8 100 81 24 92
6.6 0 1 6 14
7.7 0 11 0 6

Total dissolved.

26



temperature of 27°C and 17 d at a water tempera-
ture of 12°C. The yolk-sac larvae are 6 to 10 mm in
total length (TL) at hatching, and can begin to feed
exogenously at 4 to 7 d post-hatch. The feeding-
stage larvae are photopositive, most abundant near
the surface in fresh and brackish waters up to about
7 ppt salinity, move gradually downstream as they
develop, and complete metamorphosis to the juve-
nile stage in 3 to 4 weeks at about 25 to 28 mm TL.

The fertilized eggs, prefeeding (yolk-sac) lar-
vae, and to a lesser degree, the young feeding
(post yolk-sac) larvae are the life stages of
American shad that have the highest probability for
exposure to temporary episodes of pH depressions
and elevated aluminum levels in or near the fresh-
water spawning sites. Exposure of late-stage feed-
ing larvae and early juveniles to the intermittent
conditions is reduced, because these older stages
move downstream, either passively or actively, from
freshwater to slightly brackish areas. These brack-
ish areas should have a higher buffering capacity
and be less likely to experience pH depressions
(Klauda 1989). However, because juvenile
American shad spend their first summer in tidal
freshwater, the late larvae and juveniles are still at
some risk to pH depressions prior to their fall emi-
gration to the sea.

KLAUDA

The laboratory experiments described in this
paper increase the amount of published information
on the sensitivity of American shad early life stages
to acid and aluminum exposures, especially pulse
exposures. Although my results are preliminary
(being based on relatively few experiments) and
have not been field-validated (Eaton et al. 1992),
the data permit at least some tentative answers to
the first two questions that this paper set out to
address: ‘

1) Are American shad eggs and larvae sensi-
tive to acid and aluminum exposures that reflect
periodic environmental conditions observed in
some Maryland spawning rivers? The answer to this
question is yes, although American shad eggs were
less sensitive to acid and aluminum pulses than
were the two larval stages, a pattern also observed
with the eggs and prefeeding larvae of blueback
herring (Klauda and Palmer 1987; Klauda et al.
1987). A summary of the laboratory treatment
results for American shad eggs and larvae separat-
ed into lethal and critical mortality responses is pre-
sented in Table 19.

2) What are the lethal and critical acid and alu-
minum conditions for American shad eggs and lar-
vae? The acid-only treatment that caused at least
91% direct mortality of fertilized eggs was a 48 h

TABLE 14— Sensitivity of 2-d posthatch, prefeeding American shad yolk-sac larvae (source: Columbia River, WA) to acid and aluminum during a
22-h episodic exposure laboratory test conducted in 1987 (details reported in Klauda et al. 1988). Treatments results are presented from highest to

lowest mortality (two replicates combined).

Peak total dissolved aluminum during

pH pulse magnitude pulse (ug/L) Pulse duration (h) Percent mortality
76t05.2 63 16 83
76t052 None 16 51
76t06.2 None 4 37
76106.2 None 16 38
76t052 None 8 36
7.6t06.2 None 8 32
76t05.2 46 8 28
76t06.2 79 16 27
761t05.2 None 4 23
76t06.2 74 4 20
76t06.2 54 8 19
76t05.2 45 4 16
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exposure to pH 4.1. However, fertilized eggs suc-
cumbed to less severe acid pulses lasting 96 h
when the acidity was accompanied by moderate lev-
els of aluminum. Critical conditions (50 to 90%
direct mortality) for eggs ranged widely from pH 5.0
(with 100 g/L of aluminum) to pH 6.5 (with no alu-
minum).

Bradford et al. (1968) reported that fertilized
American shad eggs showed some development at
pH 4.0, 4.5, and 5.0 (acid-only treatments, no alu-
minum), but only 0 to 8% hatched at pH 5.0 and
only 32% hatched at pH 5.2. None of the eggs
hatched that were incubated at pH 3.0, 3.5, 4.0, and
4.5. These laboratory experiments were conducted
at 18°C and lasted about 3 to 4 d. Although 86 to
99% of the exposed eggs hatched in the pH 5.5
treatment, 17 to 81% of the larvae either died soon
after hatching or were severely deformed. The best
hatching success and initial larval survival observed
by Bradford et al. resulted from eggs incubated at
pH 6.0 to 7.5. They calculated an LD50 (lethal acid
dose associated with 50% mortality) for eggs of
about pH 5.5.

My laboratory results with American shad eggs
are consistent with the lethal pH conditions
observed during the constant condition exposures
conducted by Bradford et al. (1968). However, my
results for constant and episodic exposure to acid

and aluminum also suggest that critical pH condi-
tions (no aluminum) for shad eggs ranged widely
from pH 5.0 to pH 6.5. The critical condition thresh-
old was near pH 6.5 if single acid pulses were
accompanied by single aluminum pulses of about
100 g/L.

Acid and aluminum treatments associated with
lethal and critical conditions in prefeeding American
shad larvae also ranged widely. The least severe
lethal mortality treatments were 55 h exposures to
treatments in the mid to high pH 6 range, accompa-
nied by aluminum pulses that ranged from 57 to 460
g/L. Shorter duration acid-only pulses also
appeared to be lethal between pH 4.0 and 5.0. The
critical conditions for direct mortality of prefeeding
shad larvae were pH depressions to 6.0 or 6.1 that
lasted at least 24 h and were accompanied by 26 to
200 g/L aluminum pulses.

Lethal acidic conditions for feeding American
shad larvae were not conclusively defined by my
laboratory experiments, but larvae succumbed to a
single 16 h acid pulse to pH 5.2 accompanied by a
63 g/L aluminum pulse. The least severe critical
condition treatments were relatively short duration
exposures (4 or 8 h) to acid-only pulses to pH 6.2
and acid with aluminum pulses to pH 6.2 (79 g/L of
aluminum) that lasted for 8 h (Table 19). With
regard to critical conditions, feeding stage shad lar-

TaBLE 15.— Sensitivity of 1 to 3-d posthatch, prefeeding American shad yolk-sac larvae (source: Columbia River, WA) and fathead minnow larvae to
acid and aluminum during 40 and 65-h episodic exposure laboratory tests conducted in 1989 (details presented in Klauda et al. 1992). Treatment
results are presented from highest to lowest mortality for American shad (two replicates combined).

Percent mortality

pH pulse Peak inorganic monomeric aluminum

magnitude during pulse (ug/L) Pulse duration (h) American shad Fathead minnow
75t04.1 None 48 100? NT
75t04.9 53 24 100? 99
75t05.0 7 24 1002 97
75106.0 26 24 872 0
751t05.0 None 48 762 0
None (7.5) None 40 71° 1
None (7.5) None 65 67° NT
75t04.8 None 24 64 85
None (7.5) None 40 18 19
75106.0 None 48 172 NT
751059 None 24 9 47

2Inconclusive because of high control group mortality.
bUma)(plained high control group mortality.
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TABLE 16.— Sensitivity of 1-d posthatch, prefeeding American shad yolk-sac larvae (source: Delaware River, PA) and fathead minnow larvae to acid
and aluminum during a 40-h episodic exposure laboratory test conducted in 1990 (unpublished data). Treatment results are presented from highest to
lowest mortality for American shad (two replicates combined).

Percent mortality

pH pulse Peak inorganic monomeric

magnitude aluminum during pulse (ug/L) Pulse duration (h) American shad Fathead minnow
75t04.0 530 24 1002 100
751040 276 24 100* 100
75t040 165 24 1002 100
75t04.0 102 24 1002 100
75t04.0 None 24 100? 100
75t50 136 24 100% 100
75t05.0 75 24 100 g3
75t 5.0 58 24 99?2 54
75t5.0 None 24 742 28
None (7.5) None 24 52b 0
75t06.0 None 24 48 3
751t 6.0 25 24 412 1
75t06.0 22 24 332 3

AInconclusive because of high control group mortality.
bUnexplained high control group mortality.

TaBLE 17— Sensitivity of 9 to 16-d posthatch, feeding American shad post yolk-sac larvae (source: Columbia River, WA) to acid and aluminum
during a 22-h episodic exposure laboratory test conducted in 1987 (details reprinted in Klauda et al. 1988). Treatment results are presented from
highest to lowest mortality (two replicates combined).

pH pulse Peak total dissolved aluminum during

magnitude pulse (ug/L) Pulse duration (h) Percent mortality
76t05.2 63 16 100
76t052 None 16 83
76t06.2 79 16 70
76t06.2 None 4 68
76t06.2 None 8 67
76t06.2 54 8 58
76t052 None 4 56
76t05.2 46 8 54
76t05.2 45 4 48
76t06.2 None 16 35
76t06.2 74 4 34
76t05.2 None 8 23
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TaBLE 18.— Sensitivity of 6 to 7 d posthatch feeding American shad post yolk-sac larvae (source: Columbia River, WA) and fathead minnow larvae
to acid and aluminum during 40-h episodic exposure laboratory tests conducted in 1989 (details presented in Klauda et al. 1992). Treatment results
are presented from highest to lowest mortality for American shad (two replicates combined).

Percent mortality

pH pulse Peak inorganic monomeric
magnitude aluminum during pulse (ug/L) Pulse duration (h) American shad Fathead minnow
75t04.8 None 24 1002 85
75t04.9 53 24 100? 99
75t5.0 7 24 100? 97
None (7.5) None 40 8sb 19
None (7.5) None 40 82p 1
75t059 None 24 712 47
75t06.0 26 24 402 0

3Inconclusive because of high control group mortality.
bUne)(plained high control group mortality.

vae (6 to 16d old) appeared to be more sensitive to
acid and aluminum pulses than prefeeding larvae (1
to 3d old).

Klauda (1989) reviewed the available informa-
tion on several migratory Chesapeake Bay fishes
and concluded that American shad early life stages
were more sensitive to acid and aluminum expo-
sures than yellow perch Perca flavescens, alewife,
and blueback herring, but somewhat less sensitive
than striped bass and white perch. The results
reported in this paper also suggest that American
shad larvae are at least as sensitive to acid and alu-
minum exposures as the larvae of fathead minnow,
and perhaps slightly more sensitive. Several stud-
ies have previously found that fathead minnows are
relatively sensitive to acid and aluminum exposures
(Mount 1973; Zischke et al. 1983; Palmer et al.
1988; McCormick et al. 1989). Klauda et al. (1992)
reported that critical acidity conditions for feeding-
stage fathead minnow larvae appeared to lie
between pH 5 and 6 during single 24 h acid-only
pulses. Concomitant pulses of inorganic monomer-
ic aluminum (52.5 and 71.0 g/L) at pH 5 increased
larval mortality compared to the same acid treat-
ment without aluminum.

Can the results of these laboratory experiments
with American shad eggs and larvae provide any
answers to the remaining two questions that this
paper set out to address?

3) Could acid deposition and habitat acidifica-
tion have contributed to American shad stock
declines in Maryland and
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4) Is habitat acidification slowing the recovery of
some American shad stocks in Maryland?

The answer to question 3 depends on the rela-
tive importance of biotic and abiotic factors on
American shad recruitment. Although Maryland’s
Department of Natural Resources is collecting and
analyzing information needed for the effective man-
agement of anadromous Alosa stocks, including
American shad (Krantz et al. 1992), no studies are
currently examining possible interactions among
water quality factors, climatic or environmental vari-
ability, and American shad reproduction (Speir
1987).

There is no direct evidence that links habitat
acidification to the declining stock size, but this is
only one factor. Studies of American shad in the
Connecticut River showed that stock size had
almost no influence on the number of recruits that
returned to spawn (Crecco 1978; Crecco and Savoy
1987). The determining factors that appeared to
control year class success in this population were
climatic or weather-related and focused on the pre-
juvenile stages. These findings for the Connecticut
River, where American shad landings have
remained relatively stable over the past 20 years
(Richkus and DiNardo 1984), may not be completely
relevant to the shad stocks that spawn in Maryland’s
portion of Chesapeake Bay. Maryland’s American
shad stocks have declined to very low levels, begin-
ning in the mid to late 1950’s, and have not yet
recovered. Fisheries scientists acknowledge that
when spawner population levels for those fish



species that are typically regulated by density-inde-
pendent (abiotic) factors (e.g., American shad) are
relatively low and near the critical abundance
threshold, fecundity and spawning stock biomass
should play a more dominant role in determining the
number of young produced than when the stock is
relatively abundant (Klauda et al. 1991).

The array of biotic and abiotic factors that could
act individually and in combination to influence year
class success in American shad populations is com-
plex (Figure 10). It is therefore difficult to distinguish
the relative importance of any single factor. The
dramatic declines in American shad stocks along
the U.S. East Coast between the late 1800’s and
1940’s are generally attributed to overharvesting,
construction of dams which prevented access of the
adults to many spawning grounds, pollution, and sil-
tation of spawning rivers (Walburg and Nichols
1967). Some combination of these factors were
also responsible for the general decline in
Chesapeake Bay stocks of American shad during
this same time period.

But what factors can be implicated in the more
recent decline in Maryland’s shad stocks that began
in the mid-1950’s and accelerated during the early
1970’s? Could acid deposition be an important
component of pollution that contributed to the
decline? .Speir (1987) stated that “stream acidifica-
tion does offer a testable hypothesis for a single,
widespread factor in the concurrent decline in repro-
duction of several species of anadromous fish”,
including American shad, in Maryland. But he also
emphasized that the final scientific proof for the acid
deposition hypothesis awaits establishment. Speir
(1987) went on to conclude that “there are a variety
of insults to the Chesapeake that have been docu-
mented which in combination or singly have the
potential to have contributed to the decline in repro-
duction of anadromous fish.” Klauda and Bender
(1987) extended this view when they stated that “To
date ...no direct link between acidic deposition,
habitat acidification, and fish mortality has been
established for any Maryland watershed.” Although
no direct identification has been made of a “smoking
gun,” acid deposition is one of several potential fac-
tors that may be contributing, in varying degrees, to
the slow recovery of Maryland’s shad stocks in
some rivers and to the continuous decline in others
(Figure 11). Knowledge about the effects of acidifi-
cation on fish populations and communities is sub-
stantial in some freshwater systems, where a few
clear linkages have been forged (Huckabee et al.
1989). But far less work has been done with migra-
tory fish species like the American shad in estuarine
areas (Hendrey 1987).
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To forge a convincing link between the occur-
rence of intermittent episodes of pH depressions
and aluminum elevations and reduced reproductive
success of American shad is a formidable task that
must be pursued systematically, particularly in the
face of myriad natural and anthropogenic environ-
mental factors that can alter early life stage survival.
Based upon recognized methods of statistical infer-
ence (Mostellar and Tukey 1977; Cochrane 1983),
the following criteria should be fulfilled to establish a
high degree of confidence in any cause and effect
relationship:

a) consistency - a strong pattern of spatial or
temporal consistency should be observed between
a specific effect or response (e.g., change in shad
egg or larval survival, condition, or performance)
and presence of the suspected causal factor (e.g.,
pH depressions in spawning and nursery areas);

b) responsiveness - a reproducible and quanti-
tative relationship should be observed between the
amount or extent of the suspected causal factor
(e.g. frequency, magnitude, duration of toxic pH
depressions) and the amount or extent of a given
effect or response (e.g. increase in shad egg or lar-
val mortality); and

¢) mechanistic - a known biological, chemical,
or physical mechanism, or a series of stepwise
processes (e.g. biochemical, physiological, ecologi-
cal, genetic) should be determined through
research to link a given effect or response (e.g.
increase in shad egg or larval mortality) to the sus-
pected causal factor (e.g., pH depressions in
spawning or nursery areas).

The test results presented in this paper repre-
sent the first step in the pursuit of a systematic
scheme to fulffill these criteria. More research is
needed. At the very least, our laboratory test
results should be field-validated using in situ experi-
ments, an approached advocated by Eaton et al.
(1992).

Even if acidic deposition was not the most
important factor responsible for the general decline
in Maryland’s American shad populations, it may
have been relatively important in some of the state’s
rivers and could be acting in combination with other
factors to slow stock recoveries in these acid-sensi-
tive systems. It is hoped that the 1990 amendments
to the federal Clean Air Act will significantly reduce
the habitat acidification process at its source: nitro-
gen and sulfur emissions. The laboratory results
presented in this paper argue for vigorous and time-
ly implementation of the new Clean Air Act. With
regard to pollution effects on fish populations in
general, Sindermann (1980) argued that “to insist
on demonstrations of easily discernable effects on



SHAD EXPOSED TO ACID AND ALUMINUM

overall species abundance is to establish too harsh
a criterion of pollution damage. A much more
acceptable concept is that effects of pollution, clear-
ly demonstrated on even a single individual or a
local population, must be considered a cause for
management action to protect the total population -
just as is the case with humans.”

Natural mortality rates during the egg and larval
stages of American shad are very high. Leggett
(1977) reported that, on average, only 0.00083% of
the eggs spawned produce sexually mature adults
that return to spawn. Most of this high mortality
occurs between egg deposition and the juvenile
stage. Survival from the prefeeding or yolk-sac
larva stage through the juvenile stage is about 1 to
2%. Year class strength for cohorts of American
shad is apparently established during the first 20 d
after hatching and before the larvae reach the juve-
nile stage (Crecco et al. 1983). Large annual fluctu-
ations in year-class success for many fish species,
including American shad, can be generated by sur-
prisingly small differences in survival or growth rates
during the egg and larval stages (Sissenwine 1984;
Houde 1987). Therefore, even if acidic deposition
was responsible for only a relatively minor amount
of early life stage mortality in American shad stocks
during some years in some Maryland rivers, it could
be contributing to relatively large annual variations
in year-class success and slowing stock recoveries
in acid-sensitive rivers.

Acid deposition and associated temporary pH
depressions accompanied by elevated levels of
toxic aluminum may be relatively important factors
in early life stage survival for American shad spawn-
ing in the Choptank and Nanticoke rivers (Figure
12). These two Eastern Shore Maryland rivers pos-
sess limited buffering capacity to acidic inputs. The
freshwater areas where American shad spawn
experience temporary, storm-related pH depres-
sions to less than 6.0 and elevated monomeric alu-
minum concentrations greater than 50 to 100 g/L
that can persist for several hours to several days
during the spring spawning and early nursery peri-
ods. The laboratory study results presented in this
paper suggest that these acid and aluminum condi-
tions can substantially increase the mortality of
American shad eggs and larvae, especially the
prefeeding and early feeding stages.

The abundance of American shad stocks in the
Choptank and Nanticoke rivers is currently very low;
hence, the stocks are vulnerable to an array of envi-
ronmental stressors, including acid deposition. Not
since the late 1800’s have either the Nanticoke
River or the Choptank River contributed more than
10% of the total annual Maryland commercial land-
ings of American shad. Acid deposition may be a
factor contributing to slow stock recovery in these
two Eastern Shore rivers.

Since the mid-1970’s, commercial landings of
American shad in the Choptank River have dwin-

TasLE 19— Summary of laboratory treatments associated with lethal and critical mortality responses to acid and aluminum (Al)? pulses experienced
by American shad eggs and larvae during the array of experiments described in this paper.

Lethal treatments

Critical treatments

Life stage (age) (91 - 100% direct mortality) (50 - 90% direct mortality)
Fertilized egg pH 5.7 + 100 or 400 pg/L Al for 96 h pH 6.5 for 96 h
(24-96 h) pH 5.0 + 50-400 pg/L Al for 96 h pH 6.5 + 100 pg/L Al for 96 h
pH 4.1 for 48 h pH 5.7 + 50 or 200 pg/L Al for 96 h
pH 5.0 for 96 h
Prefeeding pH 6.6-6.9 + 57-460 ng/L Al for 55 h pH 6.1 + 92-200 pug/L Al for 24 h
larva (1-3 d) pH 6.2 + 400 ug/L Al for 24 h pH 6.0 + 26 ng/L Al for 24 h
pH 6.1 + 61-92 ug/L Al for 55 h pHS.2for16 h
pH 6.0 for 55 h pH 5.2 + 63 ng/L Al for 16 h
pH 5.5 + 214 ug/L Al for 55 h pH 5.0 for 48 h?
pH 4.9-5.0 + 53-136 png/L Al for 24 h® pH 5.0 for 24 h®
pH 4.0 for 24 h? pH 4.8 for 24 h®
pH 4.0 + 102-530 ug/L Al for 24 h°
Feeding larva pHS.2 + 63 pg/L Alfor 16 h pH6.2for4or8h
(6-16 d) pH 4.9-5.0 + 53-71 ug/L Al for 24 h® pH 6.2 + 54 or 79 pg/L Al for 8 h

ph 4.8 for 24 h°

pHS5.2for4or16 h
pH 5.2 + 46 ug/L for8 h

4Refer to Results section for the chemical forms of aluminum reported here.
Inconclusive because of high control group mortality.
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Ficure 10.—Conceptual diagram that illustrates the array of biotic and abiotic factors that could influence year-class success of American

shad.

dled to nearly zero. Klauda et al. (1991) conducted
a qualitative assessment of the current status of the
American shad spawning population in each major
Chesapeake Bay tributary, compared to the late
1960’s and early 1970’s. They concluded that the
Choptank River contains a remnant population that
is at a very low level of abundance. No signs of
American shad stock recovery is evident in the
Choptank.

Klauda et al. (1991) also described the current
status of American shad in the Nanticoke River. He
concluded that it was at a low level of abundance
but appeared to be stable. From a more quantitative
perspective, Krantz et al. (1992) concluded that the
American shad population in the Nanticoke River in
1991 was low. But a stable incidence of repeat
spawners (about 10 to 20% between 1989 and
1991) and an increase in the numbers of virgin
females (from 95 in 1988 to 301 in 1991), coupled
with a relatively stable age composition, are encour-
aging signs that some stock recovery may be start-
ing in this Eastern Shore river.
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Acid deposition is probably not an important
factor in the early life stage survival of American
shad in the Potomac, Patuxent, or Susquehanna
rivers or in the upper Chesapeake Bay (Figure 12).
The buffering capacity is much higher in these
Western Shore rivers that drain portions of the
Piedmont physiographic province than in most rivers
on Maryland’s Eastern Shore. Temporary episodes
of pH depressions below 6.5 have been rare to non-
existent in Western Shore shad spawning areas.
The slightly elevated dissolved aluminum levels that
have been periodically recorded in these systems at
circumneutral pH’s are not likely to be toxic to
American shad early life stages (Baker 1982; Baker
and Schofield 1982).

The currently depressed status of American
shad in the Potomac, Patuxent, and Susquehanna
rivers and the upper Chesapeake Bay, all relatively
well-buffered spawning areas compared to Eastern
Shore Maryland rivers, indicate that factors other
than acid deposition are also important in the
dynamics of Maryland shad stocks. Nevertheless, it
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Ficure 11.—Acid deposition is one of many potential “smoking guns” that may be slowing the recovery of American shad stocks in some
Maryland rivers.

Ficure 12.—Major tributaries to the Maryland portion of the Chesapeake Bay that are used for spawning by American shad. Numbers refer to
water quality sampling stations discussed in the text; 1 = Choptank River near Greensboro, MD; 2 = Nanticoke River near Woodland Ferry,
DE; 3 = Patuxent River near Bowie, MD; 4 = Potomac River at Chain Bridge; 5 = Nanticoke River near Sharptown, MD; 6 = Susquehanna
River near Conowingo, MD.
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can be hypothesized that whenever the abundance
of an acid-sensitive fish species like American shad
is as low as most Maryland stocks are today and
annual climatic conditions are less than favorable for
good reproduction, even infrequent and temporary
episodes of critical or lethal pH and aluminum con-
ditions in the spawning and nursery areas could
contribute to significant reductions in egg or larval
survival and thereby slow stock recovery. The
results of the laboratory studies described in this
paper suggest that those American shad stocks that
spawn in poorly buffered Eastern Shore Maryland
rivers, like the Nanticoke and Choptank, are vulner-
able to storm-induced, toxic pulses of low pH and
elevated aluminum, and may therefore recover at a
much slower rate than Western Shore stocks, even
if all other anthropogenic stressors are removed.
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Characteristics of the Early Life Stages of Cultured Alewife and Blueback
Herring Emphasizing Identification of Larvae!

EDWARD N. SISMOUR

Virginia Institute of Marine Science, Graduate School of Marine Science, The College of William and Mary, Gloucester Point, Virginia 23062

Abstract—Larval alewife Alosa pseudoharengus and blueback herring A. aestivalis are described from specimens hatched
from eggs of known taxonomic identity and reared in outdoor tanks. No differences were observed in egg morphology or in
the meristics and morphologies of larvae. Pigmentation of yolk-sac larvae and prefiexion larvae did not differ between the
species, although melanophores at the base of the caudal finfold dorsal to the tail were more common in blueback herring.
Melanophores along the dorsal midline posterior to the dorsal fin developed earlier and were more numerous in alewife larvae
than in blueback herring larvae following notochord flexion. Diagnostic pigment distributions were observed between postflex-
ion larvae of the two species. In alewife, paired melanophores that increased in number with age were found along the lateral
surface of the notochord at the level of the nape, and contracted xanthophores were scattered on the dorsal surface of the
head. In blueback herring, one or two melanophores occurred on the dorsal surface of the notochord at the level of the nape,
xanthophores covered the dorsal surface of the head over the brain, and xanthochrome occurred at the base of the caudal

fin. Other differences in xanthic pigmentation were also identified.

Accurate identification of eggs and larvae is an
essential element of early life history studies of fish-
es. Powles and Markle (1983) state: “Minor errors in
identification of larval fishes can lead to major mis-
interpretations of ecological and taxonomic phe-
nomena.” For some groups (e.g. Clupeidae), larvae
possess few morphometric characters which can be
used to identify species. Numbers of myomeres or
vertebrae have been suggested to be the primary
taxonomic character for identifying larvae of closely
related species, including clupeid larvae (Berry and
Richards 1973; McGowan and Berry 1983). Total
myomere counts for preflexion clupeid larvae can be
difficult to obtain, however, due to indistinct separa-
tion of myomeres anterior to the cleithrum or poste-
rior to the vent (Russell 1976).

Morphometric and meristic characters of some
clupeid larvae appear to vary regionally which may
limit their usefulness for determining species identi-
ty, especially when characters for larvae from one
region are used to identify larvae from other regions
(Bosley and Conner 1984). For example, the total
number of myomeres and vertebrae of larval blue-
back herring Alosa aestivalis and larval gizzard
shad Dorosoma cepedianum in the Santee-Cooper
River, South Carolina, do not differ but are signifi-
cantly greater than those of larval threadfin shad D.
petenense (Bulak 1985). Santucci and Heidinger
(1986) report greater total myomeres in gizzard
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shad larvae as compared to threadfin shad larvae,
and they show regional variation in total myomeres
for both species. Taber (1969 cited by Lam and Roff
1977), however, finds no difference in total
myomeres and vertebrae for threadfin shad or giz-
zard shad in Lake Texoma, Oklahoma. In other
cases, such as among marine clupeids, species
identification of larvae of sympatric congeners may
not be possible based solely on meristics and mor-
phometrics and may be based upon supplemental
data, such as date and location of capture (Houde
and Fore 1973; Richards et al. 1974;
Funes-Rodriguez and Esquivel-Herrera 1985).
Species identification is simplified with complete for-
mation of adult characters, such as dorsal, caudal,
and anal finrays and gillrakers (Berry and Richards
1973; McGowan and Berry 1983).

Anadromous populations of alewife A. pseudo-
harengus and blueback herring are distributed along
the eastern seaboard of North America. Blueback
herring occur from Florida to New Brunswick and
Nova Scotia, and alewife occur from South Carolina
to Newfoundiand and Labrador (Loesch 1987).
These species support significant commercial and
recreational (primarily dip-net) fisheries and are
prey for numerous aquatic and terrestrial predators
(Loesch 1987). The initiation of spawning by these
species is temperature-dependent beginning earlier
(December-February) in southern populations and
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occurring later (May-June) in northern populations;
alewife spawning precedes blueback herring spawn-
ing by three to four weeks but there is considerable
overlap in their spawning seasons (Loesch 1987).
Tidal and nontidal reaches of coastal rivers along
eastern North America are utilized for spawning and
nursery habitat by alewife and blueback herring, and
eggs and larvae of these species likely intermix dur-
ing their freshwater residency (Dovel 1971; Lippson
and Moran 1974; Marcy 1976; Wang and Kernehan
1979; Boreman 1981). Knowledge of the early life
histories of alewife and blueback herring is limited
by the inability to reliably identify the eggs and lar-
vae of these species when collected in ichthy-
oplankton samples. A method for species identifica-
tion would facilitate the analysis of the ecology and
population dynamics of alewife and blueback her-
ring larvae.

The usefulness of meristic and morphologic
characters for identifying alewife and blueback her-
ring larvae is unresolved. Chambers et al. (1976)
suggested that alewife and blueback herring larvae
may be delimited by the postdorsal-to-preanal
myomere number and by the snout-to-vent length
as a percentage of standard length (SL). In con-
trast, Cianci (1969) finds no significant differences
in meristic or morphometric characters of larvae of
these species. In addition, other studies which com-
pared alewife or blueback herring larvae to gizzard
shad and threadfin shad larvae provide indirect evi-
dence that alewife and blueback herring larvae lack
significant meristic and morphometric variation (see
Discussion). Juvenile and adult characters useful
for identifying these species are present at about 20
mm SL (Dovel et al. 1965; Wang 1970).

Pigmentation patterns are useful for the identifi-
cation of larval fishes and to establish taxonomic
relationships between species groups (Berry and
Richards 1973; Ahlstrom and Moser 1976;
McGowan and Berry 1983). Descriptions of pig-
ment patterns in alewife and blueback herring lar-
vae are, at present, limited to preflexion larvae and
to late-stage postflexion larvae and early juveniles
at transformation. Pigment patterns of alewife and
blueback herring larvae between flexion (about 9-11
mm SL) and transformation (about 15-20 mm SL)
have not been described.

In this study, selected morphometric and meris-
tic variables as well as pigment characters were
examined and evaluated for their usefulness in
delimiting cultured alewife and blueback herring
larvae.
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Methods

Alewife and blueback herring larvae were
hatched from artificially-spawned eggs of known
taxonomic identity and were reared to age 32 days
and to age 37 days (Sismour 1994). Water temper-
atures in aquaria during egg incubation were
approximately 17° to 20°C for alewife and approxi-
mately 19° to 22°C for blueback herring. Daytime
water temperatures experienced by larvae in the
outdoor tanks ranged from about 13°'C to about
23°C for alewife and from about 21°C to about 28'C
for blueback herring. Eggs were sampled during
embryo development, and yolk-sac larvae were
maintained in the aquaria and were sampled at
hatching and at least once before the yolk was com-
pletely absorbed. Larvae were transferred prior to
complete yolk absorption to 1-ms3 tanks in a continu-
ous flow-through system. The system, which was
located outdoors, utilized a pump to deliver water
and entrained zooplankton from the Pamunkey
River, Virginia, to two tanks in which larvae were
reared (Sismour 1994).

Larvae were collected with a plankton net from
the tanks at irregular intervals ranging from 3 to 5
days throughout their development. Captured lar-
vae were concentrated in the cod-end jar of the net
and gently poured into a small (125 mL) glass jar to
facilitate observation. They were then transferred
using a plastic pipet into a petri dish containing a
solution of tricaine methanosulfate (MS-222). The
amount of MS-222 needed to anaesthetize larvae
was initially determined by placing a few larvae in
the petri dish and adding small amounts of MS-222
with a laboratory microspatula until larvae stopped
moving. With experience, the amount of MS-222
necessary to anaesthetize larvae was estimated
without trial. No attempt was made to measure the
amount of MS-222 used in the anaesthetic solution
since the MS-222 concentration was diluted as lar-
vae were transferred to the petri dish. Small
amounts of MS-222 were added to the petri dish
when larvae began to revive.

Standard length (SL) and snout-to-vent length
(SVL,; following the definitions of Lippson and Moran
1974) were measured for the anaesthetized larvae
using a Wild M3Z dissection microscope with a 120-
unit graduated ocular micrometer. Larvae were
measured to the nearest 0.5 micrometer unit at one
of three magnifications: 6.5x, 10x, or 16x.
Measurements were later converted into millimeters
using calibration factors determined for each magni-



fication. Anesthetized larvae used in this study
were fixed in either 5% phosphate buffered formalin
(PBF) (Markle 1984) or preserved in 95% ethanol
(EtOH). Formalin-fixed specimens were transferred
through an increasing series of 20%, 45%, and 70%
EtOH for long-term preservation (Lavenberg et al.
1983). Specimens preserved in 95% EtOH were
transferred twice to fresh 95% EtOH at 24 hr inter-
vals. Specimens were preserved in 95% EtOH in
order to prevent the dissolution of otoliths.

Snout-to-vent length to standard length ratios
(SVL/SL) were calculated using measurements
made on anesthetized larvae to eliminate potential
error caused by fixative-induced shrinkage. The
number of myomeres between the dorsal fin inser-
tion and anal fin origin (postdorsal-preanal myomere
count) were enumerated using fixed and preserved
specimens. Prior to formation of dorsal fin pterygio-
phores, the dorsal fin insertion was defined as the
myomere where the posterior margin of the dorsal
fin anlage joined the body. The anal fin origin was
defined as the first myomere posterior to the vent.

Melanophore and xanthophore distributions and
morphologies were examined to identify pigment
characters of potential value for taxonomic classifi-
cation of larvae. Melanophores and xanthophores
were classified as contracted if they appeared as
round spots, stellate if they appeared with short pro-
trusions, or reticulate if they appeared with dendritic
protrusions (Giese 1982). For yolk-sac and preflex-
ion larvae, the term ‘supracaudal’ referred to the
region of dorsal finfold adjacent to the tail. The odds
ratio and the associated 95% confidence interval
were calculated to quantify the likelihood that an
alewife larva would demonstrate supracaudal pig-
ment (Agresti 1990).

lllustrations of formalin-fixed larvae were pre-
pared with the aid of a camera lucida. lllustrations
of alewife and blueback herring postflexion larvae
emphasize ontogenetic changes in pigmentation.
Morphological and osteological characteristics, such
as position and number of myomeres and the num-
ber and position of fin rays were illustrated as
observed on specimens that were not cleared and
stained.

Xanthochrome was unstable in fixed and pre-
served larvae. It gradually faded over several
weeks in specimens fixed in 5% PBF and was
rapidly extracted from specimens preserved in 95%
EtOH. A method (e.g. photography) to permanently
record the distribution of xanthochrome in anes-
thetized larvae was not available for this study.

SISMOUR
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Wild herring larvae may have been entrained in
water pumped from the river and it appears likely
that some wild larvae may have been introduced
into the outdoor tanks despite efforts to prevent this.
The continuous-flow system incorporated 300-m
mesh nylon bag filters in order to remove wild fish
eggs and larvae from the entrained water (Sismour
1994). Leslie and Timmins (1989) estimated that an
experimental extrusion rate of 6% is theoretically
possible for gizzard shad larvae retained in 250-m
mesh nylon netting. Alewife, blueback herring, and
gizzard shad larvae are of similar shape and size;
consequently, it is probable that wild alewife, blue-
back herring, or gizzard shad larvae entrained in
water by the system intake may have passed
through the bag filters. The SVL/SL ratio differs
between alewife and gizzard shad larvae, with
alewife larvae characterized by a ratio less than
0.85 (Lam and Roff 1977). On the assumption that
this difference delimits Alosa spp. and Dorosoma
spp., only alewife and blueback herring specimens
with SVL/SL ratios less than 0.85 were used to
describe pigment patterns in order to minimize the
possibility of confounding pigment patterns of
alewife and blueback herring larvae with pigment
patterns of gizzard shad larvae. Larvae were not
included for the description of pigment patterns if
they were considerably smaller and developmentally
less advanced than other larvae collected from the
outdoor tanks for any sampling date in order to mini-
mize the inclusion of wild specimens of any species
in the description of pigment patterns.

Results

Eggs and Yolk-sac Larvae

Unfertilized and fertilized eggs of alewife and
blueback herring were golden yellow. Fertilized
eggs of both species readily adhered to one another
and initially to nylon sieves used to rinse eggs dur-
ing artificial spawning. Alewife eggs remained
adhered together but detached from the sieves after
several hours. In contrast, blueback herring eggs
were highly adhesive and remained adhered to the
sieve throughout embryonic development.

Alewife and blueback herring yolk-sac larvae
were transparent at hatching with average standard
lengths of 3.8 mm and 3.9 mm. Pectoral fin buds
and the saccular and lagenar otoliths were present
in both species. The yolk of both species was seg-
mented. Oil droplets embedded within the yolk
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were not observed but occurred between the yolk
and the periblast. Yolk-sac larvae of both species
possessed unidentified structures associated with
the periblast which may be sites for oil storage
(Figure 1), but the chemical composition of these
structures was not determined. These structures
were easier to observe in specimens preserved in
95% EtOH, which caused the yolk to dehydrate and
contract away from the periblast, as compared to
anesthetized or formalin-preserved specimens.
Pigment formed in both species between hatch-
ing and about 24 hr after hatching, and consisted of
dermal melanophores associated with myosepta
along the lateral body surface, below the pectoral-
fin buds, on the nape, and occasionally on the head.
The eyes of yolk-sac larvae of both species were
unpigmented at hatching, except for golden to
bronze pigment along the dorsal margin, and were
completely pigmented by the second day after
hatching. Melanophores were distributed along the
ventral surface of the yolk sac and along the gut.
No consistent differences in the distribution or num-
bers of melanophores on the ventral surface of the
yolk sac were apparent between the two species.
Melanophores in the supracaudal region were
observed in yolk-sac larvae of both species.

Meristics and Morphology of larvae

Dorsal fin anlagen were observed in alewife lar-
vae ranging in size from 5 to 10 mm SL, and in
blueback herring larvae of 7 mm SL (only 2 speci-
mens). Within size-classes of larvae, dorsal fin
pterygiophore counts were higher in blueback her-
ring larvae than in alewife larvae up to about 12 mm
SL (Table 1). Pterygiophore counts in both species
were similar (alewife: 15-17; blueback herring: 16-
18) in larvae ranging from 14 to 19 mm SL. Anal fin
anlagen were observed in alewife larvae ranging
from 9 to 13 mm SL (Table 2). In comparison, anal
fins of blueback herring larvae had developed sev-
eral pterygiophores by 10 mm SL (Table 2). Anal fin
pterygiophores were not observed in alewife larvae
until 11 to 12 mm SL. In larvae from 13 to 19 mm
SL, anal fin pterygiophores ranged in number from
14 to 19 for blueback herring and from 10 to 20 for
alewife (Table 2).

Sixty-four alewife larvae from 6 to 18 mm SL
and 68 blueback herring larvae from 6 to 14 mm SL
were examined to determine the diagnostic value of
the postdorsal-preanal myomere count for identify-
ing larvae. The postdorsal-preanal myomere count
ranged from 5-11 for alewife and from 6-10 for blue-
back herring, and decreased in number as standard
length increased (Table 3). Both species were char-

Ficure 1.—lllustration of a 2-day old alewife yolk-sac larva
emphasizing unidentified structures (U) associated with the peri-
blast (P). Structures identified include: eye (E), heart (H), otoliths
(0), yolk (Y), pectoral fin bud (F), myomeres (M), and the epiblast
(Ep). The illustration was copied from a photomicrograph of a
yolk-sac larvae that was fixed and preserved in 95% EtOH. The
alcohol caused the yolk to dehydrate and withdraw from the
membrane which facilitated observation of the unidentified struc-
tures. These structures also were observed in blueback herring
yolk-sac larvae.

acterized by a mode of 9 postdorsal-preanal
myomeres.

Alewife larvae (n=169) from 6 to 18 mm SL had
SVL/SL ratios ranging from 0.77 to 0.89 while blue-
back herring larvae (n=205) from 6 to 17 mm SL
had SVL/SL ratios ranging from 0.77 to 0.88 (Table
4). The modal values of the SVL/SL ratio for alewife
and blueback herring larvae were 0.83 and 0.84.

Pigmentation in preflexion larvae

Ventral margin and gut. A single row of
melanophores appeared either as a solid or frag-
mented line of pigment anterior to the cleithrum.
Two rows of melanophores appeared either as solid
or fragmented lines of pigment posterior to the clei-
thrum. These rows diverged from a common origin
at the cleithrum to a position between the gut and
the myomeres, and ended between the 14th to 17th
myomeres. Among alewife preflexion larvae, the
junction of the two rows of pigment at the cleithrum
had an angular appearance and the rows of pig-
ment were relatively straight as they diverged from
the cleithrum (Figure 2). Among blueback herring
preflexion larvae, the rows of pigment diverged in a
shallow arc and their junction at the cleithrum
appeared rounded (Figure 2). These differences
were consistent among some preflexion larvae with
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TasLe 1.— Dorsal fin pterygiophore counts for alewife and blueback herring larvae. Table values indicate the number of larvae observed in which
the dorsal fin anlagen (A) has developed or the number of larvae with the specified number of pterygiophores. SL = standard length (mm).

Dorsal Fin Pterygiophore Number

SL Species A 4 5 6

9 10 1" 12 13 14 15 16 17 18

5 Blueback
Alewife 1 1
6 Blueback
Alewife
7 Blueback 2
Alewife 2
8 Blueback 1
Alewife 1
9 Blueback
Alewife 1
Blueback
Alewife 2
Blueback
Alewife
Blueback
Alewife
Blueback
Alewife
Blueback
Alewife
Blueback
Alewife
Blueback
Alewife
Blueback
Alewife
Blueback
Alewife
Blueback
Alewife
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complete patterns, but the pattern was incomplete
in most preflexion larvae examined. Two rows of
melanophores along the ventral surface of the gut,
appearing as either solid or fragmented lines of pig-
ment, began between the 12th and 15th myomere
and ended at the vent. Scattered melanophores
occurred posteriorly to the vent along the ventral
surface in preflexion larvae of both species. This
pigmentation was maintained in postflexion larvae,
but became less prominent in larger specimens.
Caudal region. Supracaudal melanophores
were more frequent in alewife preflexion larvae
(89%) than in blueback herring preflexion larvae
(8%). The odds ratio calculated for the observed
frequencies was 89.9 (95% C.l.= 40.4 to 164.0) indi-
cating that, on average among the cultured speci-
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mens, an alewife preflexion larva was about 90
times more likely to have supracaudal pigment than
a blueback herring preflexion larva. When present,
these melanophores were observable until noto-
chord flexion. After flexion, pigmentation in this
region increased causing the supracaudal
melanophores to become indistinct.

Pigmentation in postflexion larvae

Few melanophores were observed on preflex-
ion larvae of either species except for
melanophores associated with the gut, the posterior
ventral margin, and the supracaudal region. With
the onset of flexion, melanophores increased in
number on the head and epaxial surface of the
body, along the dorsal margin, and on the dorsal
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TABLE 2— Anal fin pterygiophore counts for alewife and blueback herring larvae. Table values indicate the number of larvae observed in which the
anal fin anlagen (A) has developed or the number of larvae with the specified number of pterygiophores. SL = standard length (mm).

Anal Fin Pterygiophore Number

SL Species A 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
9 Blueback
Alewife 1
10 Blueback 1 1 2 2 1
Alewife 1
1 Blueback 1 1
Alewife 1 1
12 Blueback 4 1 4 1 2
Alewife 1 1
13 Blueback 3 4 2 7 2
Alewife 1 3 1 1
14 Blueback 1 3 3
Alewife 2 1 1
15 Blueback 2 4 1
Alewife 1
16 Blueback
Alewife 1 2 1
17 Blueback 2
Alewife 3 1
18 Blueback
Alewife 1 1
18 Blueback
Alewife 1

TasLE 3.— Postdorsal-preanal myomere counts of alewife and blueback herring larvae. Table values indicate the number of larvae observed with
the specified myomere count. SL = standard length (mm).

Postdorsal-Preanal Myomere Count

SL Species 5 6 7 8 9 10 1

6 Alewife 1
Blueback 1 1 1

7 Alewife 2

Blueback 1 7 2

8 Alewife 1 1
Blueback 1 1

9 Alewife 1 1 2
Blueback 3 1

10 Alewife 2 4
Blueback 1 4 2

11 Alewife 1 S 1
Blueback 1 5

12 Alewife 1 1 4 1
Blueback 4 5 5

13 Alewife 2 1 10 1
Blueback 6 7 3

14 Alewife 1
Blueback 1 4 1

15 Alewife 3 2
Blueback

16 Alewife 1 2 3
Blueback

17 Alewife 1 3 1
Blueback

18 Alewife 2 1
Blueback
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TasLE 4— Snout-to-vent length/standard length (SVL/SL) ratios for alewife and blueback herring larvae. Table values indicate the number of larvae

with the specified SVL/SL ratio. SL = standard length (mm).

Snout-to-Vent Length / Standard Length Ratio (X100)

SL Species 78 79
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and lateral surfaces of the gut in both species.
Yellow pigment was observed in anesthetized post-
flexion larvae; it gradually deteriorated in specimens
fixed in 5% PBF after several weeks, and it was
rapidly extracted from specimens preserved in 95%
EtOH. The gradual fading of yellow pigment in for-
malin-fixed specimens and its rapid extraction in
ethanol suggests that it was lipochrome and is
generically known as xanthochrome. The occur-
rence of xanthochrome in alewife larvae was noted
initially, but its distribution was not examined in
detail until different xanthochrome distributions were
observed in blueback herring larvae. Xanthochrome
distributions of alewife larvae previously fixed in 5%
PBF were then reexamined. Although xan-
thochrome pigment in formalin-fixed alewife larvae
gradually decreased with time, observed distribu-
tions of xanthochrome were consistent between
anesthetized and formalin-fixed alewife larvae.
Observed xanthochrome distributions were consis-
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tent within species. Xanthochrome distributions
observed in alewife and blueback herring larvae are
summarized in Table 5.

Head pigmentation. Pigmentation in the head
region of both species began with the development
of subdermal reticulate melanophores associated

Figure 2.—Generalized ventral pigment patterns observed for
alewife (left) and blueback herring (right) preflexion larvae. Most lar-
vae examined lacked sufficient pigment to complete either pattern.
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with the otic bullae and the ventral surface of the
brain (Figures 3a and 4a). With increased size, der-
mal melanophores developed on the dorsal surface
of the mandible and maxilla, on the head, and on
the epaxial surface of the body in both species.
Melanophores on the head of alewife postflexion lar-
vae initially were typically contracted or stellate
(Figure 5), but those on the head of blueback her-
ring postflexion larvae typically were stellate or retic-
ulate (Figure 6). With increased length, reticulate
dermal melanophores developed on the head of lar-
vae of both species.

Xanthophores were observed on the head of
larvae in both species beginning at about 11 to 12
mm SL. Among blueback herring larvae, xan-
thophores on the head were relatively large and
reticulate, and eventually covered the dorsal surface
of the head above the brain. Beginning at about 13
mm SL, xanthic pigment was observed along the
ascending process. In contrast, scattered, contract-
ed xanthophores developed on the dorsal surface of
the head of alewife larvae, and xanthochrome was
not observed along the ascending process.

Dorsal mid-line and epaxial surface. Qualitative
differences in the distribution and density of
melanophores between the two species were most
prevalent along the dorsal mid-line, especially pos-
terior to the dorsal fin. Melanophores were initially
absent along the dorsal mid-line in early postfiexion

larvae of both species (Figures 3a and 4a). Two
parallel rows of melanophores along the posterior
dorsal mid-line were observed earlier in blueback
herring postfiexion larvae (Figure 3b and 3c) than in
alewife postflexion larvae (Figures 4b and 4c). With
ontogeny, the two parallel rows of melanophores
developed in blueback herring and alewife postfiex-
ion larvae extending from the nape to the caudal fin
(Figures 3d and 4d, respectively). Melanophores
along the dorsal mid-line were typically reticulate in
both species, but they were frequently larger and
more numerous in blueback herring postflexion lar-
vae (Figure 3b to 3d) yielding an appearance of
darker pigmentation than in alewife postflexion lar-
vae of similar standard length (Figure 4b to 4d).

Xanthochrome was observed at the base of the
dorsal fin and along the dorsal mid-line of blueback
herring postflexion larvae beginning at about 14 mm
SL, but it was not observed in these areas in alewife
larvae (Table 5). Xanthophores developed on the
epaxial body surface of alewife postflexion larvae
beginning at about 15 mm SL, but they were not
observed on the epaxial surface of blueback herring
larvae.

Caudal fin. Melanophores on the caudal fin
appeared to be more numerous in many blueback
herring larvae, but the abundance of melanophores
varied and could not be used as a trait for identify-
ing species. On the other hand, the occurrence of

TABLE 5.— Summary of the distribution of xanthophores in cultured alewife and blueback herring larvae. 'Absent' and 'Present’ denote diagnostic
characters; ‘Not observed' indicates that there was some uncertainty regarding the absence of the character. SL is standard length and refers to the
size at which a character was first observed although not all specimens might have exhibited the character at that size.

Xanthophore distribution Alewife Blueback herring

Dorsal surface of head Dermal; small, contracted or stellate; Dermal; large, reticulate; covers brain; observed
scattered; observed beginning at about 11 beginning at about 10-11 mm SL
mm SL

Base of caudal fin Absent Present; observed beginning at about 10-11 mm SL

Epaxial surface of body Dermal; observed beginning at about Not observed
15 mm SL

Base of dorsal fin and along Not observed Dermal; observed beginning at about 14 mm SL

dorsal mid-line

Nape Dermal; small, contracted or stellate;
observed beginning at about 18 mm SL

Dorsal to vertebral column Not observed

Ventral to vertebral column Internal; observed only in the caudal
region of a single specimen, 15.6 mm SL

Snout Not observed

Not observed

Internal; present initially as spots which coalesce into
solid line with development; observed beginning at about
12-13 mm SL

Internal; observed only in caudal region; observed
beginning at about 12-13 mm SL

Dermal; follows ascending process; observed
beginning at about 13 mm SL
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Figure 3. —lllustrations of developing blueback herring larvae (standard lengths in mm): a) 10.1; b) 11.6; c) 13.5;d) 17.1.
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Figure 4. —lllustrations of developing alewife larvae (standard lengths in mm): a) 11.4; b)13.3; ¢)15.2; d) 17.8.
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xanthochrome on the caudal fin was diagnostic.
Xanthochrome was observed as a yellow patch at
the base of the caudal fin in blueback herring post-
flexion larvae beginning at about 11 to 12 mm SL,
but it was never observed on the caudal fin of
alewife larvae.

Internal pigment. The distribution of
melanophores along the notochord at the level of
the nape was diagnostic for blueback herring and
alewife larvae larger than 11 mm SL. In alewife lar-
vae, melanophores developed in pairs on the lateral
aspects of the notochord beginning at about 15 mm
SL and increased in number with increasing length
(Figure 5). From one to three pairs of
melanophores occurred in most alewife postflexion
larvae examined. Notochord pigment of blueback
herring developed as early as 11 mm SL and
appeared most often as a single, large, reticulate
melanophore, but occasionally as two large, reticu-
late melanophores (Figure 6). Melanophores were
found to be distributed along the lateral and dorsal
surfaces of the notochord in specimens of both
species which appeared to have been undergoing
or had completed transformation to the juvenile

Figure 5.—Pigmentation of the head region (dermal) and noto-
chord (internal) of alewife larvae. The number of melanophores
along the lateral surface of the notochord: A) a single pair com-
monly was observed at about 15 mm SL, and B) 3 pairs were
commonly observed at about 17 mm SL. An illustration of a single
larva (15.5 mm SL) was modified to show the increase in the
number of melanophores that occurred during ontogeny.

Xanthophores were observed in blueback her-
ting postflexion larvae dorsally and ventrally to the
vertebral column beginning about 13 mm SL.
Xanthic pigment ventral to the notochord was
observed only in a single alewife of about 16 mm
SL.

Diurnal expression of xanthochrome.
Xanthophores were observed in an expanded con-
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dition only during daylight hours. A small number of
blueback herring postflexion larvae were sampled
on one occassion at night and all lacked xan-
thochrome, whereas larvae of similar size sampled
during the day possessed xanthochrome.
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Figure 6.—Pigmentation of the head region (dermal) and noto-
chord (internal) of blueback herring larvae. Two alternative pat-
terns observed among specimens are illustrated: A) single
melanophore pattern, and B) double melanophore pattern. The
occurrence of the single and double melanophore patterns were
independent of standard length. An illustration of a single larva
(11.8 mm SL) was modified to show both pigment patterns.

Discussion

Meristics and morphology

Identification of the early life stages of alewife
and blueback herring larvae is problematic. Eggs
and yolk-sac larvae of these species observed for
this study were indistinguishable. Eggs, yolk-sac
larvae, and preflexion larvae of these species have
been previously described and are illustrated in
numerous publications (Kuntz and Radcliffe 1917;
Norden 1967; Lippson and Moran 1974; Jones et al.
1978; Wang and Kernehan 1979; see also Cianci
1969). Characteristics suggested to potentially
delimit alewife and blueback herring yolk-sac larvae,
including the differential appearance of oil droplets
(Lippson and Moran 1974), melanophore distribu-
tion on the ventral surface of the yolk sac (see
descriptions in Jones et al. 1978), and eye pigmen-
tation at hatching (Cianci 1969) were not found to
differ between alewife and blueback herring yolk-sac
larvae examined for this study. Other characters
(e.g. biochemical traits) may be required to delimit
the early life stages of these species.

The usefulness of meristic or morphologic char-
acters for identifying alewife and blueback herring
larvae had not been resolved prior to the present
study. Cianci (1969) found no significant meristic or
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morphometric variation between alewife and blue-
back herring larvae reared from eggs of known tax-
onomic identity, and his results were confirmed by
Marcy (1976). In contrast, Chambers et al. (1976)
hypothesized that several meristic and morphologic
characters of larvae of these species differed based
on an evaluation of field-collected herring larvae
sampled from locations where either gravid alewife
or gravid blueback herring aduits were captured in
gilinets. Larvae, which they classified as blueback
herring, had significantly more postdorsal-preanal
myomeres and a larger SVL/SL ratio (11 to 13
myomeres and about 0.87) than larvae which they
classified as alewife (7 to 9 myomeres and about
0.82; Chambers et al. 1976). The two groups of lar-
vae also differed in the number of preanal
myomeres and in the ratios of vent-to-urostyle
length and vent-to-tail length to standard length
(Chambers et al. 1976). All morphometric measure-
ments used by Chambers et al. (1976) are associat-
ed with gut length such that a longer gut yields
greater preanal and postdorsal-preanal myomere
counts and higher SVL/SL ratios. As a result, no
additional information is obtained using the ratios of
vent-to-urostyle length or vent-to-tail length to stan-
dard length for identifying these species that is not
provided by using the SVL/SL ratio.

Other studies do not support the hypothesis
that alewife and blueback herring larvae are charac-
terized by significant meristic or morphometric vari-
ation. Lam and Roff (1977) compared alewife lar-
vae with gizzard shad larvae from Lake Ontario, and
Bulak (1985) compared blueback herring larvae with
gizzard shad and threadfin shad larvae from the
Santee-Cooper River system of South Carolina.
The SVL/SL ratio is the only characteristic which
Lam and Roff (1977) identified which delimits
alewife and gizzard shad less than 16 mm SL.
According to Lam and Roff (1977), the SVL/SL ratio
for larvae less than 16 mm SL ranges from 0.78 to
0.85 for alewife and from 0.85 to 0.88 for gizzard
shad, and the SVL/SL ratios of alewife and gizzard
shad of at least 16 mm SL ranges from 0.78 to 0.82
and from 0.75 to 0.86. Blueback herring less than
14 mm SL examined by Bulak (1985) were charac-
terized by 11 or fewer postdorsal-preanal myomeres
(range: 5-11) compared to 10 or more (range: 10-
14) for gizzard shad of the same length.

Bulak (1985) suggested that Chambers et al.
(1976) may have reversed the identification of their
alewife and blueback herring groups. The findings
of Lam and Roff (1977) and Bulak (1985), when
considered together, suggest that Chambers et al.
(1976) may have compared river herring larvae to
gizzard shad larvae. The results of Lam and Roff
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(1977) and Bulak (1985) support Cianci’s (1969)
conclusion that morphometric and meristic charac-
ters of alewife and blueback herring larvae do not
differ significantly.

The present study confirms that alewife and
blueback herring larvae do not exhibit significant
meristic or morphometric variation useful for delimit-
ing field-collected specimens of these species. The
frequency distributions of both the postdorsal-pre-
anal myomere count and the SVL/SL ratio for these
two species overlapped extensively so that discrimi-
nation of the two species was not possible using
either of these characteristics. The results indicate
that the postdorsal-preanal myomere count and the
SVL/SL ratio are of little value as diagnostic traits.
The percentage of alewife and blueback herring lar-
vae with SVL/SL ratios greater than 0.85 was 1.8%
and 5.3% which suggests that a small number of
wild gizzard shad larvae might have been intro-
duced from the river into the tanks of the continu-
ous-flow system.

The ontogeny of dorsal and anal fin pterygio-

- phores differed between alewife and blueback her-

ring larvae examined for this study. However, it was
not possible to determine whether differences in
ontogeny of dorsal and anal fin pterygiophores
between these species were due to variation in
developmental timing or to developmental plasticity
as affected by water temperature during the devel-
opment of embryos and larvae since the two
species were not reared simultaneously.

Pigmentation

Alewife and blueback herring preflexion larvae
show the general pigmentation pattern characteris-
tic of clupeid larvae (Russell 1976; Moser 1981)
with pigment occurring at the interface of the gut
and myomeres and along the ventral mid-line.
Ripple et al. (1982) reported that ventral pigment
patterns of field-collected preflexion herring larvae
identified as alewife and blueback herring based on
the criteria of Chambers et al. (1976) were highly
variable and did not delimit the two groups. In the
present study, slight differences in the appearance
of ventral pigment were noted in a number of larvae
(Figure 2). Because ventral pigment patterns were
usually incomplete, these differences could not be
confirmed for use in identifying preflexion larvae.

Supracaudal melanophores were present in
alewife preflexion larvae from Lake Michigan
(Norden 1967) and the Connecticut River (Cianci
1969). Mansueti (1956) did not mention whether
supracaudal melanophores were present in alewife
preflexion larvae from the upper Chesapeake Bay.
Cianci (1969) noted that supracaudal melanophores



were absent in blueback herring prefiexion larvae
from the Connecticut River. Kuntz and Radcliffe
(1917) did not mention specifically whether supra-
caudal melanophores occurred in blueback herring
preflexion larvae, but these melanophores are evi-
dent in an illustration of a preflexion larva they iden-
tified as a blueback herring (Figure 99 in Kuntz and
Radcliffe 1917).

Supracaudal melanophores were observed in
both alewife and blueback herring preflexion larvae
examined for this study. Although more prevalent
among alewife preflexion larvae, supracaudal pig-
ment should not be used exclusively to delimit
these species in field collections since it is not diag-
nostic and its frequency in field-collections of larvae
is likely to vary. The frequency of supracaudal pig-
ment in a group of preflexion larvae reared in 1990
from naturally-spawned eggs collected from Herring
Creek, a tidal freshwater tributary or the James
River, Virginia, was 29% (Sismour 1994). Alewife
are not known to spawn in Herring Creek so these
larvae were most likely blueback herring, and the
relatively low frequency of supracaudal pigmenta-
tion supports this identification.

Pigmentation features described by Wang
(1970) for older larvae and for early juveniles of
alewife and blueback herring are similar to pigmen-
tation observed among alewife and blueback her-
ring larvae reared in this study, although some dif-
ferences were noted. Wang (1970) described late-
stage postflexion alewife larvae and early-stage
alewife juveniles (15-20 mm SL) as having two rows
of melanophores along the dorsal mid-line from the
nape to the caudal peduncle as well as
melanophores on the epaxial body surface. Wang
(1970) also described early-stage juvenile blueback
herring (20 mm SL) as having two rows of
melanophores along the dorsal mid-line from the
dorsal fin insertion to the caudal peduncle and lack-
ing melanophores on the epaxial body surface. In
this study, both species developed two parallel rows
of pigment along the dorsal mid-line from the nape
to the caudal peduncle and both developed pigment
on the epaxial surface. In both regions, pigmenta-
tion was heavier in blueback herring larvae than in
alewife larvae.

Several of the pigment characters analyzed for
this study differed between alewife and blueback
herring larvae. Pigment characters which delimited
postflexion larvae developed as early as about 11 to
12 mm. Melanophore distribution on the notochord
at the level of the nape was diagnostic. This diag-
nostic pigmentation as well as other differences in
melanophore distribution or morphology, such as
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occurred along the dorsal mid-line posterior to the
dorsal fin, and in xanthophore distribution and mor-
phology, may assist in species identification of field-
collected specimens prior to development of juve-
nile and adult characters.

The utility of xanthochrome distributions as
diagnostic taxonomic characters for identifying wild
larvae is limited by relatively rapid deterioration of
xanthochrome following fixation and preservation.
Xanthochrome is a generic term for a number of
carotenoid-derived lipochromes, varying in color
(e.g. red, yellow, or orange), which often function as
oxygen free-radical scavengers and are chemically
unstable (Florey 1966). Antioxidants, such as
butylated hydroxytoluene (BHT), potentially
facilitate the retention of xanthochrome in fixed
and preserved specimens for several months
(Waller and Eschmeyer 1965; Berry and Richards
1973; D. Smith, Smithsonian Institution, personal
communication).

Identifying wild larvae based on reared larvae

The identification of field-collected larvae based
on descriptions of reared specimens may be of
some concern since reared and wild larvae often
show differences which arise as a consequence of
the rearing environment. Different feeding regimes,
behaviors, activity levels, and rearing conditions
often lead to differences in nutritional condition,
chemical composition, and morphology between
reared and wild larvae (Blaxter 1975; Theilacker
1980). Rearing conditions resulting in low food
availability or overcrowding may lead to increased
frequencies of pigment abnormalities and bitten
fins, as well as to the establishment of size hierar-
chies in populations of reared larvae of some
species (Shelbourne 1965; Blaxter 1975). The
expression of variable pigment patterns between
reared larvae and wild larvae may be a function of
the rearing environment, especially the lighting and
temperature regimes. Shelbourne (1965) suggests
that chromatophore development may be a sensi-
tive process which might be easily disrupted by con-
ditions associated with some rearing environments.

Various studies have produced conflicting
results regarding the expression of different mor-
phologies and pigment patterns between reared
and wild fishes. Laboratory-reared larvae may be
more heavily pigmented and may exhibit greater
meristic variation compared to wild larvae (Powles
and Markle 1984). Johnson et al. (1986) found that
the meristics and morphologies of hatchery-reared
and wild American shad A. sapidissima juveniles did
not differ, but hatchery-reared specimens exhibited
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not differ, but hatchery-reared specimens exhibited
greater pigmentation compared to wild specimens
(Johnson and Loesch 1983). In contrast, Lau and
Shafland (1982) reported that reared and wild larval
snook Centropomis undecimalis did not differ in
morphology or pigmentation patterns, but that
reared larvae might exhibit anomalous dorsal and
anal fin ray counts.

In the present study, larvae were reared in out-
door tanks to minimize the effect of rearing contain-
er size on larval development and behaviour
(Theilacker 1980). Rearing conditions experienced
by these larvae during their development in these
tanks imitated the natural environment of the
Pamunkey River (Sismour 1994). Rearing condi-
tions are suggested to have had minimal influence
on pigment patterns of the reared alewife and blue-
back herring larvae. Pigment patterns might have
been influenced to some degree by seasonal
increases in temperature and lighting associated
with the transition from spring to summer. Since lar-
vae of the two species were not reared simultane-
ously, they did not experience precisely the same
conditions during development.

Melanophores ‘expand’ or ‘contract’ as a physio-
logic response to environmental factors (Fuijii 1969;
Faber 1980; Mansfield and Mansfield 1982;
Langsdale 1993) and they may also expand when
larvae are anaesthetized (Langsdale 1993).
Changes in the physiological state of melanophores
would result in qualitative variation in relative pig-
mentation intensity, in relative size of melanophores,
and in relative distribution of pigment. Intraspecific
pigmentation variation, caused by fluctuations in the
physiologic condition of melanophores, might render
qualitative pigmentation differences irrelevant for
species identification of larvae if intraspecific varia-
tion exceeds interspecific variation. In the present
study, differences in pigment patterns involved
unique distributions of melanophores on the noto-
chord, different ontogenies of melanin pigment
along the posterior dorsal mid-line, and unique dis-
tributions and ontogenies of xanthophores. The
appearance of these different pigment characters
was consistent among reared larvae of each
species suggesting that environmentally-induced
variation may not have been an important factor in
determining the degree of pigmentation of larvae.
This also suggests that errors due to possible cont-
amination of collections with wild larvae was mini-
mized.

The usefulness of diagnostic and qualitative
pigment characters for identifying wild alewife and
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blueback herring larvae remains to be determined. |
have collected herring larvae from the Pamunkey
River, Virginia, which possessed the ‘alewife’ pig-
ment pattern and | have seen herring larvae collect-
ed from the Rappahannock River, Virginia, (Dr. W.
Wieland, Mary Washington College) which pos-
sessed the ‘blueback herring’ pigment pattern.
These preliminary observations suggest that pig-
ment characters identified in this study may facilitate
the identification of wild alewife and blueback her-
ring larvae.

Ecological significance of xanthic pigment

Carotenoids have various physiological roles in
animals. Physiological roles of Bp-carotene, for
example, include provitamin A (retinol) activity, pro-
tection against photo-oxidation and photosensitiza-
tion, and modification of the immune response and
melanogenesis in humans (Kornhauser et al. 1989).
In addition to similar physiological roles of
carotenoids in fishes, xanthochrome may have sec-
ondary functions including species recognition and
predator avoidance. Unique distributions of yellow,
orange, and red pigments occur in larvae of a num-
ber of marine species (Berry and Richards 1973; D.
Smith, Smithsonian Institution, personal communi-
cation).

Larvae of many fish species are transparent at
hatching and remain so throughout most of the lar-
val stage as a mechanism to reduce predation risk
from visual predators. At small body size, trans-
parency enables light to pass through the body with
minimal impedance, thereby reducing contrast with
background illumination. With ontogeny, the opacity
of larvae increases due to increased size and pig-
mentation of the eyes, increased complexity of the
internal body structure, increased path-length of
light through the body, the proliferation of
melanophores, and the amount of food in the gut
(Langsdale 1993). Increased opacity enables visual
predators to detect potential prey, and strategies to
offset increased visibility would be advantageous for
larval clupeids. The proliferation of melanophores to
reduce the body area available to refract or reflect
light may reduce the stimulus to visual predators of
larval fishes (Moser 1981; Langsdale 1993). The
development and proliferation of xanthophores may
be an analogous strategy of larvae to reduce visibili-
ty, especially in turbid, coastal waters where yellow
light is the least attenuated component of the visible
light spectrum (Pickard and Emery 1982). This sug-
gests that unique xanthophore distributions may be
useful for delimiting larvae of other morphologically
similar species in these ecosystems.
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Pigment as an aid for identifying clupeid larvae

Pigment patterns have been suggested to be of
little value for identifying larvae of clupeid species
(Russell 1976). However, pigment patterns may aid
in the identification of larvae of some species
groups prior to development of complete osteologi-
cal characteristics or when meristic and morphome-
tric characters overlap (Hettler 1984; Kendall et al.
1984). This study suggests that pigment characters
can delimit postflexion larvae of two closely related
clupeid species, and supports the use of pigment
characters as valid taxonomic criteria for delimiting
species of postflexion clupeid larvae. Further stud-
ies are necessary in order to determine the signifi-
cance of pigment characters as taxonomic criteria
for identifying field-collected larvae of other clupeid
species.
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Reducing Entrainment of Juvenile American Shad Using a
Strobe Light Diversion System
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Abstract.—An Electric Power Research Institute review of fish protection systems for hydroelectric facilities identified strobe
lights as a potential system that could be used to minimize fish entrainment by modifying fish behavior. Juvenile shad accu-
mulate in large numbers in the forebay of Metropolitan Edison’s York Haven Hydroelectric Project on the Susquehanna River
during their fall migration. Since 1988, studies have indicated that raft-mounted strobe lights can exclude shad from the area
in front of the trashracks and bypass the shad through a sluiceway into the tailrace. Scanning sonar and tailrace and sluice-
way netting were used to monitor the effectiveness of the strobe lights. Although Unit outages and river flooding limited a full
evaluation in some years of the study, the strobe lights induced rapid passage of large numbers of American shad through
the sluiceway with little passage through the turbines: during the 1991 tests, approximately 243,000 American shad were
diverted through the sluiceway while only 15,000 passed through the hydroelectric unit closest to the area of dense fish

aggregation.

The Electric Power Research Institute (EPRI)
assessment of downstream migrant fish protection
technologies for hydroelectric projects (EPRI 1986)
indicated that many of the existing fish
diversion/protection systems successfully developed
for steam-generated electric facilities were too cost-
ly (per unit flow or per MW capacity) to be transfer-
able to hydroelectric intake applications. One rec-
ommendation of the EPRI assessment was for fur-
ther research on behavioral diversion systems,
including strobe lights.

A number of devices have been developed
which are designed to alter or take advantage of the
natural behavior patterns of fish in such a way that
they will avoid, or be deterred from, an intake flow.
These devices, commonly referred to as behavioral
barriers, include electrical screens, air bubble cur-
tains, hanging chains, lights, sound, water jet cur-
tains, chemicals, visual keys, and combinations of
these. Recent advances in the technology and
application of these systems has resulted in wide-
spread testing at locations throughout North
America (Anderson et al. 1988; Hilgert 1992; Kynard
and Leary 1990; Loeffelman et al. 1991; McKinley et
al. 1988; Patrick et al. 1985; Puckett and Anderson
1987).

In 1988, EPRI, Metropolitan Edison Company
(Met-Ed), and the Susquehanna River Anadromous
Fish Restoration Committee co-funded a study of
strobe and mercury lights for diverting outmigrating
juvenile American shad Alosa sapidissima at Met-

Ed’s York Haven Hydroelectric Project on the
Susquehanna River. The objective of that study
was to determine whether these devices could be
used to divert shad away from the plant turbines
and through an existing trash sluiceway near the
downstream-most unit. The results of the 1988
study (Taft 1989; EPRI 1990) demonstrated that
strobe lights repelled the juvenile shad and directed
them through the sluiceway.

A large-scale study was conducted from 1989
through 1991 in which strobe lights were positioned
in front of Units 1 through 6 (Martin and Sullivan
1992). The purpose of the study was to provide a
full-scale demonstration of the effectiveness of a
strobe light system in guiding downstream migrating
shad past the turbine intakes to a trash sluice
bypass at York Haven.

Study Site

The York Haven Project is located at river mile
52 and is the fourth dam upstream that migrating
anadromous fish must pass and the first impound-
ment outmigrating juvenile fish must pass. The
plant is located on the west bank of the
Susquehanna River and has an 8,000 foot-long
dam angling upstream to the east bank (Figure 1).
The powerhouse consists of six Kaplan and 14
Francis turbines, each capable of passing about 800
ft3/s. The station is capable of generating 19.6 mw
from a hydraulic head of 23 feet. The corner of the

' Present address: Electric Power Research Institute, 3412 Hillview Ave., Palo Alto, CA 94303
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forebay between the powerhouse and the cableway
contains a gate which is typically used to sluice
floating debris past the plant. Water velocities typi-
cally range from 1 to 2 feet per second (ft/s)
approaching the trashracks with full unit operation,
increasing to 3 ft/s immediately in front of the
trashracks. During the shad outmigration period
(late September to early November), river flows are
typically low enough that most of the river water
passes through the powerhouse, usually through
Units 1 through 10. Because of the oblique angle of
the dam and powerhouse relative to the water flow,
shad tend to congregate in dense masses in the
most downstream reach of the river near the sluice-
way. The plant design and orientation probably con-
tribute to the dense concentrations of shad.

,f\ Three Mile —ty
N Island L

Flow

* Power House

|
!
|
|

Forebay

Strobe

Floats U

S

f Tailrace

|

|

Sluiceway

1+—Units—20

Fiaure 1.—Site diagram of the York Haven Hydroelectric Project
on the Susquehanna River, Pennsylvania.

Methods

Description of the Strobe Light System

The positions of strobe lights in the forebay for
the 1989 -1991 studies are shown in Figure 2. The
system consisted of six floats anchored upstream of
the trashrack between the cableway and Unit 6. In
1991, float 6 was placed next to the cableway about
50 feet from the sluiceway. This was done specifi-
cally to reduce the upstream escapement of fish
which had been observed in previous test years.
The strobe lights were attached to steel poles, and
these assemblies were mounted on the floats. Each
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pole supported two lights: the lights were located 3
ft and 9 ft below the water surface. The poles on
Floats 3 through 6 were spaced at 12 ft intervals
parallel to the trashracks. The light flashheads were
aimed into the flow while those on float 6 in 1991
were aimed toward the trashrack and sluiceway.
The horizontal and vertical spacing was selected
based on the beam spread of the lights and was
designed to create a continuous “wall” of light
across Units 2 through 6.

Lights on the floats closest to Unit 1 (floats 1
and 2 in 1989 and 1990; floats 1, 2, and 6 in 1991)
were oriented to flash in the direction of the sluice-
way. In addition, a small, moveable float supporting
a single pole with two lights was positioned in a
variety of locations between float 1 and the power-
house cableway to augment and more effectively
direct the repulsion of fish through the sluiceway.

The strobe light system was configured and
operated as two separate arrays: the lights located
on the upstream floats in front of the trashracks
were operated together and sequenced by one con-
troller; the lights located near the sluiceway were
operated together by a different controller. This
design allowed the upstream-oriented strobes to
operate continuously to divert shad from this area
and to further encourage shad to congregate in the
dark area near the sluiceway. This area was kept
dark most of the time (approximately 55 out of 60
minutes) during each night of testing to encourage
fish to congregate there. The sluiceway gate was
opened periodically (roughly once each hour) and
the strobes aimed at the sluiceway were activated to
repel fish through the sluiceway.

In 1992, funded solely by Met-Ed, the strobe
lights and float system were re-designed to elimi-
nate problems of leakage and to reduce their size
and weight. Four of the re-designed floats (Figure 3)
were arranged in an arc around the sluiceway open-
ing with none positioned along the trashracks. Two
strobe lights were suspended on a steel pole at
depths of 3 and 9 feet underneath each of the
floats. The floats were anchored in position (Figure
4) and had interconnecting lines to make minor
adjustments in the orientation of the lights. This
configuration was similar to that used in the sluice-
way area in 1991 (Figure 2).

The strobe lights operated on 120 volt, 60 hertz,
20 amp service. The redesigned lights used in
1992 weighed approximately 6 pounds each and
were approximately 8 x 8 x 8 inches in size. The
lights were waterproof to a depth of at least 60 feet.
The light output was a circular pattern, approximate-
ly 100 degrees to the 100 candela-seconds contour.
The minimum peak output was 1000 candela-sec-
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FiGure 2.—Schematic diagram of the York Haven forebay showmg the positions of strobe light fioats used in 1989-1991.

onds. The power supply for each light was enclosed
in a weather-tight stainless steel box, approximately
10 x 18 x 24 inches and weighed about 50 pounds.
The lights were operated at a flashrate of
300/minute, providing a guaranteed life of 10 million
flashes with a design life of 20 to 30 million flashes.

Scanning Sonar

The primary means of demonstrating the effec-
tiveness of the system was through scanning sonar
sampling near the trashracks and sluiceway. WES-
MAR Model SS390 scanning sonar units were used
to monitor fish behavior and response to the strobe
lights. The sonar was connected to a time-lapse
video recorder and color video monitor with data
recorded in VHS format. One sonar unit was
deployed (range set at 50 ft) to monitor fish in the
area of Unit 1 and the sluiceway. When a second
sonar unit was deployed, it was located in front of
Unit 5 (set at a range of 150 ft) to monitor fish as
they entered the forebay area and approached the
strobe light system. The sonar units were set and
calibrated to achieve optimal detection and cover-
age of the fish.
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Netting

A netting program was implemented in 1991 to
quantify the passage of fish through the turbines
and sluiceway under various test conditions. The
sluiceway and tailrace nets used in 1991 and 1992
are shown in Figures 5 and 6. Both net frames
were 39 inches square and had nets with a 0.5-inch
mesh body and 0.3-inch mesh cod-end liner. The
nets were 14 feet long. The tailrace net sampled
4% of the Unit 1 flow (area of net opening divided
by area of draft tube exit). In 1991, the opening of
the sluice net was modified to reduce the number
of fish collected and injured. The 39 inch square
opening was reduced to a 4 inch wide by 39 inch
high opening. The modified sluice net sampled
2.8% of the sluice flow (area of net opening divided
by area of sluice opening with water depth taken
into account). In 1992, the sluice net sampled 33%
of the flow and was used fully open because fewer
fish were present.

Sampling Design
In 1989 and 1990, testing within each sample
day consisted of performing control and test
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sequences from around dusk (approximately 1800
h) to as late as 0300 h, depending on fish abun-
dance. The order of testing varied from night to
night but included the following conditions:

» CONTROL.: all lights off; sluice gate closed.

* UPSTREAM LIGHTS ON: strobe lights on
floats 3 through 6 activated; downstream
lights off; sluice gate closed.

* UPSTREAM AND DOWNSTREAM LIGHTS
ON: sluice gate open.

For each test, the downstream scanning sonar unit
was set at one of several transducer scanning
angles. Additionally, an observer was positioned at
the downstream side of the sluiceway opening to
visually evaluate the number and behavior of fish
passing out of the sluiceway. In 1989, one scanning
sonar unit was deployed in mid-September to moni-
tor fish occurrence in the forebay area. Strobe
evaluation sampling began October 11 and contin-
ued until October 21 when the number of fish tar-
gets was high. In 1990, strobe evaluation sampling
began on September 26 and 115 tests were con-
ducted over the 26 days of the sampling period.
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Ficure 3.—Schematic diagrams of the modified strobe light and
float assembly used in 1992.
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Ficure 4.—Schematic diagram of the York Haven forebay show-
ing the positions of strobe light floats used in 1992.

Sampling in 1991 consisted of running sequen-
tial control and test conditions from approximately
dusk to dawn throughout most of the outmigration
period. The field evaluation occurred between
September 29 and October 27 resulting in 155
strobe light tests. The upstream strobe lights (floats
3-5) were operated continuously over the entire
testing period each night to minimize turbine pas-
sage at these units and enhance congregation of
fish in the area of the sluiceway. The test sequence
was comprised of a control test in which the sluice
gate was opened without the downstream strobes
operating, and a strobe test in which the sluice gate
was opened and the downstream strobes were acti-
vated. Between the tests there was a tailrace net-
ting period to assess ambient rates of turbine pas-
sage through Unit 1. Ambient netting was per-
formed prior to the strobe tests to ensure that a
large number of fish would be in the vicinity of Unit
1 and the sluiceway and therefore would be suscep-
tible to diversion through the sluiceway.

The following sequence of tests was repeated
from six to eight times in each night:

* CONTROL: sluice gate open for two minutes
(downstream strobes off); sluice and tailrace
nets retrieved and re-deployed at the end of
the test.

» STROBE: sluice gate open for one minute
before strobes are turned on; strobe lights
then illuminated for one minute; strobe lights
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off and sluice gate closed (this timing
resulted in the sluice gate being opened for
a total of two minutes); sluice and tailrace
nets retrieved at the end of the test.

* LONG-TERM TAILRACE NETTING: sluice
gate closed and downstream strobes (floats
1, 2, and 6) off; tailrace net fished for one
hour before retrieval and re-deployment.

In 1992, two types of tests were performed: the
first 11 tests were to confirm the proper functioning
of the new strobe system and to document the
avoidance response of the shad; and 12 tests were
performed with the tailrace and sluiceway nets in
place. The testing sequence was similar to that fol-
lowed in 1991 except that the sluiceway control peri-
od (sluice gate open and lights off) was not included
because of the very low numbers of fish collected in
this part of the test in 1991.

Sluice Gate {raised)

s

Net Support Frame

Side View

Not to Scale

FicuRe 5.—Schematic diagram of the York Haven forebay show-
ing the sluiceway net in sampling position (1991-1992).

Results

The 1989 results demonstrated an avoidance
response by shad, although flooding and unit out-
ages resulted in limited qualitative data. The avoid-
ance response was indicated when shad were
observed passing through the sluiceway immediate-
ly after the downstream strobe lights were activated.
In addition, shad were also observed, via the sonar,
traveling upstream away from the lights.
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FiGure 6.—Schematic diagram of the tailrace net in sampling
position (1991-1992).

Rising water levels and high turbidity greatly
reduced both the density of shad in the forebay and
the effective range of the strobes. It is presumed
that, as water began to flow over the crest of the
dam, most of the outmigrating shad bypassed the
forebay and turbines and went over the dam. This
presumption is supported by the sonar data which
showed fish present prior to the elevated water lev-
els and very few fish in the forebay during and after
the high water. Subsequently, testing was ended
when water levels dropped without an increase in
the number of shad.

Shad abundance in 1990 in the forebay was
high; however, the shad did not appear to be active-
ly migrating. Unlike in the previous two years, fish
were observed in the forebay during the day as well
as at night and were deeper in the water column
(greater than 6 feet). The scanning sonar observa-
tions revealed shad “milling” in the forebay in a wide
area upstream of the trashracks. In previous years,
the sonar showed the shad in tight, active schools
immediately in front of the trashracks.

An avoidance response was found in all tests in
1990; however, the fish were not observed passing
out of the sluiceway in large numbers. The sonar
did indicate that shad were frequently moving
upstream along the cableway after strobe illumina-
tion. The sonar data indicated that the strobe lights
continued to create a strong avoidance response in
juvenile shad whether or not they were migrating.
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In 1991, large masses of fish moved down-
stream through the gate when the downstream
strobe lights were activated. Scanning sonar obser-
vations indicated that the predominant movement of
shad was downstream, probably because the strobe
lights on Float 6 cut off the escape route which had
been available in previous years. The average cal-
culated number of American shad passing through
the sluiceway per test (based on netting) was 49 for
control conditions and 1712 for strobe conditions.
For Unit 1, the values were 5 shad under control
conditions and 106 under strobe conditions. Thus
more fish passed through the sluiceway with the
strobes on than when the strobes were off. The
strobe lights induced nearly all of the shad to pass
through the sluicegate, assuming no fish passed
through upstream Units 2 through 5. This assump-
tion appears valid since the upstream strobe lights
were operating at all times and shad were not
observed passing through these upstream units
visually or on the sonar. The estimated cumulative
number of fish that passed through the sluiceway
and the Unit 1 tailrace over the 24 days of testing is
shown in Figure 7. Periods of no fish passage
appear as horizontal sections of the plot while peri-
ods of abundant fish passage appear as steeply
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FiGure 7.—The estimated cumulative number of fish that passed
through the sluiceway and the Unit 1 tailrace from 30 September
to 27 October, 1991 (cfs = cubic feet per second).

sloped sections. The figure clearly indicates the
overwhelming number of shad that passed through
the sluiceway as opposed to through Unit 1.
Furthermore, comparison of the control to the
strobe tests for the sluiceway revealed the necessity
for the use of strobes lights (as opposed to only
opening the gate) in order to effectively bypass the
juvenile shad.

The average number of fish that passed out of
the sluiceway and tailrace during different times of
the night is shown in Figure 8. There is an apparent
trend of minimal fish passage prior to 1800 h.
Maximum fish passage occurred during early night
with a gradual tapering off toward morning. Peak
shad passage occurred at 2000 h. Figure 9 shows
the inter-test periods of tailrace netting when only
the upstream strobe lights were turned on. During
these periods, it is evident that passage through
Unit 1 was minimal: an average of about 50 shad
per hour adjusted for the entire flow volume.

Redesigned strobe system

Although fewer fish were available for testing in
1992 compared to 1991, the response of the shad,
monitored on the sonar and visually in the sluice-
way, was similar. The masses of fish observed in
front of the sluiceway before each test were com-
pletely repelied out of the illuminated area. No fish
were observed on the sonar moving upstream past
the strobe light array.

The average calculated number of fish passed
during each test was 521 shad in the sluiceway net,
60 shad in the tailrace net, and 2 shad in the ambi-
ent tailrace netting. The numbers of fish passed
were lower overall than in 1991 due to the limited
fish abundance. However, the relative numbers of
fish collected under each condition were fairly simi-
lar. It was not possible to make direct comparisons
between the 1991 and 1992 data because of differ-
ences in the number of units operating, river flow
level, water releases over the dam, and lower shad
abundance.

Conclusions

This study demonstrated that submerged strobe
lights created a strong and repeatable avoidance
response in outmigrating juvenile American shad.
The lights effectively repelled fish through the
sluiceway with only a small proportion of the fish
passing through the turbines. The avoidance
response to the strobe lights lasted as long as the
lights were activated and there was no evidence of
fish acclimation to the light even after many hours of
operation. It is possible to repel American shad from
the face of the trashracks as well as to induce pas-.



MARTIN ET AL.

SLUICE NET
A —e— Control

/ \ —e— Strobe
200 A

Average Number of Fish Caught
@
3
—

g8 8 8 8 8 8 8 8 8 8 8 8 8 8
2 2 & & 8 & 8 38 8 3 &8 8 5
Time of Test
nN= 1 9 16 18 15 11 11 14 12 10 12 9 3 1

. TAILRACE NET
—e— Controt
=14 "
° /\ —e— Strobe
S12
g [
210
3 [\
5 8
£ [\
€6
z
S,
I
s /v ~_ N\
<2/ \x“'
0 LI B e i B B St St B e e
g 8 8 8 8 38 8 8 8 8 8 8 8 8
® 2 &§ 8§ § & 8 5 8 8 8 8 8 5

s 5
Time of Test
a= 1 9 16 1 1Mo14 1

= number of tests conducted at
#ach time over the study penod

@
&
~
5
N
©

w

Fiaure 8.—Average number of fish caught at night in the sluice-
way net and Unit 1 tailrace net from 30 September to 27 October,
1991.

300

N
aQ
=3

N
£=3
=]

\d

Total Fish Caught
@
o
Temperature (°C)
Plant Flow (cfs)x100

=
53

@
t=3

10

-]

—e— American Shad

--e--  Temperature

a- Flow
B8
8
57 X
g N
A
s |\
ST
AN .
2‘1/ \\Y/\f
—\‘\-.——\_
g8 g 888§ gz eggcr g
R EEEEEEEEEE
Time of Test

#hoursneed- | 5 95 21 19

9 13 16 14 12

6 155 65 65 1

Ficure 9.—Capture of American shad in the tailrace net with only
the upstream strobe lights on. Total fish caught (A) in relation to
water temperature and water flow (cfs = cubic feet per second);
and (B) average number of fish caught per hour during different
time periods.

63

sage of shad through the trash sluiceway under nor-
mal river conditions. Year-to-year variations in river-
ine and climatic conditions caused variations in
shad migration and behavior which, in turn, influ-
enced the number of fish passed through the sluice-
way.

In two years of the study, high flows resulted in
most fish passing over the dam. It is anticipated
that future use of strobe lights at York Haven will
demonstrate that properly arranged strobe lights will
induce shad to bypass through the sluiceway and
not pass through the trashracks. Strobe lights have
proven to be an acceptable and cost-effective
means for preventing turbine passage by migrating
juvenile American shad.
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Blueback Herring Distribution and Relative Abundance in the Santee-Cooper System:
Before and After Rediversion?
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Abstract—Distribution and relative abundance of blueback herring Alosa aestivalis in the Santee-Cooper System were
compared before and after rediversion of 70% of the discharge from the Cooper River to the Santee River. Changes in hydro-
logical conditions associated with rediversion were used to explain differences in distribution and the relative abundance of
blueback herring. In the Cooper River, the number of sites and length of waterways used by blueback herring increased with
rediversion whereas the distribution of herring in the Santee River was similar before and after rediversion. Estimates of her-
ring egg relative abundance (eggs/m2/day) in Mulberry Ricefield and the Cooper River indicated a 99.6% decline in relative
abundance with rediversion. Overall, the mean relative abundance of larval herring (larvae/100 m3) in the Santee River was
not statistically different before and after rediversion. However, an important historic spawning site in the Santee River con-
tained fewer larval blueback herring after rediversion. The canal used to divert water flow to the Santee River now serves as

an important spawning habitat.

In the late 1930’s, Wilson Dam and Pinopolis
Dam were built on the Santee River and Cooper
River (U.S. Army Corps of Engineers 1975). Water
from the Santee River filled Lake Marion (40,500
hectares) and the excess, about 462 m3/s of the
average annual discharge, was diverted through a
12-km canal into Lake Moultrie (27,000 hectares)
and out through a 132 MW hydroelectric facility at
Pinopolis Dam into the Cooper River (Figure 1).
This area is known collectively as the Santee-
Cooper System.

From 1980 to 1984, the navigation lock at
Pinopolis Dam passed an annual average of 5.7
million fish into Lake Moultrie and Lake Marion
(Cooke and Eversole 1994). Blueback herring Alosa
aestivalis composed 97% of the fish counted
(Curtis 1977). Herring serve as important prey for
striped bass Morone saxatilis in South Carolina
(Stevens 1957) and help support the landlocked
population of striped bass in Lake Moultrie and
Lake Marion, a sport fishery which has gained
national recognition (Cooke 1990). Blueback herring
have also supported a live- and cut-bait fishery with-
in the lakes and rivers of the Santee-Cooper
System.

The additional discharge in the Cooper River
increased shoaling and the costs associated with
ship channel maintenance in Charleston Harbor to
such an extent that a second diversion project was

'Technical contribution No. 3390 of the SC Agriculture Experiment Station

proposed for the Santee-Cooper System. This pro-
ject proposed to reduce the discharge in the Cooper
River by diverting about 70% of the water through a
new 14-km rediversion canal to the Santee River
(Figure 1). The project included an 84 MW peak
hydroelectric plant and a fish passage facility on the
Rediversion Canal at St. Stephen Dam. The fish
passage facility was added because Wilson Dam
did not have this capability (Chappelear and Cooke
1994).

Concern was expressed that decreased dis-
charges would adversely impact the Cooper River
fishery resources. The environmental impact state-
ment stated, however, that since the fishery
“resources are directly related to the discharge and
overflow characteristics,” the resource “will there-
fore be decreased in the Cooper River and
increased in the Santee River” (U.S. Army Corps of
Engineers 1975). Our paper addresses this asser-
tion by examining blueback herring distribution and
estimates of relative abundance of herring eggs and
larvae before and after rediversion.

Methods

Study area

In the Cooper River, our analyses concentrated
on the West Branch, its tributaries, and formerly
impounded ricefields along the river. The West

* Present addresses: CST - SC Wildlife and Marine Resources Dept., Dumbarton Rd., Barnwell, SC 29812; RAS-Blackwater
Fisheries Research Center, FL Game Freshwater Fish Commission, Rt. 1, Box 79-F, Holt, FL 32564.
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PINOPOLIS DAM

MULBERRY
RICEFIELD

Ficure 1.— Map of Santee-Cooper River system showing the position of the diversion and rediversion canals.

Branch extends from Pinopolis Dam (river km 77) to
its confluence with the East Branch at river km 47 to
form the Cooper River (Figure 1). The West Branch
will be referred to hereafter as the Cooper River.

The Cooper River is relatively deep (1-20 m)
and wide (91-304 m: Christie et al. 1981). The river
is bordered by 2,430 hectares of formerly impound-
ed ricefields (Christie et al. 1981; Osteen et al.
1989). Mulberry Ricefield is a typical ricefield with
breached dikes and access to the main river chan-
nel. The main tributary in the study area is Wadboo
Creek (Figure 2). Water levels and flow in the
Cooper River are influenced by tides and dis-
charges from Pinopolis Dam. During the spawning
season (February-May), the discharge from
Pinopolis Dam averaged about 422 m3/s for the
three-year study period (1978, 1981-82) prior to
rediversion (Christie et al. 1981; Osteen 1985) and
128 m3/s after (1986-89) rediversion (Slack 1991;
Thomas 1990). The discharge pattern of Pinopolis
Dam changed from a continuous mode of operation
before rediversion to a peaking mode with substan-
tial periods of no discharge after rediversion (Cooke
and Eversole 1994).

Sampling sites on the Santee River were locat-
ed from Wilson Dam (river km 140) to river km 24
where the river divides into two channels, North and
South Santee rivers (Figure 3). Main river channel
depths ranged from 1 to 7 m and widths from 50 to
91 m in the study area (Christie et al. 1981). The
Santee River courses through an extensive forested
floodplain of cypress and oak. Wambaw Creek, one
of the main tributaries, drains forested wetlands
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characteristic of the floodplain.

Before rediversion, Santee River discharges
were controlled at Wilson Dam by flood spillage
gates and a small hydroelectric facility (1.5 MW).
When flood gates were closed, the hydroelectric
facility provided a constant 15 m3/s discharge
(Meador et al. 1984). Discharges from Wilson Dam
(hydroelectric generation and flood releases) before
rediversion (1978, 1981-84) averaged 223 m3/s dur-
ing the spawning season (Christie et al. 1981;
Meador 1982; West 1984). There were flood releas-
es in four of these five study years. Wilson Dam
hydroelectric facility continued to operate after redi-
version and the additional flow down the Santee
River was channeled through the Rediversion Canal
and out the new peaking hydroelectric facility at St.
Stephen Dam. The average discharges from Wilson
Dam and St. Stephen Dam after rediversion (1986-
89) were 49 m3/s and 295 m3/s (Kempton 1990;
Thomason 1991). Flood spillage at Wilson Dam
occurred in only one (1987) of the four seasons
studied after rediversion.

Distribution of herring

Extensive sampling surveys were carried out in
both rivers to determine the distribution of blueback
herring. Christie et al. (1981) sampled 40 sites in
tributaries, ricefields, and the main channel of the
Cooper River and 37 sites in tributaries and the
main channel of the Santee River before rediver-
sion. After rediversion, 35 sites were sampled in the
Cooper River (Slack 1991) and 32 sites in the
Santee River (Thomason 1991).
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Adult blueback herring were sampled with sta-
tionary gill nets (3.18-cm bar mesh) in tributaries
and ricefields, and with drifting gill nets at the main
river channel sites. Stationary gill nets were fished
overnight and drifting gill nets for 30 min sets. After
an adult herring was caught at a ricefield and tribu-
tary site, a stationary egg net (0.5-m diameter) was
set for 30 min. In those tributaries where eggs, lar-
val or adult herring were captured, other sites
upstream were sampled to determine the extent of
herring distribution. Sampling to determine the rela-
tive abundance of blueback herring eggs and larvae
was included in the distribution data. This sampling
added one post-rediversion river site in the Cooper
River (Thomas et al. 1992) and five sites before and
one site after rediversion in the Santee River
(Meador et al. 1984; West et al. 1988; Kempton
1990).

Before Rediversion
O No Herring
@ Herring

After Rediversion
A No Herring

A Herring

%)
Az

o //,, East Branch

Skm
Cooper River

Fiaure 2.— Study section of the Cooper River.

Relative abundance

Blueback herring eggs were sampled in a por-
tion of Mulberry Ricefield (44.5 ha) and the littoral
area of the adjacent Cooper River before (1981-82)
and after (1988-89) rediversion (Osteen et al. 1989;
Thomas et al. 1992). The passive sampler
described by Osteen et al. (1989) was used to cap-
ture herring eggs in the dense aquatic vegetation of
these sample sites. Samplers were deployed at 25
stations in the ricefield and 10 in the river. Sampling
stations were randomly located at the beginning of
each sample season. Five more egg samplers were
deployed in the ricefield in 1981; otherwise, the
sampling procedures were the same before and
after rediversion. Samplers were set out in late
February and checked every other day through
April. Each sampler effectively sampled 0.14 m2 of
surface water. The number of blueback herring
eggs per sampler was used with sample area and
set time in hours to calculate catch per unit effort
(CPUE). This figure was then multiplied by 24 to
compute a daily CPUE (eggs/m2/day). Average daily
CPUE values were computed for each sampling
station from the date the first herring egg was col-
lected to the last egg collection date.

On the Santee River, blueback herring larvae
were sampled with a plankton net (0.526-mm mesh,
0.5-m diameter) pushed for 5 min at a constant
speed just below the water surface (Meador and
Bulak 1987). Sampling was conducted during day-
light hours (0900-1700 hours) from late February to
mid-May before (1981-84) and after (1988-89) redi-
version (Meador et al. 1984; West et al. 1988;
Kempton 1990). A minimum of three tows were
taken at each site every two days during the sam-
pling season. Four of the five sampling sites (three
main river channel sites and one tributary site:Wee
Tee Lake), were at the same locations before and
after rediversion. The fifth sampling site was a com-
bination of two locations: the Santee River near (< 1
km) the projected entrance of the Rediversion
Canal before the completion of rediversion and
inside the mouth of the Rediversion Canal after
rediversion (Figure 4). These two locations were
analyzed as the same main river channel site. Wee
Tee Lake and the main river channel site near
Highway 17-A (Figure 4) were sampled for a total of
six years (1981-84 and 1988-89) while the remain-
ing sites were sampled for four years (1983-84 and
1988-89; Meador et al. 1984; West et al. 1988;
Kempton 1990). The number of larval blueback her-
ring in the net and volume of water filtered was
used to calculate an estimate of relative abundance
(larvae/100 m3). Relative abundance estimates
within a site did not vary significantly among tows
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(Meador et al. 1984; West et al. 1988; Kempton
1990).) Tows within one site were then pooled to
compute an average daily relative abundance for
each site and sample date from the date the first
blueback herring larvae were encountered to the
last larval herring collection date in a sample year.

Data analysis

Information from the distribution data was used
to calculate percent of the waterway length (main
river channel and tributaries) used by blueback her-
ring for migration or spawning. Percent of waterway
use was calculated by estimating the total length of
the tributaries and the main river channel and then
estimating the length of the waterways that con-
tained blueback herring. It was assumed that blue-
back herring used the nonsampled stretch of a trib-
utary or main river channel between two adjacent
sites as a migration route or for spawning. For cal-
culations, herring were not assumed to be present
beyond the last sampled upstream site that con-
tained herring. A computerized image analysis sys-
tem (Analytical Imaging Concepts, Irvine, CA) was
used to estimate the distances on maps of the sam-
ple sites. These distances were then converted to
km with the map scale. Ricefields were not included
in the percent waterway length use calculation.

Average daily CPUE (eggs/m2/day) for each
station in Mulberry Ricefield and Cooper River
(Osteen 1985; Thomas 1990) was statistically ana-
lyzed using a completely random split-plot design
with the before and after rediversion periods as
whole plots and the sites and sample years as sub-
plots. Data were transformed [log,,(x + 0.05)]
because of the disproportionate number of stations
without herring eggs. Analysis of variance (ANOVA)
was used to detect differences in CPUE between
sites (i.e., Mulberry Ricefield and littoral area of
Cooper River), between periods (before and after
rediversion) and among sample years (1981, 1982,
1988 and 1989). Individual means were compared
with linear contrasts.

Average daily relative abundance of larval blue-
back herring (larvae/100 m3) at five sites in the
Santee River were examined with ANOVA on trans-
formed data [log,o(x + 1.0)]. The split-plot design

Before Rediversion
O NoHerring

@ Herring

After Rediversion
A NoHerring
A Merring

Ficure 3.— Study section of the Santee River.

used included sites and sample years as subplots,
and periods as the whole plot. Meador (1982) and
West (1984) provided the data for the before-redi-
version period (1981-82 and 1983-84) and Kempton
(1990) for the post-rediversion period data (1988-
89). Linear contrasts were used to compare individ-
ual means, and a P value of 0.05 was considered
significant for all analyses.

Results

Distribution

In the Cooper River, blueback herring (adults,
eggs or larvae) were found at 17 of the 40 sites
(42.5%) before rediversion compared to 26 of the
36 sites (72.7%) after rediversion. All main river
channel sites and ricefields sampled in the Cooper
River contained herring (Figure 2). However, only 5
of 28 tributary sites contained herring before redi-
version compared to 12 of 22 tributary sites after
rediversion.

The total calculated length of the surveyed
waterways in the Cooper River was 101 km before
and 64 km after rediversion. Calculated percentage
of waterway length with herring adults, eggs or lar-
vae was 29.5% before rediversion and 76.1% after
rediversion. In Wadboo Creek, a main tributary, her-
ring were found in 2.6% of the 62.3 km of surveyed
stream length before rediversion and 52.4% of the
22.7 km stream length after rediversion. Herring

TaBLE 1.— Analysis of the effects of rediversion period (before and after), sample site (Mulberry Ricefield and Cooper River) and sample year within
period (1981 and 1982 before rediversion, and 1988 and 1989 after rediversion) on CPUE of blueback herring eggs (eggs/m?/day).

Source df SS MS F P
Period 1 32.95 32.95 61.44 <0.0001
Year within period (error A) 2 1.07 0.54

Site 1 291 291 4.95 0.028
Period x site 1 1.94 1.94 329 0.717
Site x year within period 2 4.45 223 3.78 0.025
Error B 137 80.67 0.59
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TasLE 2— Analysis of the effects of rediversion period (before and after), sample site (Highway 52, Rediversion Canal, Wee Tee Lake, Highway
17-A and Pheonix-McConnell boat landing), and sample year within period (1981, 1982, 1983 and 1984 before rediversion, and 1988 and 1989 after
rediversion) on relative abundance of blueback herring larvae (larvae/100 md).

Source df SS MS F P
Period 1 0.05 0.05 0.01 0.918
Year within period (error A) 4 16.50 413
Site 4 267 0.67 2.70 0.030
Site x year within period 14 14.86 1.06 4.30 <0.001
Error B 412 101.75 0.25

were also found farther in Wappoola Swamp after Relative abundance

rediversion (Figure 2).

Blueback herring were collected at 26 of the 42
Santee River sites before rediversion and 23 of the
33 sites after rediversion. Herring were found at all
the main river channel sites including the
Rediversion Canal. Of the 32 tributary sites sam-
pled before rediversion, herring occurred in 16 sites
compared to 18 of 27 tributary sites after rediver-
sion.

Approximately 303 km of the Santee River was
surveyed before rediversion and 281 km after redi-
version. The percent of the surveyed waterway
lengths where herring were encountered was 62.6%
before and 67.6% after rediversion. Blueback her-
ring appeared to migrate similar distances upstream
before and after rediversion. For example, herring
were found 14.7 km upstream in Wee Tee Lake and
2.9 km up Wambaw Creek both before and after
rediversion. The percent length of waterway used
by herring before and after rediversion was the
same in Wee Tee Lake (100%) and similar in
Wambaw Creek (6.1% vs. 10.7%).

20.22

Hwy 52

Larvee/ 100 m®

Before )
LU

Ficure 4.— Relative abundance of blueback herring in the
Santee River before and after rediversion.
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The ANOVA of blueback herring egg CPUE
data from Mulberry Ricefield and Cooper River
before and after rediversion is summarized in Table
1. The overall mean (+ SE) CPUE before rediver-
sion (17.17 + 6.31 eggs/m2?/day) and after rediver-
sion (0.06 + 0.04 eggs/m2/day) was significantly dif-
ferent (P <0.001, Table 1). Analysis also revealed a
significant difference (P = 0.025) with the sample
site X year within period interaction, and linear con-
trasts separated three significantly different groups
of interaction means. The CPUE for Mulberry
Ricefield in 1982 (44.70 + 17.63 eggs/m2/day) which
was the highest mean constituted one group. A sec-
ond group of not statistically different means con-
sisted of CPUE values before rediversion for
Mulberry Ricefield in 1981 (4.41 + 252
eggs/mz/day) and for Cooper River in 1981 (1.21 +
0.65 eggs/m2/day) and in 1982 (2.59 + 2.24
eggs/m2/day). The mean CPUE values which made
up the third group were from the after-rediversion
period and included Mulberry Ricefield in 1988 (0.11
+ 0.11 eggs/m2/day) and 1989 (0.05 + 0.03
eggs/mz/day), and Cooper River in 1988 (<0.01
eggs/m2/day) and 1989 (0.01 + 0.01 eggs/mz/day).
In each of these groups of means, the Mulberry
Ricefield mean CPUE values were higher than the
means for Cooper River. The overall mean value for
Mulberry Ricefield (11.94 + 4.57 eggs/m2?/day) was
also significantly different from the Cooper River
mean (0.95 + 0.59 eggs/m?/day).

Mean relative abundance of blueback herring
larvae was similar (P = 0.918) before and after redi-
version (Table 2). The effect of sample site location
on the relative larval herring abundance was signifi-
cant (Table 2). Mean relative abundance of herring
larvae in the Rediversion Canal (29.26 + 11.35 lar-
vae/100 m3) and Wee Tee Lake (9.24 + 2.60 lar-
vae/100 m3) was significantly greater than the mean
value for Highway 52 (7.95 + 3.50 larvae/100 m3),
Highway 17-A (5.91 + 1.29 larvae/100 m3) and
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Pheonix-McConnell boat landing (3.09 + 0.74 lar-
vae/100 m3). Figure 4 summarizes the mean rela-
tive abundances of blueback herring larvae by sam-
pling site and period. Before rediversion, those sites
nearest Wilson Dam had higher relative abun-
dances than the downstream sites whereas after
rediversion the highest relative abundances were
found in the Rediversion Canal near St. Stephens
Dam. Significant year-to-year variation was
observed in the relative abundance of larval herring.
Higher mean relative abundance occurred in 1988
(18.87 + 6.29 larvae/100 m3), 1984 (12.81 + 3.41
larvae/100 m3) and 1981 (10.41 + 2.64 larvae/100
m3); an intermediate group of values occurred in
1989 (5.39 + 2.58 larvae/100 m3) and 1982 (2.95 +
0.62 larvae/100 m3); and the lowest value occurred
in 1983 (0.05 + 0.03 larvae/100 m3). The sample
site X year within period interaction was also signifi-
cant (P <0.001).

Discussion

Distribution

Loesch and Lund (1977) noted that blueback
herring of the Connecticut and Thames rivers were
very selective in choosing spawning sites.
Spawning blueback herring selected areas with
swift flows and hard substrate. In areas where blue-
back herring are sympatric with alewife A. pseudo-
harengus, blueback herring selected lotic spawning
sites over lentic sites (Loesch 1987). In the south-
ern portion of its range, blueback herring chose old
ricefields, cypress swamps, and oxbows over near-
by streams for spawning (Christie et al. 1981;
Meador et al. 1984; Loesch 1987). Our study indi-
cates that blueback herring in the Santee-Cooper
System used both the lentic, soft-bottom habitat of
Mulberry Ricefield and the lotic, high-flow habitat of
the Rediversion Canal for spawning.

Loesch (1987) also suggested that blueback
herring will adapt their spawning site selection
behavior in the face of changing environmental con-
ditions. The discharge regime of Pinopolis Dam
changed from high consistent discharges before
rediversion to low, less consistent discharges after
rediversion (Osteen et al. 1989; Thomas et al.
1992). Mulberry Ricefield, an important spawning
site for blueback herring before rediversion (Osteen
et al. 1989), was less accessible to migrating blue-
back herring after rediversion (Slack 1991).
Reduced access to ricefields may have forced her-
ring to seek other spawning sites. Herring were
found farther upstream in the tributaries of the
Cooper River after rediversion. Upstream distribu-
tion of spawning blueback herring is limited both by
habitat suitability and access (Loesch and Lund
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1977).

Although discharge increased in the Santee
River with rediversion, the pre- and post-rediversion
distribution of blueback herring in the Santee River
was similar. Flood releases from Wilson Dam during
the spawning season were the most important
hydrological events influencing blueback herring
spawning habitat in the Santee River (West et al.
1988). After rediversion, flood releases occurred
only once from 1986 through 1989 compared to
four times in a 5-year period (1978, 1981-84) before
rediversion (Christie et al. 1981; Meador et al.
1984; West et al. 1988; Kempton 1990; Thomason
1991). Our ability to detect changes in herring distri-
bution with rediversion may be limited by the yearly
differences in flood releases.

Relative abundance

The post-rediversion estimate of relative egg
abundance (CPUE) in Mulberry Ricefield and littoral
area of Cooper River represents a 99.6% diminu-
tion from the pre-rediversion relative abundance
estimate. Adult herring are attracted by high flows
(Collins 1952). The reduced discharges associated
with rediversion probably attracted fewer blueback
herring to the Cooper River. Cooke and Eversole
(1994) observed a 77-80% decline in the annual
averages of fish passage at Pinopolis Dam and the
commercial herring landings in the Cooper River
between 5-year periods before rediversion (1980-
84) and after rediversion (1986-90). Reduced adult
herring numbers explain only a part of the 99.6%
decline in egg CPUE, while the remainder may be a
function of access and suitability of the sampled
habitats for spawning blueback herring. For exam-
ple, Slack (1991) observed that access to ricefields
(via dike breaches) was limited during periods of
low discharge and ebb tide after rediversion.
Thomas et al. (1992) also noted that after rediver-
sion, herring eggs were captured only from deep
water stations in Mulberry Ricefield and that shal-
lower water areas of the ricefield were exposed dur-
ing periods of low discharge.

According to the results of a tag-recapture
study, the estimated number of adult blueback her-
ring in the Santee River increased from an average
of 3.1 million herring/year from 1980 to 1984 to 6.6
million/year from 1986 to 1990 (Cooke 1990).
Although larval herring relative abundance
increased at four of the five sampling sites in the
Santee River after rediversion (Figure 4), none of
these relative abundance estimates were signifi-
cantly higher than pre-rediversion estimates.
Significant variation in relative abundance was
observed with sample year regardless of the redi-
version period. Past Santee River studies indicate
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hat larval herring relative abundance reflects the
iming and duration of flood releases (Meador et al.
1984; West et al. 1988; Kempton 1990). The year-
to-year variation in the flood release patterns in the
Santee River is probably one reason why the differ-
ences in relative abundance between pre- and post-
rediversion periods were not detectable.

The section of Santee River near Highway 52
(and upstream of the confluence of the Rediversion
Canal) was an important spawning site before redi-
version (West et al. 1988). After rediversion, the
highest observed relative abundance of larval her-
ring was in the Rediversion Canal. Gill net data from
sites near the mouth of the Rediversion Canal indi-
cated that, after rediversion, most of the migrating
adult herring were moving into the canal rather than
up the Santee River toward Wilson Dam (Christie
and Cooke 1987). Loesch (1987) reported that blue-
back herring will disperse to new areas and
increase in abundance under the appropriate hydro-
logical conditions. Our data indicate that adult blue-
back herring abandoned historic spawning sites
near Highway 52 in favor of new sites in the
Rediversion Canal. However, it is not clear whether
the addition of 8 km of spawning habitat in the
Rediversion Canal will compensate for loss of
approximately 60 km of riverine habitat above the
canal.

Summary

The U.S. Army Corps of Engineers (1975) pre-
dicted that the fishery resources in the Cooper River
would decline with rediversion and the resultant
reduction of discharge from Pinopolis Dam. Relative
abundance estimates of blueback herring eggs
(CPUE) indicate this was the case in Mulberry
Ricefield and the littoral area of the adjacent Cooper
River. Surprisingly, the number and length of tribu-
taries used by blueback herring increased after redi-
version. We hypothesize that in the absence of suit-
able habitat in ricefields, blueback herring were
forced to seek sites in the more lotic habitats of the
Cooper River.

Population estimates (tag-recapture data) indi-
cate an increase in the herring population in the
Santee River after rediversion (Cooke 1990) as pre-
dicted by the U.S. Army Corps of Engineers (1975).
Blueback herring used 8 km of the Rediversion
Canal as a spawning site whereas the use of 60 km
of the historic spawning habitat in the Santee River
upstream of the canal confluence was diminished
with rediversion. Mean relative larval herring abun-
dance estimates for the Santee River were similar
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before and after rediversion. Flood releases from
Wilson Dam influenced blueback herring spawning
behavior (Meador et al. 1984; West et al. 1988) and
probably limited our ability to detect statistical differ-
ences between pre- and post-rediversion periods.

Since the Rediversion Canal has developed
into an important blueback herring spawning site, it
is critical that the facility at St. Stephen Dam be
operated in a manner that will allow not only for suc-
cessful spawning but also fish passage (Cooke and
Eversole 1994). Careful management of the dis-
charge regimes in both rivers during the spawning
season is one of the more promising ways to lessen
the impacts of rediversion on the blueback herring
resource. Arrival at a discharge regime acceptable
to both resource and public works managers will
require compromise by all parties.
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American Shad Fisheries

of North Carolina with Emphasis

on the Albemarle Sound Area

SARA E. WINSLOW

North Carolina Division of Marine Fisheries, 1367 US 17 South, Elizabeth City, NC 27909

Abstract.—American shad Alosa sapidissima have supported an extensive fishery in North Carolina and other Atlantic
coast states since the colonial period. The North Carolina Division of Marine Fisheries has monitored American shad
throughout the major coastal systems, with continuous monitoring in the Albemarle Sound area since 1972. Gill nets, pound

nets, and haul seines have historically been the principal

commercial fishing gear, with gill nets accounting for the majority of

the landings. The areas fished and gear employed in the shad fishery have remained essentially unchanged since the late
1800's. However, in some areas the amount of certain types of gear has decreased, while increases have been noted in
other areas. The amount of harvest has declined significantly since the late 1800’s. North Carolina’s American shad harvest
has increased from that in the 1970’s, and although stable, remains at a reduced level.

American shad Alosa sapidissima have histori-
cally supported a major fishery in North Carolina, as
well as in other Atlantic coast states. The native
Americans and European colonists, who settled
along the extensive sounds and rivers, found shad
to be a valuable food source. Shad which ascended
the streams in large numbers during the spring
were caught, salted, and smoked, and were an
important seasonal food.

American shad are distributed along the Atlantic
coast from the St. Lawrence River, Canada, to the
St. Johns River, FL and are most abundant from
Connecticut to North Carolina (Walburg and Nichols
1967). Shad ascend all coastal rivers in North
Carolina and are most abundant in the Cape Fear,
Neuse, Tar-Pamlico, Roanoke, and Chowan rivers
(and their tributaries) and Albemarle and Pamlico
sounds (Figure 1). The fishery throughout the
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TaBLE 1.— American shad landings and value in North Carolina,1880-1992 (from Chestnut and Davis 1975 and N.C. Division of Marine Fisheries,

Morehead City).
Recorded Value in 1987 Recorded Value in1987
Landings Value dollars Landings Value dollars
Year (1000 kg) ($1000) ($1000) Year (1000 kg) ($1000) ($1000)
1880 1,462 330 4853 1959 190 105 410
1887 2,17 298 4806 1960 157 127 488
1888 2,599 295 4683 1961 305 168 639
1889 2,452 280 4444 1962 347 191 713
1890 2,640 306 5016 1963 314 168 618
1896 4,015 417 7316 1964 290 127 458
1897 4,069 363 6482 1965 485 214 754
1902 2,981 385 6417 1966 318 170 578
1904 1,466 313 5048 1967 352 155 512
1908 1,781 373 5652 1968 382 128 403
1918 752 377 3366 1969 326 137 411
1923 1,076 583 4740 1970 432 193 550
1927 1,083 475 3831 1971 308 117 316
1928 1,415 573 4659 1972 212 112 289
1929 868 350 2846 1973 145 85 206
1930 532 210 1765 1974 167 106 236
1931 400 139 1275 1975 109 83 169
1932 420 126 1299 1976 75 65 124
1934 578 193 1874 1977 54 55 98
1936 497 177 1670 1978 182 145 240
1937 317 106 964 1979 126 122 186
1938 468 165 1528 1980 90 88 123
1939 389 137 1280 1981 159 190 241
1940 364 120 1101 1982 187 183 218
1945 414 199 1508 1983 202 187 214
1950 499 340 1692 1984 265 241 265
1951 564 300 1422 1985 149 152 161
1952 671 377 1762 1986 169 229 236
1953 539 293 1344 1987 148 215 215
1954 656 258 1167 1988 128 171 165
1955 294 160 702 1989 146 214 197
1956 350 193 818 1990 142 170 150
1957 379 209 857 1991 125 201 171
1958 223 123 494 1992 107 194 160

coastal area has employed drift gill nets, stake gill
nets, anchored gill nets, pound nets, haul seines,
bow nets, fish wheels, and hook and line.

Since the late 1800’s, North Carolina has con-
sistently ranked in the top three states for commer-
cial landings of American shad along the east coast
(Walburg and Nichols 1967). The peak reported
landings in North Carolina occurred in 1897 at over
4 million kilograms, but in recent decades the land-
ings have declined sharply (Sholar 1977; Johnson
1982). An increase in landings was noted from
1981 to 1987, but was less than landings of the
1960’s (Table 1). Since the late 1880’s, landings
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along the entire Atlantic coast of the United States
have shown a continued decline (ASMFC 1985).
Since the late 1800’s, overfishing, construction of
dams, and pollution have been blamed for the
decline in landings (Cheney 1896; Blackford 1916;
Roelofs 1951; Talbot 1954; Chittenden 1969; Klauda
et al. 1976; Boreman 1981).

Shad are pursued extensively in the spring,
both commercially and recreationally. In recent
years, the commercial importance of shad has
decreased in some areas, while the species sup-
ports an increasingly important recreational fishery
in others. Annual North Carolina landings in 1992
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were 107,598 kilograms. This annual poundage has
decreased from that reported by Johnson (1982:
186,594 kg), but has increased from that which
Sholar (1977) reported (54,934 kg; Table 1).

History of the Shad Fishery

In 1896, the American shad harvest from the
Albemarle Sound was among the most important on
the Atlantic coast. Stevenson (1899) reported a har-
vest of 2,162,998 kg in 1896 for the Albemarle
Sound area, but the harvest had decreased to
52,401 kg in 1904 (Cobb 1906) for the same area, a
decline of 97.6%. Historically, Virginia usually
ranked first and North Carolina second (Walburg
and Nichols 1967), but by 1960, the landings for
North Carolina only ranked third along the east
coast. Landings and values reported for the state
by Chestnut and Davis (1975) have fluctuated wide-
ly over the years, but show a continued decline
since the late 1800’s (Table 1). During 1972-1992,
North Carolina landings averaged 147,584 kg, with
arange of 54,934 to 265,590 kg (Figure 2).
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Ficure 2.—Landings and value (1987 dollars) of North Carolina
American shad from 1972 to 1992. NC = North Carolina; AS -
Albemarle Sound.

The North Carolina shad fishery can be divided
into the commercial fishery and the recreational
(inland) fishery. Although some of the gear used is
employed by both fisheries, they are treated sepa-
rately because the fisheries are administered by two
separate agencies. The commercial fishery is under
the jurisdiction of the North Carolina Division of
Marine Fisheries, whereas the inland section is
under the North Carolina Wildlife Resources
Commission. The jurisdictional areas are described
in North Carolina Fisheries Regulations for Coastal
Waters, 1992-1993 (NCDEHNR 1992).
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There are four principal commercial fishing
methods used in North Carolina to capture shad:
anchored gill nets, staked gill nets, pound nets, and
haul seines. In the Albemarle Sound area these
gear are essentially the same as those of the late
1800’s (Smith 1907), although the length of the gear
has changed. In 1896, gill nets averaged 18.3 m
long and were set in strings of 50 to 500 nets with
133-140 mm stretched-mesh (Walburg and Nichols
1967). Gill nets now average 9 to 73 m in length,
and mesh sizes range from 102-140 mm stretched-
mesh.

Pound nets during the late 1800’s were set
along the shores of the sounds and rivers with 1 to
25 pounds or hearts in each string. Since the
1960’s, the majority of the pound nets has been set
in the rivers, and the leads seldom exceed 183 m in
length. The haul seines that were used to catch
shad in 1896 averaged 2275 m long, were 3.7-4.9
m deep, and had a stretched-mesh size of 51 mm in
the bunt and 76 mm in the wings. The haul seines
of the 1950’s and 1960’s in the Albemarle Sound
area averaged 137 m long (Walburg and Nichols
1967). Only a remnant haul seine fishery currently
exists in the Albemarle area and does not target
shad.

Gill nets have historically contributed the high-
est percentage of the landings, since they are fished
for the larger roe (female) shad (Stevenson 1899;
Walburg and Nichols 1967). Several other types of
commercial gear were used: bow nets, fyke nets,
drift gill nets, and fish wheels. These methods have
contributed very little to the total harvest in the
Albemarle area. Most of the harvest, past and pre-
sent, is handled through dealers in Elizabeth City,
Columbia, Manns Harbor, Wanchese, Colerain, and
Chowan County, and then shipped to northern mar-
kets.

The inland fishery gear is composed of bow
nets, anchored and drift gill nets, and hook and line.
A bow net resembles a large landing net with an
oval opening up to 3 m in width and 3.7 m in length.
Bow nets were usually fished from the bank or from
a boat. Drift gill nets are approximately 18-36 m in
length and are fished in coastal rivers by drifting
downstream with the current. Some hook and line
effort for shad occurs in the upper Roanoke,
Chowan (Nottoway and Blackwater rivers) and
Meherrin rivers. Baker (1968) estimated a shad
harvest of approximately 3,900 American shad from
these areas in 1966 to 1967, but the shad catches
that result from this gear cannot be quantified. The
catch from bow net and hook and line will not be
considered.

Since 1896, the areas fished and gear used in
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the shad fishery have remained essentially
unchanged. In some areas the amount of certain
types of gear has decreased, whereas increases
have been noted in other areas. The extent of the
fisheries harvest has declined and the fishery could
not continue if totally dependent on shad.

Commercial Harvest Survey

American shad landings and values for North
Carolina and the Albemarle Sound have fluctuated
considerably during the past 21 years (Figure 2).
The decline in North Carolina landings has been
more dramatic than that in Virginia or South
Carolina, but has not resulted in stocks reaching the
low levels observed in Maryland (ASMFC 1985).

For the 1972 to 1992 period, the lowest North
Carolina landings (54,943 kg) were recorded in
1977. Total North Carolina American shad landings
increased during 1983 and 1984 (Figure 2) but
declined in 1985 to 1987.

Gill nets, pound nets, and haul seines have his-
torically been the principal commercial fishing gear
in North Carolina for American shad (Walburg and
Nichols 1967). Gill nets (anchored and drift) have
contributed the highest percentage of American
shad to the North Carolina landings for 20 of the
past 21 years (Figure 3). Only in 1977 did pound
net catches dominate the state’s landings.For this
time period: 67.9% were taken by anchored gill
nets; 18.5% by pound nets; 10.5% by drift gill nets;
2.9% by haul seines; 0.1% by trawls; and <0.01% by

other gear.
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Ficure 3.—Percentage of North Carolina American shad landings
by gear for 1972 to 1992.

Albemarle Sound Area

Albemarle Sound, located in the northeastern
portion of North Carolina, is a shallow estuary
extending 88 km in an east-west direction (Figure
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1), and averages 11 km wide and 5-6 m deep. Ten
rivers drain into Albemarie Sound, which joins
Pamlico Sound through Croatan and Roanoke
sounds, and in turn, empties into the Atlantic Ocean
via Oregon Inlet. Currituck Sound joins the
Albemarle from the northeast. Most of the tributaries
to the sound originate in extensive coastal swamps,
but the headwaters of the Roanoke River are locat-
ed in the Appalachian foothills of Virginia. The
Roanoke and Chowan rivers are the principal tribu-
taries, and areas of these rivers are known to func-
tion as American shad spawning areas (Street et al.
1975; Johnson et al. 1981; Winslow et al. 1983,
1985).

The Roanoke River is a relatively narrow stream
which follows a winding course to its mouth below
Plymouth, where it enters western Albemarle
Sound. A dam was constructed in 1955 on the river
at Roanoke Rapids (river km 254), North Carolina
(Carnes 1965), preventing further upstream move-
ment. However, American shad have not been
reported above the Scotland Neck bridge (river km
193) for many years (Baker 1968).

The Chowan River, formed by the junction of
the Blackwater and Nottoway rivers near the North
Carolina-Virginia border, flows 88 km to northwest-
ern Albemarle Sound. The Meherrin River is one of
the major tributaries of the Chowan River and origi-
nates in the piedmont area of Virginia. The
Meherrin River follows a southeasterly course after
entering North Carolina and meets the Chowan
River 66 km above the mouth. American shad
spawning has been documented in the Meherrin
and Chowan rivers. The North Carolina portions of
the Chowan and Meherrin rivers are free of obstruc-
tions that may restrict adult shad during their
spawning run. A more detailed description of
Albemarle Sound and its tributaries is given by
Street et al. (1975) and Winslow et al. (1983, 1985).

The shad fisheries of the Albemarle Sound area
became important about 1869, with the greatesi
development occurring in the next 25 years
(Walburg and Nichols 1967). Until 1860, haul
seines were the only gear used and for some years
continued to be the principal gear. Pound nets were
first used in the Albemarle area in 1870 (Cobb
1906). Their popularity grew until 1896, then
declined because of cost of the gear and its opera-
tions, as well as a decline in harvest (Walburg and
Nichols 1967). In the late 1800’s and early 1900,
the commercial harvest season normally ran from
early February to mid-April. The legal fishing sea-
son in 1960 was 1 January to 1 May in coastal
waters, and 1 January to 1 June in inland waters.
During this time it was illegal to set gill nets in
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Albemarle Sound west of the NC Highway 32
bridge, and in the Chowan River, from the river
mouth upstream to Holiday Island. By 1960, nets
were set primarily for striped bass Morone saxatilis
and river herring Alosa spp., with shad catches
being incidental, due to the continued decline in
shad landings (Walburg and Nichols 1967). The
present fishing season is about the same as it was
in 1960, although there is no regulated shad sea-
son. Management actions taken in the springs of
1989 to 1992 for striped bass conservation probably
acted as conservation measures for American shad
as well. Certain areas in Albemarle Sound were
closed to gill netting and mesh size restrictions were
enacted during this time.

The Roanoke River fishery changed consider-
ably from 1896 to 1960, as shad landings
decreased and the amount of gear fished
decreased (Walburg and Nichols 1967). In 1896,
shad fisheries in the Roanoke River were limited to
the lower river, from Williamston to the river mouth.
By 1960, the fishery extended farther up the river, to
the Scotland Neck bridge. Shad catches were inci-
dental for all gear which were directed at striped
bass and river herring. Regulations adopted by the
North Carolina Marine Fisheries Commission in
1980 eliminated set gill nets in the Roanoke River
from April through May and restricted the mesh size
of drift gill nets to no greater than 76 mm stretched-
mesh. In 1981, the North Carolina Wildlife
Resources Commission eliminated bow netting on
the Roanoke River. These regulations were passed
to protect striped bass during their spawning run,
but also protected shad in their migration up the
river to spawn.

The Chowan River differed from other areas in
1896 because pound nets and seines were the pri-
mary gear used to capture shad, accounting for
98% of the catch. By the mid-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>