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THE ROCK SHRIMP GENUS SICYONIA

(CRUSTACEA: DECAPODA: PENAEOIDEA) IN THE EASTERN PACIFIC

ISABEL PEREZ FARFANTE!

ABSTRACT

The genus Sicyonia is redefined and the 12 species occurring between Monterey Bay, California, and off
Pisco, Peru, are treated in detail. A key to species is followed by illustrated species accounts including
descriptions, ranges of intraspecific variation with analyses of morphometric data (rostrum to carapace
ratio graphically represented for 10 species), and color notes. The size ranges at which males and the
minimum sizes at which females attain adulthood are summarized, and ecological notes together with
maps illustrating the ranges of the species (six of which have been extended beyond limits previously
reported) are included. Sicyonia disparri seems to be restricted to the south dnd gulf coasts of Baja
California and waters off Nayarit, Mexico; S. affinis to waters off Costa Rica, Panama, and Colombia;
and S. penicillata occurs on the ocean side of Baja California Sur, Mexico, and from the Gulf of
California to Costa Rica. Sicyonia ingentis ranges from Monterey Bay to Nayarit, including the Gulf of
California. Sicyonia disedwardsi and S. martini occur along the ocean side of Baja California Sur, in
the Gulf of California, and southward to Panama, and four others, S. aliaffinis, S. disdorsalis,S. mixta,
and S. picta, frequent the same waters, but also reach as far south as Peru. Sicyonia laevigata and S.
brevirostris are found on both sides of the Continent, the former at the southern end of the Gulf of
California and from off Costa Rica to the Golfo de Panama in the Pacific, and from North Carolina to
Santa Catarina, Brazil, in the Atlantic. Sicyonia brevirostris has been recorded from the Golfo de
Tehuantepec and from Virginia southward through the Gulf of Mexico to Yucatan, and also from the
Bahamas and Cuba. In addition, there is an unverified literature record from Guyana. The treatment of
each species is concluded with a comparison of its diagnostic features with those of the most closely

allied congeners and a note on its present or potential economic value.

Until a few years ago, members of the genus
Sicyonia, “rock shrimps”, were discarded from the
large commercial catches of panaeoid shrimps
made in tropical and subtropical waters of the
eastern Pacific and western Atlantic. It was com-
monly thought that because of their hard, stony
exoskeleton, they would be rejected by both con-
sumers and the processing industry; however, in-
creased demand for shrimp encouraged the
fishermen and dealers to bring the larger species
to market, and now production is not only readily
absorbed, but some prefer rock shrimps to the
thinner shelled species.

The exploitation and comparatively recent rec-
ognition of the commercial potential of Sicyonia,
the most distinctive group within the superfamily
Penaeoidea, have motivated this review of mem-
bers of the genus found in the American Pacific
(the western Atlantic species have already been
the object of a number of studies, e.g., Chace 1972;
Huff and Cobb 1979). For the most part, the infor-
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mation available is limited to the original descrip-
tions of the species, which are scattered in works
published between 1871 and 1945, and to a limited
number of locality records. Of the 12 species occur-
ring in the region, 4 had been recognized prior to
the close of the century. No other species were
reported from these waters until Burkenroad
made his invaluable studies (1934-45) which re-
sulted in the recognition of five new species plus
two others previously known to occur only in the
western Atlantic. Recently, Pérez Farfante and
Boothe (1981) described the 12th member of the
genus frequenting the eastern Pacific. Two works
have been helpful in the identification of the
American Sicyonia: one by Anderson and Lindner
(1945) which provided a key to the then known
species; the other by Arana Espina and Méndez G.
(1978) in which was presented an illustrated key,
diagnoses, and ranges of the species found in
Peruvian and Ecuadorean waters, and an analysis
of morphometric relations, with data on the
growth and molting pattern of one of the species.

The extensive collections (515 lots containing
4,672 specimens) of Sicyonia available from Mon-
terey Bay, Calif., to off Pisco, Peru, and the oppor-
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tunity to examine all except two of the extant
type-specimens of the species have made a critical
study of the genus in the eastern Pacific possible.
The present work includes a definition of the genus
and a key to the species occurring in the region. A
complete synonymy and usually complete list of
references, vernacular names, and a diagnosis
precede the detailed description of each species,
which includes a discussion of the extensive varia-
tion exhibited as well as meristic and morphomet-
ric data. In addition, relation of the length of the
rostrum to the length of the carapace is graphed
for 10 species. Color notes, size range at which
males reach adulthood, and minimum size
at which females have been observed to be im-
pregnated are given. Geographic and bathymetric
ranges are delimited, and ecological data are pro-
vided. Analyses of the diagnostic features utilized
in the recognition of species and a discussion of
their phylogenetic relationships are also pre-
sented. Distributional maps as well as illustra-
tions of entire animals, genitalia, and a few other
morphological features are included along with a
bibliography which is as complete as possible. A
statement of their economic importance follows
the treatment of the pertinent species, and a list of
the specimens examined, with their localities, is
appended to each of the 12 species.

The distributional studies have resulted in ex-
tensions of both geographic and bathymetric
ranges of several species; e.g., of the seven species
known to occur both in the Gulf of California and
on the ocean side of the peninsula, five have not
been previously reported from the latter, and one,
which had been recorded only as far north as Point
Conception, Calif., was found to reach Monterey
Bay (Pérez Farfante and Boothe 1981). Of the 12
species that have been reported from the region, 10
(or 11, in the unlikely event that the presence of S.
affinis is confirmed) occur in the Gulf of California;
of those occurring in the gulf, S. disparri appears
to be virtually confined to it and only S. ingentis
extends northward beyond Mexico, along the coast
of the United States. Eight of the 10 species range
southward to Central America, and of them 4
reach asfar as Peruand S. aliaffinis also occurs off
Islas Galapagos. Sicyonia brevirostris has been
reported exclusively from the Golfo de Tehuan-
tepec, and S. affinis is known with certainty only
from Costa Rica to Colombia.

Seven of the species, S. laevigata, S. mixta, S.
disedwdrdsi, S. penicillata, S. aliaffinis, S. mar-
tint, and S. picta, appear to have disjunct ranges.
None has been recorded from stretches variable in
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extension within the limits cited herein, and all of
the gaps encompass areas off southern Mexico.
Perhaps the discontinuities are due to limited
exploratory investigations; however, one species,
8. disdorsalis, has been found to oceur virtually
continuously from the Gulf of California to Peru.
Nevertheless, speculations attempting to explain
the apparent gaps in the ranges of these species
should await the confirmation of their existence.

Except for records of the occurrence of S. picta at
333 m (Faxon 1893) and 369-400 m (Arana Espina
and Méndez G. 1978) and S. brevirostris at 329 m
(Williams 1965), no other species were previously
known from depths greater than about 200 m; here
six others are reported between about 250 and 300
m, depths considerably greater than their previ-
ously known maximum occurrence.

Distributions of members of the genus Sicyonia
in the eastern Pacific appear to differ strikingly
from those of most species of the closely related
family Penaeidae in that region. Whereas some
species of Sicyonia are restricted to comparatively
small areas (one confined to the southern and gulf
coasts of Baja California and waters immediately
south), others range from the Gulf of California to
the northern or to the central coasts of Peru. Most
of the eastern Pacific species, like their western
Atlantic congeners, reveal a marked preference for
firm or coarse bottoms.

PRESENTATION OF DATA

Many characters used in the descriptions are
depicted in Figures 1-7. To provide an appreciation
of the structure of the eye and the nomenclature
employed in its description I have chosen that of S.
disedwardsi. To illustrate the first article of the
antennular peduncle and anterior gnathal append-
ages, S. ingentis was selected. The petasmata
have been drawn from specimens stained with fast
green. For convenience, both the armature of ster-
nite XI and the shape of the posterior thoracic
ridge are presented with the description of the
thelycum. Scales accompanying the illustrations
are in millimeters. The length of the rostrum (rl)
recorded herein is the linear distance from the
apex to the orbital margin; length of the carapace
(cl) is the distance between the orbital margin and
the midposterior margin of the carapace; and the
total length (tl) is the distance from the apex of the
rostrum to the posterior end of the telson. The
geographic distribution of each of the species pre-
sented on the maps is based on material personally
examined and on published records believed to be



PEREZ FARFANTE: ROCK SHRIMP GENUS SICYONIA

reliable. The names of the countries cited are in
English as are the Gulf of California and the Gulf
of Mexico; otherwise, all geographic features and
localities are in the language of the country in
which they occur.

Material examined during this study are in the
collections of the following institutions.

AHF Allan Hancock Foundation, Los An-
geles, California, USA

AMNH American Museum of Natural His-
tory, New York, New-York, USA

CAS California Academy of Sciences, San
Francisco, California, USA

IMARPE Instituto del Mar del Peru, Callao,
Peru

INP Instituto Nacional de Pesca, Sec-
retaria de Pesca, Mexico D.F,
Mexico

MCZ Museum of Comparative Zoology,
Harvard University, Cambridge,
Massachusetts, USA

MP Museéum National d’Histoire Natu-
relle, Paris, France

SIO Scripps Institution of Oceanography,
La Jolla, California, USA

UCR Universidad de Costa Rica, San Jose,
Costa Rica

UP Universidad de Panama, Panama

USNM National Museum of Natural History,
Smithsonian Institution, Washing-
ton, D.C., USA

YPM Peabody Museum of Natural History,
Yale University, New Haven, Con-
necticut, USA

ZMB Zoologisches Museum der Hum-

boldt-Universitat, East

Germany.

Berlin,

Genus Sicyonia H. Milne Edwards 1830

Sicyonia H. Milne Edwards 1830:339 [type-
species, by monotypy: Sicyonia sculpta H. Milne
Edwards 1830:340 (= Cancer carinatus Brun-
nich 1768:102)]. H. Milne Edwards 1837:408.
De Haan 1849:187. Heller 1863:290. Bate

1888:292. A. Milne Edwards and Bouvier
1909:243. Balss1914:14. Burkenroad 1945:1.
Barnard 1950:635. Holthuis 1952:339.

Hall 1956:87. Zariquiey Alvarez 1968:57.
[Name validated and placed on the Official
List of Generic Names in Zoology as Name No.
922 under Plenary Powers of the International

Commission on Zoological Nomenclature, Opin-
ion 382,1956:45; Hemming 1958:126.] Gender:
feminine.

Ruvulus de Natale 1850:20 (published as synonym
of Sicyonia H. Milne Edwards 1830) [type-
species, by monotypy for Sicyonia H. Milne Ed-
wards: Sicyonia sculpta H. Milne Edwards
1830].  Holthuis 1952:339. Hall 1956:87.
Gender: masculine.

Synhimantites Boeck 1864:189 [type-species, by

monotypy: Synhimantites typicus Boeck
1864:189]. Burkenroad 1945:1. Holthuis
1952:339. Gender: masculine.

Eusicyonia Stebbing 1914:25 (substitute name for
Sicyonia H. Milne Edwards 1830) [type-species,
by monotypy for Sicyonia H. Milne Edwards
1830: Sicyonia sculpta H. Milne Edwards 1830].

Balss 1925:232. Burkenroad 1934a:70,
1934b:116,1945:1. Kubo 1949:437. Holthuis
1952:339. Hall 1956:87. Gender: feminine.

Diagnosis.—Body with integument rigid, micro-
scopically setose-punctate. Rostrum short, not
overreaching distal margin of antennular pedun-
cle, more often falling short of it, and armed with
dorsal, and usually apical teeth, lacking ventral
ones (Fig. 1). Carapace with postrostral carina
bearing epigastric tooth and variable number of
teeth more posteriorly; orbital, postorbital, and
pterygostomian spines lacking; antennal spine
present or absent; hepatic spine well developed;
cervical sulcus indistinct; hepatic sulcus usually
shallow; hepatic carina weak or indistinct; bran-
chiocardiac carina strong to barely distinct (Fig.
2). Abdomen marked by transverse sulci bordered
by closely set setae; dorsomedian carina extending
for entire length; carina on first somite usually
produced in large anterior tooth, that on second
incised or entire, and that on sixth terminating in
strong tooth; sixth somite bearing cicatrix. Telson
armed with pair of marginal, fixed, subterminal
spines. Optic calathus articulated directly to basal
article of eyestalk, intermediate article [ = Young’s
(1959) optic stalk] not apparent; ocular stylet pro-
jecting from anterolateral margin of ocular plate
(Fig. 3). Antennular peduncle about 0.6 cl; pro-
sartema (Fig. 4F-p) rudimentary; stylocerite long,
produced as sharp spine; antennular flagella
short, not exceeding 0.5 cl, mesial flagellum taper-
ing gradually from base, lateral one broad from
base to near tip, then tapering rapidly to apex.
Mandibular palp (Fig. 4A) three-jointed, proximal
article small and short, distal article large, much
larger than penultimate one, and roughly
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Rostrum
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\
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FIGURE 2.— Lateral view of carapace of Sicyonia showing terms used in descriptions.

FIGURE 3.—Sicyonia disedwardsi Stimpson, ? 30 mm cl, Golfo
de Panama, Panama. Eye, dorsal view: b, basal article; c,
cornea; o, optic calathus; p, ocular plate; s, ocular stylet. Scale
= 1lmm.

trapezoidal; first maxilla (Fig. 4B) with broad palp
unjointed and not produced distally; second
maxilla (Fig. 4C) with basipodite lacking proxi-
mal gnathal lobule; first maxilliped with flagel-
lum quite short (Fig. 4D); second maxilliped as
illustrated (Fig. 4E). Exopods lacking on second
and third maxillipeds and all pereopods. First
pereopod unarmed or with mesial spine on basis
and ischium. Endopods of pleopods absent except
for highly modified ones on first (petasma) and
second (bearing appendix masculina) pleopods.
Petasma (Fig. 5A) depressed, with dorsolateral

and heavily cornified ventrolateral lobules pro-
duced in distal projections, that of former funnel-
like, and with ventromesial slit; distal part of
dorsomedian lobule bearing short distal plate
resembling cusp in ventral aspect. Appendix mas-
culina (Fig. 5B) projecting from free distal part of
ridge on dorsomedian margin of endopod, small,
roughly bellshaped, but with membranous termi-
nal wall. Male gonopores situated on sternite XIV.
Thelycum (Fig. 8) with plate of sternite XIV
single, flat or raised in paired, weak or prominent,
lateral bulges. Paired seminal receptacles (Fig. 7)
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oy

FIGURE 4.-—Sicyonia ingentis (Burkenroad 1938), ? 38 mm cl, off Bahia de San Quintin, Baja California Norte, Mexico. A,
Mandible. B, First maxilla. C, Second maxilla. D, First maxilliped—b, branchial rudiment (arthrobranchia). E, Second maxil-
liped. F, First article of antennular peduncle—d, distolateral spine; p, rudimentary prosartema; s, stylocerite. Scales:A,C-E =3
mm;B = 1mm; F = 3 mm.
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FIGURE 5.—Sicyonia disparri (Burkenroad 1934),8 6 mm cl, Canal de San Lorenzo, Baja California Sur, Mexico. A, Dorsal view of petasma showing terms
used in descriptions; B, ventral view of same; C, dorsolateral view of appendix masculina on second pleopod.
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FIGURE 6.—Thelycum of Sicyonia showing
terms used in descriptions.

consisting of trilobed membranous sacs: large,
longitudinally disposed, mesial lobe, extending to
posterior margin of sternite XIV, and two small
anterior lobes, one directed anteriorly and the
other laterally; receptacles opening by transverse
slits at anterolateral margins of plate of sternite
XIV. Median plate of sternite XIII (supported by
buttress of sternite XII) large, triangular or
flask-shaped, tapering anteriorly in long, sharp
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Sternite X1
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Sternite X111

Median plate

7
i_terior component
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e of sternite XIV

Posterior
thoracic ridge

FIGURE 7.—Sicyonia disedwardsi,? 30 mm cl,
Golfo de Panama, Panama. Dorsal view of sperm
receptacles. Scale = 1 mm,

spine; plate bearing well-defined lateral constric-
tions setting off posterior component. Sternite XI
armed posteriorly with paired spines of variable
size. Branchial components consisting of pleu-
robranchia on somite IX; single arthrobranchia on
somite VII (lamellar rudiment; Fig. 4D-b); an-
terior and posterior arthrobranchiae on somites
VIII through XIII, anterior member of VIII very
small and that of XIII vestigial; and podobranchia
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on second maxilliped. Epipod on first and second
maxillipeds and on first through third pereopods.
[Modified from Burkenroad (1934a, b) and Kubo
(1949).]

The species of this genus (about 55), the only one
encompassed in the family Sicyoniidae, occur in
tropical, subtropical, and temperate waters. They
are marine, some invading brackish waters, and
abundant at shallow to moderate depths; a number
of them also range across the continental shelf
onto the upper slope, reaching depths of several
hundred meters.

Members of Sicyonia exhibit a wide range of
intraspecific variation. The number and position of
the dorsal and apical rostral teeth and the ar-
rangement of teeth on the postrostral carina vary
as do the depth, extension, and form (continuous or
interrupted) of the abdominal sulci. Although the
number of the latter almost always provide a reli-
able diagnostic character for specific identifica-
tion, the posterior pleural sulcus may be present or
absent in some species. Furthermore, in females
the contour and sculpture of the thelycal plate of
sternite XIV and the shape of the posterior margin
of that of XIII also vary as pointed out in the
accounts for most of the species. In contrast, the
petasma of each of the members of the genus is
virtually invariable and thus useful for specific
recognition, and the appendix masculina is almost
constant in shape in all of the species.

In the females, sternite XI is armed with a pair
of spines which vary considerably in length, rang-
ing from quite small, as in all members of Sicyonia
occurring in the eastern Pacific, to extremely long,
as in the western Atlantic S. olgae Pérez Farfante
1980. The posterior thoracic ridge varies but
within a range that does not prevent its having at
least limited diagnostic value.

Species of Sicyonia also exhibit various mor-
phological changes with increasing size. The
shape of the anteroventral margin of the pleuron
of the first abdominal somite may change gradu-
ally from straight in juveniles to pronouncedly
concave in adults, and the anteroventral ex-
tremities of the pleura of the first three or four
abdominal somites, from rounded to sharply
acute. The pleural armature, too, undergoes mod-
ifications with age; as Burkenroad (1934a) stated,
“A rounded angle usually precedes an unarmed
but acute angle, and this a veritable tooth, in the
course of individual development”; likewise, the
abdominal sculpture is altered, the sulci usually
becoming deeper as the animal grows. The forego-
ing statements indicate that abdominal features

which are diagnostic for the identification of
adults have scant systematic usefulness in iden-
tifying juveniles.

Another characteristic of the genus is the wide
range in size among the species; whereas some are
small (the eastern Pacific S. disparri reaches a
maximum total length of about 44 mm), others are
quite large (S. ingentis and S. brevirostris attaina
total length of about 133 and 153 mm, respec-
tively).

In the genus Sicyonia there are two series of
species the contrasting characters of which would
appear to justify their separation into two genera.
The members of one series (occurring on both sides
of the Atlantic, in the Mediterranean and Indo-
Pacific, and represented in the eastern Pacific by
S. disparri and S. laevigata) lack or occasionally
exhibit a very minute antennal spine, are armed
with basial and ischial spines on the first pair of
pereopods, bear an incision or a notch on the dor-
somedian carina of the second abdominal somite,
and usually display a conspicuous notch on the
lateral margin of the petasma. The members of the
other series (restricted to American waters) have a
well-developed, buttressed, antennal spine, lack
basial and ischial spines on the first pair of
pereopods, have no incision on the carina of the
second abdominal somite, and never bear a notch
on the lateral margin of the petasma. These two
series, representing extremes of the range of vari-
ation in members of the genus, were first recog-
nized by Burkenroad (1934a) as Division I and
Division II, respectively. Both in 1934a and 1945,
he stated that there are species or series of species
in which some of these characters are inter-
changed. Certain species (all from the Indo-
Pacific) that lack an antennal spine and in which
the first pair of pereopods are armed exhibit an
entire carina on the second abdominal somite (the
first two are characters of Division I, and the last of
Division II). At least one species (also occurring in
the Indo-Pacific) lacks an antennal spine and has
armed first pereopods (both characters of Division
I) but bears an unnotched carina (a feature of
Division II). Another species (the eastern Pacific
S. mixta) that possesses an antennal spine and has
armed first pereopods exhibits a clearly distinct
depression on the carina of the second abdominal
somite which seems to correspond to the notch
characteristic of Division I.

Burkenroad (1934a) also divided his Division II
into species-groups, each named for one of the
species belonging to it. They were characterized by
the number, size, and position of the teeth on the
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postrostral carina. The complex intergradation of
the characters that have been used to recognize
these “Divisions” and “groups” of Sicyonia seems
to demonstrate that there are no superspecific dis-
Jjunctions that will justify their being accorded
subgeneric or generic rank. In the present work,
occasionally, reference is made to these subdivi-
sions.

la.

1b.

2a.

2b.

3a.

3b.

4a.

4b.

ba.
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Key to the American Pacific species of
Sicyonia

First abdominal somite lacking tooth on

dorsomedian carina .............. S. mixta
First abdominal somite bearing anterior
tooth on dorsomedian carina ............ 2

Antennal spine absent or exceedingly
weak and without buttress; second abdom-
inal somite with perpendicular incision
in anterior half of dorsal carina; first
pereopod with short distomesial spine on
basis and ischium...................... 3
Antennal spine well developed and but-
tressed; second abdominal somite not
incised; first pereopod with basis and
ischiumunarmed ...................... 4

Postrostral carina armed with 3 sub-
equal teeth, anterior (epigastric) one as
large, or almost as large, as posterior 2
teeth; anteromedian sulcus of first abdom-
inal somite well marked to near ventral
margin of pleuron; posteroventral extrem-
ity of fourth abdominal somite dis-
tinctly angular ............. ... S. disparri
Postrostral carina armed with 3 unequal
teeth, anterior one conspicuously smaller
than posterior 2 teeth; anteromedian sul-
cus of first abdominal somite short, often
obscure, ending well above ventral mar-
gin of pleuron; posteroventral extremity
of fourth abdominal somite never distinct-
lyangular ................... S. laevigata

Postrostral carina with 2 or 3 teeth pos-
terior to level of hepaticspine........... 5
Postrostral carina with 1 tooth posterior
to level of hepatic spine

Postrostral carina almost always with 3
teeth posterior to level of hepatic spine,
occasionally anterior one of these at level

5b.

6a.

6b.

7a.

7b.

8a.

8b.

9a.

9b.
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of or slightly anterior to hepatic spine
........................... S. brevirostris
Postrostral carina with 2 teeth posterior
to level of hepatic spine, never with tooth
at level or slightly anterior to hepatic
SPINE ... 6

Rostrum bearing 2 dorsal teeth;
petasma with distal projections short and
stout; thelycum with plate of sternite XIV
raised in low (sometimes indistinct)
bulges and with posterior component of
median plate traversed by weak suture;
branchiostegite with large ocellus consist-
ing of well-defined yellow center sur-
rounded by purplish brownring ........
.......................... S. disedwardsi
Rostrum usually bearing 1 dorsal tooth
(rarely 2); petasma with distal projections
extremely long and slender; thelycum
with plate of sternite XIV raised in strong
bulges and with posterior component of
median plate traversed by deep groove;
branchiostegite with moderately large,
purplish brown spot sometimes bearing
poorly defined but diffuse yellow center
........................... S. penicillata

Postrostral carina behind posterior tooth
high, conspicuously elevated in arched

crest... ... 8
Postrostral carina behind posterior tooth
low, not elevated in high crest ........... 11

Fifth abdominal somite without tooth or
sharp angle at posterior end of dorsome-
dian carina; anteroventral extremity of
pleuron of fourth abdominal somite broad-
ly obtuse and unarmed .......... S. affinis
Fifth abdominal somite with tooth or
sharp angle at posterior end of dorsome-
dian carina; anteroventral extremity of
pleuron of fourth abdominal somite sharp-
ly angular or armed with spine ......... 9

Rostrum long, conspicuously surpassing
distal margin of eye; anteroventral angle
of second through fourth abdominal
somites unarmed, lacking spine; petasma
with projection of dorsolateral lobule dis-
tinctly bifurcate apically ....... S. martini
Rostrum short, falling short of, or infre-
quently barely surpassing distal margin
of eye; anteroventral angle of second
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through fourth abdominal somites armed
with curved spine; petasma with projec-
tions of dorsolateral lobule simple ...... 10

10a. Rostrum armed with 2 dorsal teeth; ab-
domen heavily tuberculate; anteromedian
pleural sulcus of first abdominal somite
well marked to near ventral margin of
pleuron; anteromedian pleural sulcus of
second and third somites reaching dor-
sally posteromedian pleural sulcus; bran-
chiostegite with horizontally disposed
9-shaped, brown mark ........ S. aliaffinis

10b. Rostrum armed with 3 or 4 dorsal teeth;
abdomen with very few tubercles; an-
teromedian pleural sulcus of first abdom-
inal somite well marked only dorsally; an-
teromedian pleural sulcus of second and
third somites not reaching dorsally pos-
teromedian pleural sulcus; branchioste-
gite with ocellate mark, consisting of red
center surrounded by yellow ring

11a. Dorsomedian carina of first abdominal
somite produced in tooth considerably
larger than posterior tooth on carapace,
that of fifth truncate or produced in spine
at posterior end; petasma with distal pro-
jections of dorsolateral lobules turned
mesially and lacking terminal filament;
thelycum with posterior component of
median plate flat or slightly raised pos-
terolaterally, not bearing short bosses cut
by transverse suture ........ S. disdorsalis

11b. Dorsomedian carina on first abdominal
somite produced in tooth smaller or only
slightly larger than posterior tooth on
carapace, that of fifth sloping gradually to
posterior end; petasma with distal projec-
tions of dorsolateral lobules divergent and
produced in short filament; thelycum with
posterior component of median plate bear-
ing paired short lateral bosses cut by
transversesuture .............. S. ingentis

Sicyonia laevigata Stimpson 1871
Figures 8-12

Sicyonia laevigata Stimpson 1871: 131 {type not
extant; type-locality: Charleston, S.C.].
Kingsley 1878:69, 1880:426. Rathbun 1901
103 [part]. De Man 1911:11. Bouvier 1918:6.

Hay and Shore 1918:379, pl. 25, fig. 1. Rath-
bun 1920:319. Burkenroad 1945:5. Lunz
1945:4, fig. 1. Pearse and Williams 1951:
143. Wass 1955:142. Menzel 1956:41. Hut-
ton et al. 1959:6. Wells 1961:248. Williams
1965:33. Fausto Filho 1966a:32, 1966b:47,
fig. 8. Eldred et al. 1965:32. Joyce and El-
dred 1966:24. Fausto Filho 1968:73. Rouse
1969:136. Bayer et al. 1970:41. Lyons et
al. 1971:28. Garcia Pinto 1971:5. Chace
1972:11.  Camp et al. 1977:23. Rodriguez
de la Cruz 1977:11. Huff and Cobb 1979:67,
fig. 38a-d. Rodriguez 1980:70. Pérez
Farfante 1980:773. Greening and Living-
ston 1982:151. Coen and Heck 1983:206.
Williams 1984:47.
Sicyonia sculpta var. americana De Man 1907:450.
Sicyonia carinata De Man 1907:451. [Not Cancer
carinatus Briinnich 1768 = Sicyonia carinata.]
Sicyonia carinata var.americana De Man 1911:10.
Eusicyonia laevigata. Burkenroad 1934a:76, fig.
21, 26, 32, 1934b:117. Schmitt 1935:132.

Burkenroad 1938:80. Lunz 1945:4, fig. 1.
Sicyonia carinata americana. Burkenroad
1934a:76.

Vernacular names: rock shrimp, hardback, coral
shrimp (United States); camaron de piedra,
cacahuete (Mexico); camaron conchiduro
(Mexico, Panama); camarao-da-pedra (Brazil).

Diagnosis.— Antennal spine absent or barely dis-
tinct and lacking buttress. Second abdominal so-
mite with perpendicular incision on dorsomedian
carina. First pereopod armed with short spine on
basis and ischium. Postrostral carina bearing
three unequal teeth, epigastric one considerably
smaller than posterior two teeth. Anteromedian
sulcus of first abdominal somite, if distinct, short,
ending well above margin of pleuron; posteroven-
tral extremity of fourth abdominal somite not dis-
tinctly angular. Petasma with distal projection of
dorsolateral lobule almost straight but with apical
part curved dorsally. Thelycum with plate of ster-
nite XIV produced in elongate anterolateral
lobules, their anteromesial borders strongly di-
vergent.

Description.—Body moderately robust (Fig. 8)
and lacking tubercles. Carapace with patches of
short setae on dorsum, as well as ventral and an-
terior to posterodorsal part of branchiocardiac
carina; extremely long setae flanking base of, and
between, teeth of postrostral carina.

Rostrum long, reaching as far as distal end of

11
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FIGURE 8.—Sicyonia laevigata,? 9 mm cl, Punta Paitilla, Panama. Lateral view. Scale = 5 mm.

antennular peduncle, its length (0.40-0.77 cl) in-
creasing linearly with carapace length (Fig. 9);
relatively deep, usually with dorsal and ventral
margins straight and subparallel; subhorizontal
or upturned to as much as 35°;, armed with two
(25%), three (72%), or four (3%) dorsal teeth and
two (5%), three (33%), or four (62%) apical teeth,
additional rudimentary one present between two
ventral ones; ventralmost tooth, largest of apical
cluster, subterminal, directed anteriorly or curved
upward, and distinctly removed from adjacent one.
Position of first dorsal tooth ranging between 0.09
and 0.30 (mean 0.18) rl from level of orbital mar-
gin, and that of second tooth between 0.42 and 0.60
(mean 0.45) rl; third tooth, when present, between
0.76 r]l and tip of rostrum (mean 0.87); and fourth,
rarely present, located at tip. Two, occasionally
one or three, minute but rather heavy movable
spinules (often absent in adults) flanking ventral
margin of rostrum, just posterior to apical teeth.
Adrostral carina, subparallel to ventral margin of
rostrum, extending to base of apical cluster.
Carapace with postrostral carina, barely dis-
tinct between teeth, bearing three unequal,
acutely produced teeth: 1) epigastric tooth,
situated between 0.06 and 0.16 (mean 0.12) cl from
orbital margin, subequal to or only slightly larger
than first rostral and conspicuously smaller than
more posterior teeth; 2) middle tooth, placed be-
tween 0.35 and 0.50 (mean 0.45) cl from orbital
margin; and 3) posterior tooth positioned be-
tween 0.68 and 0.80 (mean 0.72) cl from orbital
margin, well in advance of posterior margin of
carapace. Antennal spine absent or barely per-
ceptible, antennal angle 90° to broadly obtuse,
lacking buttress; hepatic spine long, sharply
pointed, projecting from low buttress, and situated

12
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FIGURE 9.—Sicyonia laevigata. Relationship between rostrum
length and carapace length (regression equation, y = —0.39153
+ 0.64127x).

between 0.22 and 0.30 (mean 0.25) cl posterior to
orbital margin. Postocular sulcus short; hepatic
sulcus shallow, subhorizontal; hepatic carina lack-
ing; branchiocardiac carina barely evident.
Ocular calathus broad and bearing conspicuous
tuft of setae on dorsolateral extremity; ratio of
length of lateral margin to width (across base of
cornea) 0.54-0.65 (mean 0.60) and ratio length of
lateral margin to cl 0.11-0.15 (mean 0.13).
Antennular peduncle with stylocerite produced
in acute spine reaching 0.65-0.75 of distance be-
tween lateral base of first antennular article and
mesial base of distolateral spine; latter extending
only to about proximal 0.40 of second antennular
article. Antennular flagella short, mesial one,
about 0.7 as long as lateral; latter, about 0.4 cl.
Scaphocerite almost reaching or slightly sur-
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passing distal end of third antennular article; lat-
eral rib produced in long, slender spine slightly
overreaching lamella. Antennal flagellum as
much as 3 times as long as carapace.

Third maxilliped much stouter than pereopods.
Basis and ischium of first pereopod armed with
short but well-developed sharp spine projecting
from distomesial margin.

Abdomen with dorsomedian carina low an-
teriorly, increasing in height posteriorly; carina on
first somite produced in rather small, anteriorly
directed tooth, smaller than posterior tooth on
carapace; carina on second somite conspicuously
incised (just dorsal to juncture of tergal sulci) and
that on sixth terminating in short, sharp tooth.

Anteroventral extremity of pleuron of first three
somites rounded; pleuron of fourth with postero-
ventral extremity angular or subangular, always
unarmed; posteroventral extremity of fifth and
sixth somites produced in very small, caudally
directed, sharp tooth.

First somite with short anteromedian pleural
sulcus (usually well marked but sometimes
obscure dorsally, obsolete, or represented by shal-
low depression ventrally) and long, united pos-
terior tergal-posteromedian pleural sulci. Second
and third somites marked by 1) long anterior ter-

gal (extending to base of pleuron) and short pos-
terior tergal sulci; 2) anteromedian pleural sulcus,
extending to near ventral margin on second somite
but restricted to dorsal part on third, in both so-
mites delimiting anterior shallow depression set-
ting off weak prominence dorsally; and 3) pos-
teromedian pleural sulcus, its dorsal extremity
curving anteriorly ventral to (not joining) pos-
terior tergal sulcus. Fourth and fifth somites with
anterior tergal sulcus (that of fourth obliterated
about midlength), merging with united posterior
tergal-posteromedian pleural sulci. Sixth somite
marked by weak, arched posteromedian pleural
sulcus and bearing shallow longitudinal depres-
sion between low dorsolateral ridge and elongate
cicatrix.

Telson with pair of short but strong fixed spines
and two longitudinal rows of movable spinules on
each side of median sulcus. Rami of uropod reach-
ing or barely overreaching apex of telson.

Petasma (Fig. 10A, B) with rigid distal projec-
tion of dorsolateral lobule bulbous proximally, al-
most straight but with terminal part strongly
curved dorsally; fleshy distal projection of ven-
trolateral lobule directed distolaterally, broad
basally, and with slender but blunt terminal part
curved proximally. Lateral margin of petasma

B

FIGURE 10.—Sicyonia laevigata, 3 5.7 mm cl, Isla Taboga, Panama. A, Petasma, dorsal view; B, ventral view; C, right appendix
masculina, dorsolateral view. Scale = (0.5 mm.
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FIGURE 11.—Sicyonia laevigata. Thelyca. A,? 7 mm cl, Isla San Lucas, Costa Rica; B,? 9 mm cl, Punta Paitilla, Panama. Scales
= 0.5 mm. .

slightly to conspicuously notched near midlength.

Petasmal endopods coupled in males with
carapace length as little as 2.9 mm, about 13 mm
tl, petasma joined in all larger males.

Appendix masculina as illustrated in Figure
10C.

Thelycum (Fig. 114, B) with plate of sternite
XIV produced in elongate, subalate anterolateral
lobules, their anteromesial borders strongly di-
vergent; plate flat except for deep, broad, antero-
median depression, limited posteriorly by raised
margin of posterior thoracic ridge. Median plate of
sternite XIII narrow, lanceolate, tapering gently
into sharp spine reaching as far as midlength of
coxae of extended second pereopods; plate con-
stricted and excavate at level of fourth pereopods;
posterior component of plate with posterior mar-
gin entire to deeply emarginate and traversed by
weak suture. Paired conspicuous spines projecting
anteroventrally from posterior margin of sternite
XI. Posterior thoracic ridge insensibly fused later-
ally with plate of sternite XIV.

The smallest impregnated female observed has
a carapace length of 5 mm, about 18 mm tl.

Color.—Huff and Cobb (1979) presented a detailed
14

account of the color pattern of this species based

on specimens collected on Florida’s west central
shelf.

Maximum size.—Males 7.3 mm cl, about 34 mm tl;
females 15 mm cl, about 53 mm tl.

Geographic and bathymetric ranges.—In the
American Pacific, S. laevigate is known from
Mazatlan (lat. 23°13'N, long. 106°25’W), Mexico
(Rodriguez de la Cruz 1977); Isla San Lucas
(9°56'N, 84°54'W), Golfo de Nicoya, Costa Rica;
and the Golfo de Panama, in the latter as far as
Punta Paitilla (8°58'N, 79°31’'W), Panama. In the
western Atlantic this species ranges from off Cape
Hatteras (35°08'30"N, 75°10'00"W), N.C., south-
ward and into the Gulf of Mexico to northwest
Florida, and off Yucatan. Also, it occurs through
the Antilles and around the Caribbean coast of
Mexico, Central America, and South America, and
along the Atlantic coast of South America to Anse
de Zimbros (27°13'S, 48°31'W), Santa Catarina,
Brazil (Fig. 12).

In the Pacific, this shrimp has been taken from
tide pools to a depth of 4-9 m, but in the Atlantic it
occurs from the shore to as deep as 90 m. It oceurs
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on corals or other firm, rocky or shelly substrates,
but occasionally, as reported by Wass (1955), on
soft mud.

On the basis of their samplings and the observa-
tions made by Lyons et al. (1971), Huff and Cobb
(1979) concluded that S. laevigata “shows some
preference for grass habitats in estuarine and
nearshore environments, associating with coarse
substrates further offshore where seagrasses are
absent.”

This species has been found at salinities be-
tween 22 and 37% (Lyons et al. 1971 and Menzel
1956, respectively) and temperatures between 17°
and 32°C (Lyons et al. 1971 and Camp et al. 1977,
respectively).

Discussion.—Sicyonia laevigata is most similar to
the Pacific S. disparri and the western Atlantic S.
parri, but it may be readily distinguished from
them by the following features. The epigastric
tooth in S. laevigata is smaller than, instead of
almost as large as, the other teeth on the postros-
tral carina. Also in S. laevigata this tooth is al-
ways situated anterior to the hepatic spine, be-
tween 0.06 and 0.16 (mean 0.12) ¢l from the orbital
margin, whereas in S. disparri it is often located
opposite or posterior to the hepatic spine but, if

anterior, usually farther from the orbital margin,
between 0.12 and 0.25 (mean 0.17) cl. The an-
teromedian pleural sulcus of the first abdominal
somite in S. laevigata is short, commonly well
defined (sometimes obscure) dorsally, but obsolete,
cr represented by a shallow depression ventrally;
in contrast, in S. disparri and S. parri it is long,
extending to near the ventral margin of the
pleuron, although sometimes it is interrupted dor-
sal to midlength. In S. laevigata the posterior
pleural sulci are lacking, as they usually arein S.
disparri, whereas in S. parri they are present.
Furthermore, in the petasma of S. laevigata the
distal projection of the dorsolateral lobule is di-
rected distally, its tip curved dorsally, whereas in
S. disparri and S. parri it is strongly curved
mesially—but in the latter the tip is bent slightly
dorsally. It should be pointed out that S. parri, like
the other two species, lacks an antennal spine,
possesses a spine on the basis and ischium of the
first pereopod, and bears a dorsal incision on the
dorsomedian carina of the second abdominal so-
mite.

Remarks.—In 1980, I stated that the dorsal mar-
gin of the rostrum of S. laevigata is armed with
three teeth, an opinion that was contrary to that of

A

1 % S mixta

S. laevigata

S. disparri

FIGURE 12. —Geographic distribution of Sicyonia 30
laevigata, S. disparri, and S. mixta.
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previous authors who noted that it bears only two;
I was convinced at the time that they considered
the variably situated third tooth, when located
subterminally, an apical instead of a dorsal tooth.
The study of the extensive collection available to
me for the present project has indicated that this
.species sometimes (25% of the specimens) bears
only two teeth, and occasionally four (3% of the
individuals).

It should be mentioned that the holotype of this
species was lost during the Chicago fire of 1871.

Material.—173 specimens from 41 lots.

Eastern Pacific—12 specimens from 6 lots.

Costa Rica—1?, USNM, Isla San Lucas, 5
January 1930, M. Valerio.

Panama—13 1?2, AHF, Isla Taboga, 4-9 m, 2
May 1939. 39, SIO, Isla Taboga, 3 m, 30 March
1967, R. Rosenblatt. 1?2, USNM, Punta Paitilla,
intertidal, 1 July 1969, L. G. Abele and J. Gra-
ham. 1?2, USNM, Punta Paitilla, intertidal, 17
June 1969, J. Graham. 4%, USNM, Punta Pai-
tilla, 8 m, 13 April 1972, C. E. Dawson and party.

Western Atlantic— 61 specimens from 34 lots.
United States—North Carolina: 12, USNM,
off Cape Hatteras, 90 m, 17 October 1885, Alba-
tross stn 2596. 2%, USNM, off Morehead City, 14
July 1913, Fish Hawk. 32, USNM, Boque Sound
(off Morehead City), August 1912, Fish Hawk. 1%,
USNM, Black Rocks (off New River), 13 m, 8 Au-
gust 1949, A. S. Pearse. South Carolina: 19,
USNM, mouth of Bulls Creek, 1891, Fish
Hawk. 13,USNM, Charleston Harbor, 14.5 m, 13
March 1891, Fish Hawk stn 1659. 12, USNM, off
S end of May River, Calibogue Sound, 18 m, 16
January 1891, Fish Hawk stn 1651. Flori-
da: 1?2, USNM, Biscayne Bay, 7 July 1960, B.
Petskin. 12, MCZ, off Key West,J. R. Miller. 13
4%, USNM, Marco, 2-5.5 m, H. Hemphill. 13,
USNM, Punta Rassa, 2 m, February 1884, H.

Hemphill. 19, USNM, Charlotte Harbor, March
1887, W.H.Dall. 238 22, USNM, Sarasota Bay, H.
Hemphill. 18, USNM, St Martin, 5.5 m, 15

January 1902, Fish Hawk stn 7222. 13 8%,
USNM, off St Martin’s Reef, 5 m, G. F. Moser. 23,
USNM, off NW end St Martin’s Reef, 1887, G. F.
Moser. 19, USNM, Aucilla, 9 m, 6 November
1901, Fish Hawk stn 7148.

Cuba—13 12, USNM, off Cayo Levisa, 4-5.5 m,
2 June 1914, Tomas Barrera Exped stn 14.

Jamaica—138, USNM, SE of Great Pedro Bluff,
27-29 m, 6 July 1970, Pillsbury stn 1223.
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Haiti—1?2, AMNH, Port-au-Prince, W. Beebe.

Puerto Rico—2?, USNM, Mayagiiez, 23 m, 20
January 1899, Fish Hawk stn 6093. 13 39,
USNM, Mayagiiez Harbor, 19-20 January 1899,
Fish Hawk. 29, USNM, off Humacao, 23 m, Fish
Hawk. 23 22, USNM, off Isla Culebra, 27 m, 8
February 1899, Fish Hawk stn 6093.

Virgin Islands—St. Thomas: 12, USNM, 1884,
Albatross.

Mexico—Quintana Roo: 13, USNM, off Isla
Mujeres, 29.5 m, 11 June 1962, Oregon stn
3638. 13, USNM, SE of Isla Mujeres, 101-275 m,
9 September 1967, Gerda stn 880. 12, USNM,
Bahia de la Ascensién, 17 April 1960, Smith-
sonian-Bredin Caribbean Exped stn 85-60.

Nicaragua—2%, USNM, off NE Nicaragua, 55
m, 8 June 1964, Oregon stn 4930. 29, USNM, off
Prinzapolca, 27 m, 28 January 1971, Pillsbury stn
1335. 1%, USNM, E of Isla del Venado, 24 m, 28
January 1971, Pillsbury stn 1330. 13 12, USNM,
SE of Punta de Perlas, 27 m, 28 January 1981,
Pillsbury stn 1334.

Colombia—1?, USNM, Sabanilla, 1884, Alba-
tross. 12, USNM, off Tucuracas, 9 m, 30 July
1968, Pillsbury stn 778.

Brazil —Santa Catarina: 12, MP, Anse de
Zimbros, 5-0 m, 16 December 1961, Calypso stn
148.

Sicyonia disparri (Burkenroad 1934)
Figures 5, 12-17

Eusicyonia disparri Burkenroad 1934a:83, fig. 27
[holotype: ?, YPM 4392, Bahia San Luis Gon-
zaga, Baja California Norte, Mexico, 17 May
1926, Pawnee]. Burkenroad 1938:80.
Anderson and Lindner 1945:315.

Sicyonia disparri. Brusca 1980:2586.

Vernacular names: rock shrimp (United States);
camaron conchidure, camaréon de piedra,
cacahuete (Mexico).

Diagnosis.—Antennal spine absent. Second ab-
dominal somite with perpendicular incision on
dorsomedian carina. First pereopod armed with
short spine on basis and ischium. Postrostral
carina bearing three subequal teeth, epigastric
one as large, or almost as large, as posterior two
teeth. Anteromedian sulcus of first abdominal so-
mite clearly distinct to near ventral margin of
pleuron; posteroventral extremity of fourth ab-
dominal somite markedly angular. Petasma with
distal projection of dorsolateral lobule curved me-
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sially to apex. Thelycum with plate of sternite XIV
produced in elongate anterolateral lobules, their
anteromesial borders strongly divergent.

Description. —Body moderately robust (Fig. 13)
and lacking tubercles. Carapace with short setae
scattered over surface and extremely long ones
between and flanking base of teeth on postrostral
carina.

larger adults) flanking ventral margin of rostrum
posterior to apical teeth. Adrostral carina, sub-
parallel and distinctly dorsal to ventral margin,
extending almost to base of apical cluster.
Carapace with weak postrostral carina bearing
three subequal, acutely produced teeth: 1)
epigastric tooth, often larger than first rostral and
nearly as large as posterior teeth, situated be-
tween 0.12 and 0.25 (mean 0.17) cl from orbital

FIGURE 13.—Sicyonia disparri, holotype ¢ 10.4 mm cl, Bahia San Luis Gonzaga, Baja California Norte, Mexico. Lateral
view. Scale = 5mm.

Rostrum long, reaching as far as distal margin
of second antennular article, its length (0.40-0.70
cl) increasing linearly with carapace length (Fig.
14); relatively deep, with dorsal and ventral mar-
gins subparallel; upturned to angle between 15°
and 45°% armed with three dorsal teeth and two
(7%), three (34%), four (57%), or five (2%) apical
teeth, additional rudimentary one present be-
tween two ventral ones; ventralmost tooth largest
of apical cluster, subterminal, directed anteriorly
or curved upward, and distinctly removed from
adjacent tooth. Position of first dorsal tooth rang-
ing from slightly posterior to level of orbital mar-
gin, to as much as 0.30 (mean 0.18) rl anterior to it;
that of second tooth between 0.40 and 0.65 (mean
0.50) rl from orbital margin, and that of third
between 0.65 and 0.90 (mean 0.75) rl. Paired mi-
nute, movable spinules (sometimes absent in

o

rostrum length (mm)
S
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carapace length (mm)
FIGURE 14.—Sicyonia disparri. Relationship between rostrum

length and carapace length (regression equation, y = — 0.03809
+ 0.51152x).
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margin, i.e., anterior, opposite, or posterior to
hepatic spine; 2) middle tooth, largest of three,
placed between 0.34 and 0.48 (mean 0.42) cl from
orbital margin; and 3) posterior tooth, positioned
well in advance of posterior margin of carapace,
between 0.64 and 0.73 (mean 0.70) cl from orbital
margin. Antennal spine absent, antennal angle
broadly obtuse or rounded; hepatic spine long,
sharply pointed, projecting from low buttress, and
positioned between 0.20 and 0.30 (mean 0.25) cl
posterior to orbital margin. Postocular sulcus
short; hepatic sulcus shallow, subhorizontal; hepa-
tic carina lacking; branchiocardiac carina at most
barely evident.

Eye (Fig. 15A) with ocular calathus broad and
bearing conspicuous tuft of setae on dorsolateral
extremity; ratio of length of lateral margin to
width (across base of cornea) 0.50-0.60 (mean 0.54)
and ratio length of lateral margin to carapace
length 0.08-0.13 (mean 0.11).

Antennular peduncle with stylocerite produced
in acute spine reaching 0.65-0.85 of distance be-
tween lateral base of first antennular article and

mesial base of distolateral spine; latter extending,

to proximal 0.45 of second antennular article. An-
tennular flagella short, mesial one about 0.8 as
long as lateral; latter about 0.4 cl.

Scaphocerite reaching between midlength and
distal end of third antennular article; lateral rib
produced in long, slender spine conspicuously
overreaching lamella. Antennal flagellum as
much as 3 times as long as carapace.

Third maxilliped much stouter than pereopods.
Basis and ischium of first pereopod each armed
with well-developed sharp spine.

A

FIGURE 15.—Eyes. A, Sicyonia disparri, 2 9 mm cl, NW of
Mantanchen, Nayarit, Mexico. B,S. parri (Burkenroad),? 10.5
mm cl, east side of Cocoa Point, Barbuda. Dorsal views. Scale
=1mm.
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Abdomen with dorsomedian carina low an-
teriorly, increasing in height posteriorly; carina
on first somite produced in rather small, an-
teriorly directed tooth, usually smaller than pos-
terior tooth on carapace; carina on second somite
conspicuously incised, and that on sixth terminat-
ing in short, sharp tooth.

Anteroventral extremity of pleura of first three
somites rounded; pleuron of fourth with postero-
ventral margin straight to concave, its postero-
ventral extremity distinctly angular, occasionally
armed with minute tooth; posteroventral extrem-
ity of fifth and sixth somites produced in very
small, caudally directed, sharp tooth.

First somite traversed by long, sometimes inter-
rupted, deep anteromedian pleural sulcus ending
well above ventral margin without meeting long,
united posterior tergal-posteromedian pleural
sulci. Second and third somites marked by 1) long
anterior tergal sulcus and relatively short pos-
terior tergal sulcus; 2) anteromedian pleural sul-
cus, extending almost to ventral margin on second
somite but restricted to dorsal part on third, in
both somites delimiting anterior shallow depres-
sion setting off rounded prominence dorsally; and
3) posteromedian pleural sulcus, its dorsal ex-
tremity curving anteriorly, ventral to (not joining)
posterior tergal sulcus. Fourth and fifth somites
with anterior tergal sulcus (that of fourth usually
obliterated at about midlength) fused with united
posterior tergal-posteromedian pleural sulci.
Sixth somite marked by strongly arched pos-
teromedian pleural sulcus and bearing shallow,
longitudinal depression between dorsolateral
ridge and elongate, often ill-defined cicatrix.

Telson with pair of short but well-developed
fixed spines and two longitudinal rows of movable
spinules on either side of densely setose median
sulcus—mesial row extending almost to base of
spine. Both rami of uropod almost reaching or
barely overreaching apex of telson.

Petasma (Figs. 5, 164, B) with cornified distal
projection of dorsolateral lobule bulbous prox-
imodorsally, curved mesially, and minutely bifid
distally; fleshy distal projection of ventrolateral
lobule directed distolaterally, expanded basally
and with slender but blunt terminal part slightly
curved proximally Lateral margin of petasma
conspicuously notched just proximal to mid-
length, forming shoulder immediately proximal
to notch.

Petasmal endopods coupled in males with
carapace length as little as 3 mm (about 13 mm tl)
but sometimes unjoined in individuals with



PEREZ FARFANTE: ROCK SHRIMP GENUS SICYONIA

FIGURE 16.—Sicyonia disparri,d 6 mm cl, Canal de San Lorenzo, Baja California Sur, Mexico. A,Petasma, dorsal view; B, ventral
view of same; C, right appendix masculina, dorsolateral view. Scale = 0.5 mm.

carapace length as much as 4.9 mm (about 21 mm
th).

Appendix masculina as illustrated in Figure
16C.

Thelycum (Fig. 17) with plate of sternite XIV,
produced in conspicuous anterolateral lobules, flat
except for deep, broad, median depression. Median
plate of sternite XIII narrow, lanceolate, tapering
gently into long, sharp spine reaching as far as
proximal 0.25 of basis of extended second
pereopods; plate constricted and deeply excavate
at level of coxae of fourth pereopods; posterior
component of plate with shallow, broad postero-
median emargination and well-marked transverse
suture. Paired conspicuous spines projecting an-
teromesially from posterior margin of sternite XI.
Posterior thoracic ridge with sharp, concave an-
teromedian margin but areas immediately lateral
to concavity flush with plate of sternite XIV.

The smallest impregnated female encountered
has a carapace length of 5 mm, about 21 mm tl.

Maximum size.—Males 6.9 mm cl, about 30 mm tl;
females 11 mm cl, about 44 mm tl.

Geographic and bathymetric ranges.—In the Gulf
of California, from Bahia San Luis Gonzaga
(29°48'N, 114°22'W), Baja California Norte, and

FIGURE 17.—Sicyonia disparri, holotype ¢ 10.4 mm cl, Bahia

San Luis Gonzaga, Baja California Norte, Mexico.
Thelycum. Scale =1mm.

southward along the east coast of the peninsula, to
Isla Santa Magdalena (24°55’'N, 112°15'W), Islas
Tres Marias, Nayarit, Mexico; also off Cabo San
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Lucas (22°52'23"N, 109°53'23"W), Baja California
Sur (Fig. 12). This species occurs at depths between
0.2 and 82 m, mostly at <24 m, and on sandy
bottoms: sand, sand and shell, sand and gravel,
and a mixture of sand mud, and coral. Among the
eastern Pacific rock shrimps, S. disparri appears
to have one of the most restricted distributions,
being virtually confined to the Gulf of California
and waters off Nayarit. Its presence south of the
Gulf of California is reported here for the first
time.

Discussion. —This shrimp is very similar to the
geminate western Atlantic S. parri both in mor-
phology and size. Burkenroad (1934a) first distin-
guished S. disparri by the absence of posterior
pleural sulci on the anterior two abdominal so-
mites and by the shorter, deeper, and more up-
turned rostrum. A few years later (1938), on the
basis of three additional specimens, he pointed out
other features in which S. disparri differed from
his two specimens of S. parri: the shape of the
posteroventral margin and extremity of the fourth
abdominal somite, the presence of one or two pairs
of movable spinules dorsal to the ventral margin of
the rostrum near its anterior end, and the presence
of four instead of three teeth on the dorsal margin
of the rostrum. He stated that these characters are
probably subject to variation and in so doing indi-
cated that they might not be diagnostic. He noted,
however, that the size and shape of the ocular
calathus and the size and disposition of the cornea
might prove to be diagnostic.

My examination of a relatively large collection
of S. disparri has demonstrated that among the
various features that Burkenroad (1934a, 1938)
suggested to distinguish this species from S. parri,
three are diagnostic: 1) the disposition of the ros-
trum, which is upturned between 15° and 45° in
the former, is subhorizontal or inclined not more
than 13° in the latter; 2) the shape of the postero-
ventral extremity of the pleuron of the fourth ab-
dominal somite, which is angular in S. disparri
and rounded in S. parri; and 3) the shape of the
ocular calathus and the breath and disposition of
the cornea. In the Pacific shrimp the calathus is
broader than in the Atlantic species, the lateral
margin ranges from 0.50 to 0.60 (mean 0.54) its
width at the base of the cornea and the latter is
obliquely disposed. In S. parri the lateral margin
of the calathus (Fig. 15B) varies from 0.80 to 0.91
(mean 0.85) its width at the base of the cornea, and
the latter is almost horizontally disposed. I have
confirmed that the ratio of the lateral margin of
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the calathus to the length of the carapace is usu-
ally smaller in 8. disparri than in S. parri, rang-
ing from 0.08 to 0.13 (mean 0.11) in the former and
from 0.13 to 0.17 (mean 0.13) in the latter, but
sometimes overlapping.

The absence of posterior pleural sulci is a
character that, although not infallible, serves al-
most always to separate S. disparri from S. parri,
lacking in all specimens of the former except in
two small individuals, in one of which traces of
them are present in the first three somites, and in
the other, in the second somite. In contrast, all
individuals of S. parri bear such sulci. As Burken-
road anticipated, the shape of the posteroventral
margin of the pleuron of the fourth somite, which
is usually concave in S. disparri and convex in S.
parri, is variable, sometimes straight in both
shrimps.

The length of the rostrum is not a reliable diag-
nostic character, as previously suggested, only
tending to be slightly longer in S. disparri than in
S. parri—the ratio rl/cl ranges from 0.43 to 0.59 in
the former and 0.36 to 0.55 in the latter. It does
tend to be deeper, but not consistently, in the
Pacific than in the Atlantic species.

Burkenroad (1938) also pointed out the presence
of a fourth tooth on the dorsal margin of the ros-
trum in four of his specimens of S. disparri, but he
considered this tooth to belong to the apical cluster
(as I have in the meristic data presented here)
when discussing differences in number of apical
teeth between his smaller male and the remaining
four shrimps. The number of apical teeth vary in
both species; however, more tend to be present in
S. disparri, 59% of the specimens possess more
than three teeth (57% four, 2% five), whereasin S.
parri 90% of them bear two or three (80% three,
10% two) and only 10% bear four teeth. In S. dis-
parri the rostrum seems always to be armed with
submarginal, movable spinules; their absencein a
few adults is probably due to loss by accident. But
among the specimens of S. parri I have examined,
only one from south of Jodo Pessoa, Paraiba,
Brazil, bears a pair of such spinules. Another from
Varadero, Cuba, possesses a single, very minute
spinule located on the ventral margin of the ros-
trum, near the base of the ventralmost apical
tooth.

The shape of the posteroventral margin of the
pleuron of the fourth abdominal somite is vari-
able, as Burkenroad predicted for S. disparri,
sometimes straight in both species, but, as stated
above, the posteroventral extremity is always an-
gularin S. disparri and rounded in S. parri. In the
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holotype of the former this extremity is sharply
angular but unarmed, contrary to what was stated
in the original description of the species; however, I
have examined a few specimens in which the angle
is produced in a small spine.

Sicyonia disparri is also quite similar to S.
laevigata but the epigastric tooth is larger than
that in the latter, usually almost as large as the
other two teeth on the postrostral carina, and is
located closer to the level of the hepatic spine, i.e.,
farther from the orbital margin, 0.12-0.25 (mean
0.17) cl from it rather than 0.6-0.16 (mean 0.12) cl.
The anteromedian pleural sulcus of the first ab-
dominal somite is always well defined in S. dis-
parri whereas it is absent or, infrequently,
rudimentary in S. laevigata; and the posteroven-
tral extremity of the fourth abdominal somite in
8. disparri is angular rather than rounded. Fur-
thermore, whereas the distal projection of the dor-
solateral lobule of the petasma is conspicuously
curved mesially in S. disparri, it is directed
distally and curved dorsally at its tip in S. laevi-
gata. :

The discussion of S. parri is based on 34 speci-
mens, including the holotype (YPM 4395) and one
male from the Bermudas, which represents the
second record of the species from this area. Bur-
kenroad (1938) reported it from the Bermudas, but
his record has not been cited by subsequent au-
thors, including me in my 1980 paper on the west-
ern Atlantic Sicyonia.

Material.—62 specimens from 20 lots.
Mexico—Baja California Norte: ¢, holotype,
YPM 4392, Bahia San Luis Gonzaga, 17 May 1926,
Pawnee. 12, paratype, YPM, Bahia San Luis
Gonzaga, 17 May 1926, Pawnee. 19, AHF, off Isla
Partida, 82 m, 8 March 1936. Baja California
Sur: 18 12, YPM, Bahia Santa Inés, 55 m, 11
April 1936, Zaca stn 142D-1. 63 42, AHF, 1.6 km
WSW of Punta Perico, Isla Carmen, 13-20 m, 21
March 1949, Velero IV. 138, AHF, Bahia Salinas,
Isla Carmen, 13 m, 20 March 1940, VeleroIV. 19,
SIO, Bahia Salinas, Isla Carmen, 0.3 m, 13 July
1965, B. W. Walker. 1?2, CAS, Bahia Balandra,
Isla Carmen, 22 May 1921, F. Baker. 13, AHF,
Bahia Agua Verde, 18 m, 12 February 1940, Velero
III. 63 8%, SI0, NW of Isla Santa Cruz, 0-3m, 10
July 1960, B. W. Walker. 23 22, SIO, Isla San
José, 3-5m, 29 March1967. 13 22, AHF, Canalde
San Lorenzo, 11-24 m, 14 February 1940. 43 99,
USNM, off Isla del Espiritu Santo, 15 m, 30 April
1888, Albatross stn 2824. 22, SIO, off Punta
Lobos, 18 m, 26 June 1961, R. Rosenblatt. 13 19,

USNM, Bahia La Ventana, 24-27 m, 20 April 1939,
Stranger stn 38. 12, SIO, Ensenada de los Muer-
tos, 9 m, 20 June 1961, R. Rosenblatt. 138, YPM,
off Punta Arena, “Arena Bank,” 64 m, Zaca stn
136D-30. 13, SIO, E of Cabo San Lucas, 0-6 m, 12
June 1961, R. Rosenblatt. Nayarit: 12, AHF,
1.6-3 km NW of Mantanchen, 21 December
1961. 19, AHF, Isla Santa Magdalena, Islas Tres
Marias, 5.5-9 m, 9 May 1939.

Sicyonia mixta Burkenroad, 1946
Figures 12, 18-20

Sicyonia mixta Burkenroad, 1946:3, fig. 1-4
[holotype, 3, NR (Stockholm) 2527; type-
locality: “St. Joseph (probably San José, Lower
California). Swedish Eugenie Expedition
#818”]. Rodriguez de la Cruz, 1977:11.

Diagnosis.— Antennal spine well developed, pro-
Jjecting from short but strong buttress. First ab-
dominal somite with dorsomedian carina
uniquely lacking anterior tooth; second abdominal
somite with anterior depression on dorsomedian
carina limited posteriorly by subvertical wall.
First pereopod with basis and ischium unarmed.
Rostrum very short, not surpassing midlength of
eye, bifid and bearing one dorsal tooth. Petasma
with distal projection of dorsolateral lobule
straight, but with tip curved dorsally; distal pro-
jection of ventrolateral lobule bifid, arms curved
inwardly. Thelycum with plate of sternite XIV
convex laterally and with deep median depression.

Description.—Body moderately robust (Fig. 18)
and lacking tubercles. Carapace with long setae on
dorsum, arc anterior to hepatic spine, and patch
accompanying hepatic sulcus ventrally.

Rostrum very short, not surpassing midlength
of eye, its length 0.13-0.16 cl; straight; armed with
only one dorsal tooth situated almost at midlength
of rostrum, and two minute apical teeth (tip bifid);
ventral apical tooth located at same level or dis-
tinctly anterior to dorsal apical tooth. Conspicu-
ous adrostral carina, close and subparallel to ven-
tral margin, extending to base of ventral apical
tooth.

Carapace with low postrostral carina ending
markedly anterior to posterior margin of carapace
and bearing three teeth: 1) epigastric tooth, small-
est of three but larger than dorsal rostral tooth,
placed well in advance of hepatic spine, between
0.05 and 0.08 ¢l from orbital margin; 2) middle
tooth, as large as or slightly larger than posterior
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FIGURE 18.—Sicyonia mixta Burkenroad, 1946, 3 12 mm cl, off Cabo San Lucas, Baja California Sur, Mexico. Lateral
view. Scale = 5 mm.

one, but about twice as high as anterior, situated
posterior to hepatic spine, between 0.30 and 0.33 cl
from orbital margin; and 3) posterior tooth, be-
tween 0.60 and 0.63 cl. Tuft of setae present at
anterior base of each tooth. Antennal spine well
developed, projecting from short buttress; hepatic
spine long, sharp, borne on prominent buttress
arising from swollen hepatic region; branchiocar-
diac carina barely distinct, only for short distance
behind latter region. Postocular sulcus short and
deep anteriorly, continuing posteriorly as well-
defined groove; hepatic sulcus well marked, long,
extending caudally to about level of apex of pos-
terior tooth.

Antennular peduncle with stylocerite produced
in long, acute spine, its length almost or quite
equal to distance between lateral base of first an-
tennular article and mesial base of distolateral
spine; latter sharp, long, reaching as far as distal
margin of second antennular article; flagella rela-
tively elongate, mesial one about 0.20 cl, shorter
than lateral, latter about 0.30 cl.

Scaphocerite reaching or surpassing antennular
peduncle, sometimes by as much as 0.10 its own
length; lateral rib produced distally in long, sharp
spine overreaching lamella; antennal flagella in-
complete in all specimens examined.
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Third maxilliped stouter than pereopods. Basis
and ischium of first pereopod unarmed.

Abdomen with dorsomedian carina extending
from first through sixth somites, carina weak on
first and second, increasing progressively in
height through sixth; carina on first somite lack-
ing anterior tooth; on second interrupted by
well-marked depression limited posteriorly by
abrupt elevation, situated at level of juncture of
tergal sulci; on fifth descending gradually instead
of truncate posteriorly; and on sixth ending in
large, acute, posterior tooth.

Pleuron of first abdominal somite with antero-
ventral margin slightly concave, anteroventral ex-
tremity rounded and unarmed; posteroventral ex-
tremity of first four somites also rounded, that of
fifth usually bearing minute spine, and that of
sixth always produced in small spine.

First somite with very short but deep anterome-
dian pleural sulcus and relatively weak (similar to
most remaining sulei) but long posterior tergal
(extending 0.60-0.66 height of somite). Second and
third somites bearing short anterior and quite
long posterior tergal sulci. Fourth somite with
long posterior tergal sulcus, but anterior tergal
almost indistinct. Fifth somite with barely dis-
tinct anterior tergal and relatively short posterior
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FIGURE 19.—Sicyonia mixta,d 12 mm cl, off Cabo San Lucas, Baja California Sur, Mexico. A, Petasma, dorsal view; B, ventral
view of same; C, right appendix masculina, dorsolateral view. Scale = 1 mm.

tergal, and sixth bearing weak anterior tergal and
arched posteromedian pleural sulci.

Telson with paired fixed spines extremely mi-
nute (in the only specimen examined by me in
which they are present). Rami of uropod, subequal
in length, falling slightly short of apex of telson.

Petasma (Fig. 194, B) with rigid distal projec-
tion of dorsolateral lobule bearing rounded prox-
imodorsal prominence, extending almost straight
distally but with tip curved dorsally. Distal projec-
tion of ventrolateral lobule bifid (arms curved),
inclined laterally, and falling considerably short of
adjacent projection. :

Appendix masculina as illustrated in Figure
19C.

Thelycum (Fig. 20) with plate of sternite XIV,
delimited by rounded lateral margins, raised in
paired bulges sloping towards deep median de-
pression. Median plate of sternite XIII roughly
flaskshaped in outline, tapering into long, slender
spine reaching proximal extremity of basis of an-
teriorly extended second pereopods; posterior
component of plate with arched posterior borders
flanking shallow to deep, broad median emargina-
tion, and traversed by strongly incised suture.
Sternite XI armed posteriorly with paired, mod-
erately long, acute spines. Posterior thoracic ridge
with sharp, concave, anteromedian margin over-

FIGURE 20.—Sicyonia mixta,? 13 mm cl, off Isla Taboga, Golfo
de Panama, Panama. Thelycum. Scale = 1 mm.
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lapping plate of sternite XIV but areas im-
mediately lateral to it flush with preceding plate.

Color.—The specimen examined by me from Peru
exhibits a dark colored mask in the shape of a *2”
(the base situated anteriorly), disposed hori-
zontally from the posterolateral part of the
carapace onto the anterodorsal part of the first
abdominal pleuron.

Maximum size.—Male 12.7 mm cl, about 43.5 mm
tl; female 20 mm cl, 65.5 mm tl.

Geographic and bathymetric ranges.—In addition
to the undetermined type-locality, “St.. Joseph”
(most probably San José, Baja California), it has
been found in Bahia Almejas (24°29'18"N,
111°47'24"W) and off Cabo San Lucas, both on the
ocean side of Baja California Sur, in Bahia de la
Paz, on the eastern side of the latter, off Isla
Taboga in the Golfo de Panama, and off Puerto de
Eten (6°22'S, 80°47'W), Peru (Fig. 12). Sicyonia
mixta occupies shallow water at depths between 11
and 24 m.

The discovery of S. mixta first in the Golfo de
Panama and more recently northwest of Puerto de
Eten, Peru, was surprising and represented a con-
siderable extension of the range of the species.
Previously, it was known only from the waters of
Baja California, where the three male types were
collected and where, in Bahia de la Paz, five
females and a male were found (Rodriguez de la
Cruz 1977). The specimen from off Puerto de Eten
(afemale 20 mm cl, 26.5 mm tl) was collected by M.
Niquen from the RV Humboldt on 27 April 1983,
and is deposited in the IMARPE.

Discussion.—As Burkenroad (1946) stated, S.
mixta is unique in lacking a tooth on the anterior
end of the dorsomedian carina of the first abdomi-
nal somite. Also this shrimp exhibits two of the
basic characters of the species that Burkenroad
(1934a) grouped in his Division II (the presence of
a well-developed or clearly distinct antennal spine
and the absence of basial and ischial spines on the
first pereopod) at the same time that the dorsome-
dian carina of the second abdominal somite, al-
though not incised, is abruptly depressed an-
teriorly. This depression seems to represent the
deep incision or notch typical of the species of his
Division .

Among the American species (excluding those
grouped in Division I), S. mixta, S. disedwardsi,
8. penicillata, and two western Atlantic species
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—S. typica (Boeck 1864) and sometimes S. olgae
Pérez Farfante, 1980 —possess three dorsal teeth
on the postrostral carina, two of which are situ-
ated posterior to the hepatic spine. In S. mixta,
however, the posterior tooth arises on the post-
rostral carina considerably in advance of the pos-
terior margin of the carapace, and the carina ends
markedly anterior to the margin; in the other
species the tooth arises nearer the margin where
the carina ends. Sicyonia mixta also differs strik-
ingly from the other four in the general sculp-
ture of the abdomen; whereas in S. mixta it is not
tuberculate and lacks all pleural sulci except the
anteromedian on the first somite and the postero-
median on the sixth, in these congeners the ab-
domen is strongly tuberculate, exhibits deeper
sulci, and possesses pleural sulci and all sixth so-
mites. The bifurcate shape of the terminal part
of the distal projection of the ventrolateral lob-
ule of the petasma is another character that dis-
tinguishes S. mixta from the just mentioned rela-
tives.

The relationships of this species are rather
puzzling. Except for the distinctly depressed dor-
somedian carina of the second abdominal somite,
it does not share any other characters of impor-
tance with the species of Division I, represented by
8. disparri, S. laevigata, and S. parri. Actually, it
appears to be much closer to the group represented
in the eastern Pacific by S. disedwardsi and S.
Dpenicillata, for in addition to possessing an anten-
nal spine and lacking spines on the basis and is-
chium of the first pereopod, like them, it is armed
with two teeth on the postrostral carina posterior
to the hepatic spine. It seems to me that S. mixta
has had, although remotely, a common origin with
the above-mentioned group.

Remarks.—Because females of this shrimp have
not been known previously, the above description
of the thelycum is the first available for this
species. In addition to the females cited from the
Golfo de Panama and off northern Peru, two other
new records are presented here: one represented
by a male from off Cabo San Lucas, Baja Califor-
nia Sur, and the other by a female from Bahia
Almejas, Gulf of California. These four specimens,
the types, and the six reported by Rodriguez de la
Cruz (1977) are the only ones that have been re-
corded for this shrimp.

The holotype of this species and the paratype, in
the Naturhistorisches Museum (Vienna), are the
only extant types of the Sicyonia treated here that
were not examined by me.
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Material.—5 specimens from 5 lots.

Mexico—13 paratype, ZMB 6097, “California.
Forrer” (?Ferrer). Baja California Sur: 13,
SIO, Bahia Almejas, 11-24 m, 30 November 1961, F.
H.Berry. 13, CAS, off Cabo San Lucas, 6 August
1932, Zaca stn D-21R.

Panama—1%, USNM, off Isla Taboga, Golfo de
Panama, 10 March 1969, H. A. Clarke and A.
Rodaniche.

Peru—12, IMARPE, off Puerto de Eten, 27
April 1983, M. Niquen, Humboldt, stn 8304, haul
175.

Sicyonia brevirostris Stimpson 1871
Figures 21-25

Sicyona cristata. de Saussure 1857:306. [Not
Hippolyte cristata De Haan 1844:194 = Sicyonia
cristata (De Haan 1844).]

Sicyonia brevirostris Stimpson 1871:132 [syntypes
not extant; type-locality: S. Florida coast].
Kingsley 1878:69. Faxon 1896:162. De Man
1911:10. Pesta 1915:118. Hay and Shore
1918:380, pl. 25, fig. 4. Hedgpeth 1953:160.
Hildebrand 1954:268, 1955:220. Menzel 1956:
41. Lunz 1957:4. Anderson 1958:1, fig. 5.
Eldred 1959:5. Gunter and McCaughn 1959:
1194. Anderson 1962:1, fig. 15. Kutkuhn
1962:2. Chapa Saldana 1964:4. Joyce 1965:
132. Cerame-Vivas "and Gray 1966:263.

Joyce 1968:254, unnumbered fig. Rouse
1969:136. Bayer et al. 1970:41. Zyznar
1970:87. Brusher et al. 1972:75. Cain
1972:79. Franksetal.1972:54. Allen1973:1.
Cobb et al. 1973:7, fig. 3, 4A-C. Day et al.
1973:36. Bryan and Cody 1975:1.  Brusher

and Ogren 1976:158. Hooks et al. 1976:103.
Kennedy et al. 1977:1. Perez Farfante

Y 1978: Sicyoniidae. Huff and Cobb 1979:51.
Wenner and Boesch 1979:130. Holthuis
1980:58. Péerez Farfante 1980:772.  Soto
1980a:68, 1980b:84. Castille and Lawrence
1981:519. Wenner and Read 1981:4. Arre-
guin Sanchez 1981:21. Pérez Farfante 1982:
370. Wenner and Read 1982:181. Williams
1984:43.

Eusicyonia edwardsi. Hay and Shore 1918, pl. 25,
fig. 2. [Not Sicyonia edwardsii Miers 1881:367
= Sicyonia typica Boeck 1864.]

Eusicyonia brevirostris. Burkenroad 1934a:84,
1934b:117, 1939:57. Lunz 1945:4. Anderson
et al. 1949:16. Anderson 1956:2. McConnell
1960:52.

Vernacular names: rock shrimp, hardback
(United States); camaron de piedra, camaron
conchiduro, camardn de roca (Mexico). FAO
names (Holthuis, 1980): rock shrimp (English);
camardon de piedra (Spanish); boucot ovetger-
nade (French).

Cobb et al. (1973) and Huff and Cobb (1979)
presented extensive bibliographic references to
this species, many of which are omitted from the
above synonymy.

Diagnosis.— Antennal spine well developed and
projecting from strong buttress. Second abdominal
somite with dorsomedian carina lacking incision.
First pereopod with basis and ischium unarmed.
Postrostral carina bearing three teeth posterior to
level of hepatic spine, rarely anterior one of these
at level of or slightly anterior to hepatic spine.
Rostrum armed with two dorsal teeth (rarely
three). Petasma with distal projection of dorsolat-
eral lobule relatively short, its apical part curved
dorsally. Thelycum with plate of sternite XIV al-
most flat or slightly raised laterally in paired low
bulges; posterior component traversed by well-
marked suture. Branchiostegite lacking large spot
or ocellus.

Description.—Body robust (Fig. 21). Carapace
with dorsum covered by densely set, short setae;
also patches of setae present anterior and ventral
to hepatic spine, subjacent to hepatic sulcus and to
branchiocardiac carina, and band of smaller setae
on ventral part of branchiostegite. Patches also
present on terga of abdominal somites. Abdomen
heavily or moderately tuberculate, tubercles
small, more numerous on first four somites.

Rostrum short, in young not overreaching distal
end of second antennular article, in adults falling
considerably short of distal margin of eye, its
length increasing linearly with carapace length
(Fig. 22), to about 16 mm cl, then growing little,
rarely surpassing 6 mm (proportional length de-
creasing with increasing size from as much as 0.49
to as little as 0.15 cl); subhorizontal or upturned as
much as 85°, tapering from base to tip, and armed
with two (very rarely three) dorsal and two or
three (four in one) apical teeth; latter subequal or
ventral one extending farther anteriorly than dor-
sal and often upturned; when two teeth present,
knob usually between them. Adrostral carina
strong, bordering ventral margin and reaching
end of rostrum.

Carapace with postrostral carina high, bearing

25



ottt
o Qi
55

%

&

R e,

&
S

FISHERY BULLETIN: VOL. 83, NO. 1

FIGURE 21. —Sicyonia brevirostris Stimpson,d 18.1 mm cl, off Puerto Madero, Chiapas, Mexico. Lateral view. Scale
= 5 mm.

rostrum length (mm)

FIGURE 22.—Sicyonia brevirostris. Relationship be-
tween rostrum length and carapace length (regression
equation for specimens with carapace length less than
about 16 mm, y = 0.52372 + 0.33342x; regression equa-
tion for those larger,y = 5.06145 + 0.01211x).

four teeth: 1) epigastric tooth only slightly larger
than first rostral, situated from anterior to orbital
margin to as much as 0.1 cl posterior to it; and 2)
three large teeth usually placed posterior to level
of hepatic spine, anterior one (level with hepatic
spine in only three specimens examined) smallest,
situated between 0.20 and 0.28 (mean 0.25) cl from
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orbital margin, middle tooth between 0.52 and
0.60 (mean 0.55) cl, and posterior one between 0.74
and 0.79 (mean 0.75) cl. Antennal spine moder-
ately long, projecting from strong buttress; hepa-
tic spine, longer than antennal, acutely pointed
and arising from moderately raised area between
0.20 and 0.25 (mean 0.23) cl from orbital margin.
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Postocular sulcus with anterior part deep, con-
tinuing posteriorly as shallow groove; hepatic sul-
cus well marked; hepatic carina weak; bran-
chiocardiac carina conspicuous, extending to or
almost to transverse ridge near posterior margin
of carapace.

Antennular peduncle with stylocerite produced
in long, sharp spine, its length 0.85-0.90 distance
between lateral base of first antennular article and
mesial base of distolateral spine; latter extending
as far as distal end of proximal 0.80 of second
antennular article; antennular flagella short, me-
sial antennular flagellum shorter than lateral,
0.15-0.20 as long as carapace, lateral flagellum
0.19-0.23 as long.

Scaphocerite reaching or slightly overreaching
distal margin of antennular peduncie; lateral rib
ending distally in long, acute spine distinctly
overreaching margin of lamella. Antennal flagel-
lum about twice as long as carapace.

Third maxilliped stouter than pereopods. Basis
and ischium of first pereopod unarmed.

Abdomen with high dorsomedian carina ex-
tending from first through sixth somites: on first
produced in strong anterior tooth, on fourth usu-
ally sloping posteriorly but sometimes abruptly
truncate, and on fifth and sixth terminating in
sharp tooth, latter longer.

Anterolateral margin of pleuron of first abdom-
inal somite concave, anteroventral extremity of
first through fourth somites ending in spine, that
of first directed anterodorsally, those of second
through fourth curved posterolaterally; postero-
ventral extremity of fourth through sixth somites
bearing posteriorly directed, acute spine, that of
fifth largest. Pleural spination of first four somites
represented by tubercles in juveniles, becoming
longer with increasing length of carapace.

First abdominal somite with long anteromedian
pleural sulcus ending dorsally at anterior margin
of tergum and converging with long posterome-
dian pleural sulcus ventrally; posterior tergal sul-
cus long or short, well marked or weak; posterior
pleural sulcus well defined. Second and third so-
mites with long anterior and posterior tergal sulci;
anteromedian pleural sulcus continuous with an-
teroventral depression setting off prominence dor-
sally and ridge posteriorly; posterior pleural sul-
cus as on first somite. Fourth and fifth somites
with anterior tergal joining curved, united pos-
terior tergal-posteromedian pleural sulci dorsally;
fourth also with shallow but clearly distinct
caudodorsal depression, placed close to posterior
margin. Sixth somite marked with faint anterior

tergal and arched posteromedian pleural sulci,
also bearing longitudinal ridge along base of dor-
somedian carina and lateral depression (thickly
covered with setae) dorsal to interrupted cicatrix.
All sulci weak in juveniles, becoming deeper with
age.

Telson with pair of short, often abraded, fixed
subterminal spines. Rami of uropod subequal in
length, reaching or slightly overreaching apex of
telson.

Petasma (Fig. 23A, B) with rigid distal projec-
tion of dorsolateral lobule raised proximodorsally
in rounded prominence, strongly curved dorsome-
sially, its distal part compressed, rounded ven-
trally, produced dorsally in short, subacute salient;
mesial base of projection bearing short, dentiform
prominence. Distal projection of ventrolateral
lobule with firm terminal part curved laterally,
convex dorsally, plane ventrally, and tapering to
ventrally directed apex.

Petasmal endopods coupled in males as small as
6.3 mm cl, about 22 mm tl, but in individuals with
as much as 13 mm cl, about 48 mm tl, they may not
be joined.

Appendix masculina as illustrated in Figure
23C.

Thelycum (Fig. 24) with plate of sternite XIV
produced in anterolateral lobules, almost flat or
raised in paired low bulges sloping toward an-
teriorly deep median depression. Median plate of
sternite XIII sagittiform, tapering gradually into
long, slender spine reaching as far as proximal
0.25 of basis of extended second pereopods; plate
strongly excavate and bearing shallow, lateral in-
cisions at level of fourth pereopods; posterior com-
ponent with deep, broad posteromedian emargina-
tion separating paired subtriangular processes
limited anteriorly by well-marked transverse su-
ture. Paired spines projecting anteroventrally
from posterior margin of sternite XI, spines broad
basally, often spiculiform apically. Posterior
thoracic ridge narrow, with concave anteromedian
margin well marked.

The smallest impregnated females encountered
have a carapace length of 10 mm, about 44 mm tl.

Color.—The coloration of this shrimp was de-
scribed in detail from live specimens from the Gulf
of Mexico by Burkenroad (1939). Williams (1965)
presented notes on the color of materials of North
Carolina, and Cobb et al. (1973) recorded observa-
tions on individuals from the Yucatan shelf. In the
latter, the dorsal part of the body is more reddish
than in specimens from the northern Gulf of
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FIGURE 23.—Sicyonia brevirostris, 18.1 mm cl, off Puerto Madero, Chiapas, Mexico. A, Petasma, dorsal view;
B, ventral view of same; C, right appendix masculina, dorsolateral view. Scales = 1 mm.

FIGURE 24.—Sicyonia brevirostris,? 26.3 mm cl, off Cape Lookout,
North Carolina, USA. Thelycum. Scale = 2 mm.
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Mexico, which Burkenroad described as having
the dorsum brown and the sides white, and also
differs from shrimp occurring in North Carolina,
in which the ground color is off-white.

Maximum size.— According to Holthuis (1980),
153 mm tl. Largest individuals examined by me:
males 32 mm cl, about 125 mm tl; females 37 mm
cl, about 130 mm tl. The only specimen from the
Pacific, a male from off Puerto Madero, Chiapas,
Mexico, measures 18.1 mm cl, 70 mm tl (latter from
Burkenroad 1934a).

Geographic and bathymetric ranges.—In the east-
ern Pacific, off southern Mexico, from Colima
(Chapa Saldafa 1964) to Chiapas (Fig. 25). In the
western Atlantic, from Norfolk, Va., along the
coast of the United States and the Bahamas to the
southern coast of Cuba, and around the Gulf of
Mexico from the Florida Keys to off Isla Contoy,
Yucatan; perhaps also off Guyana (McConnell
1960). In the western Atlantic it occurs from shal-
low water to 329 m (Williams 1965), usually be-
tween 10 and 110 m, and rarely at depths >190 m.
Exploitable populations are found between 34 and
55 m (Huff and Cobb 1979).

This species prefers sand and shell-sand sub-
strates, but occasionally it is found on mud bot-
toms (Hildebrand 1954, 1955; Menzel 1956; Wil-

liams 1965; Cobb et al. 1973; Kennedy et al. 1977;
Huff and Cobb 1979). The depths and substrates
with which it was associated in the eastern Pacific
were not recorded.

Discussion.—Sicyonia brevirostris is rather
closely related to the western Atlantic S. typica
and the eastern Pacific S. disedwardsi. It differs
from both in possessing three, instead of two, large
teeth on the postrostral carina posterior to the
level of the hepatic spine and a caudodorsal de-
pression on the fourth abdominal somite. It differs
further from 8. disedwardsi in 1) exhibiting
well-marked posterior pleural sulci on the first
three abdominal somites, which are lacking in the
latter shrimp or, if present, weak, often distinct on
only one or two somites; 2) having the distal pro-
jection of the dorsolateral lobule of the petasma
turned dorsomesially, compressed distally, and
produced apically in a short, subacute, dorsally
directed salient—in contrast, in S. disedwardsi
the projection is turned mesially and then dor-
solaterally, its apical extremity produced in a rela-
tively elongate, acutely pointed, laterally directed
salient which often bears a crest; and 3) lacking
an ocellus on the posterior part of the branchioste-
gite rather than bearing a large, brightly colored
one such as that in S. disedwardsi.

Sicyonia brevirostris occupies water of high sa-
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FIGURE 25. —Geographic distribution of Sicyonia brevirostris.
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linity; recorded off east Florida and off west cen-
tral Florida in salinities between 32.00 and
36.75% and 31.22 and 36.71% (Kennedy et al. 1977
and Huff and Cobb 1979, respectively) and off Mis-
sissippi between 27.8 and 34.6% (Franks et al.
1972). Only once, in the Chatham River, Fla., has
it been recorded in an estuarine environment, at a
salinity of 24% (Rouse 1969). The specimens on
which this record is based consisted of larvae and
small juveniles, and might have been misiden-
tified, perhaps belonging to one of the other con-
geners found in that area. This shrimp, unlike
other penaeoids, does not depend upon estuarine
waters during its life cycle (Eldred 1959; Joyce
1965).

Many investigators (Lunz 1957; Joyce 1965;
Brusher et al. 1972; Cobb et al. 1973; Brusher and
Ogren 1976; Camp et al. 1977; Kennedy et al. 1977;
Huff and Cobb 1979; Wenner and Read 1981) note
that this species is predominantly nocturnal. Cobb
et al. (1973) suggested that it burrows into the
substratum during the day, thereby avoiding pre-
dation and capture by trawls.

Notes on biology and abundance.—Whereas the
other American rock shrimps have been largely
neglected, because of its considerable economic
value, large size, and ready availability S. bre-
virostris has been the subject of a number of inves-
tigations. Cobb et al. (1973) and Kennedy et al.
(1977) studied the reproductive cycle (including
ovarian development in detail) of west central and
east Florida populations, respectively. They con-
cluded, as did Huff and Cobb (1979) who investi-
gated the former population, that spawning and
recruitment seem to occur throughout the year,
with a peak of spawning from October to February
off the west coast of Florida and during winter and
early spring off the northeast coast. Cobb et al,
(1973) suggested that a decrease in the daily
photoperiod was responsible for the onset of
spawning.

Morphometric studies by Kennedy et al. (1977)
demonstrated that increase in total length occurs
at the same rate in males as in females until they
reach 20 mm cl, then the rate of increase of total
length in females become less. They also found
that the juveniles grow at an average rate of 2-3
mm cl per month whereas the adults grow at 0.5-
0.6 mm cl. It was also estimated by them that the
life span of this species is 20-22 mo. More re-
cently Arreguin Sanchez (1981) presented biologi-
cal fishery statistics (length/weight, growth, mor-
tality, etc.) for this species.
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Density of this shrimp in various populations
fluctuates seasonally Wenner and Read (1981,
1982) found that S. brevirostris is the dominant
species of decapod crustacean on the continental
shelf between Cape Fear, N.C., and Cape Canav-
eral, Fla., and that highest densities occurred in
one summer of their 2%-yr study. Lunz (1957)
noted a bimodal seasonal abundance off South
Carolina, with peaks occurring from September
through December and again in May. Kennedy et
al. (1977) observed that peak abundance is reached
during the fall in the east Florida population. In
the Gulf of Mexico, off central Florida (Cobb et al.
1973; Huff and Cobb 1979), maximum abundance
was found to exist from late summer through the
fall. Off Apalachicola, Fla., (Allen 1973) highest
densities seem to occur from June to October; in
coastal water of Louisiana (on the basis of
maximum production) and Texas (Brusher et al.
1972), from June through January, and in Bahia
de Campeche (Hildebrand 1955) this species was
more abundant in February than in July. It thus
appears that throughout the range of this species
maximum abundance occurs from summer
through fall, and, in some areas, into early winter.

Kutkuhn (1962) calculated regression equations
for predicting “headless” from “whole” weights and
vice versa, and Cobb et al. (1973) presented equa-
tions for relating carapace length to total length
for males and females, as well as others for
carapace length and total weight for males and
females, and for both sexes combined. Huff and
Cobb (1979) also calculated the relationships of
carapace length to total length and carapace
length to weight for each sex.

Commercial importance.—Commercial fishing for
S. brevirostris began in the United States in 1970
(Allen 1973) and since then production has in-
creased noticeably, amounting to 3,351,000 lb,
with a value of $3,222,000 in 1982 (Table 1). The
fishing grounds are located off the southeast coast
from North Carolina to central Florida (the most

TABLE 1.—Landings of Sicyonia brevirostris
by areas and their values for 1982.1

Area Pounds (heads-off} Dollars
Georgia 369,000 353,000
East Florida 1,980,000 1,869,000
West Florida 1,001,000 999,000
Texas 1,000 1,000

Total 3,351,000 3,222,000

'Data provided by the Southeast Fisheries Center
Statistical Survey Division, National Marine Fisheries
Service, NOAA, Miami, Fia.
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important ones by far being those off Cape Canav-
eral and Fort Pierce), and in the Gulf of Mexico off
the coast of Florida (those off Apalachicola and
Pensacola the most productive of the entire region)
and western Texas. The production of the Caroli-
nas was insignificant in 1982, last year for which
landings are available.

This species is also exploited in Mexico off Isla
Contoy, Quintana Roo, and in Bahia de Campeche.
Arreguin Sanchez (1981) estimated that until
1978-79 the fishery off Isla Contoy, under optimal
conditions, could have produced as much as 450 t
(992,070 1b) of heads-on shrimp.

Remarks.—This species was first recorded from
the eastern Pacific by Burkenroad (1934a). His
record was based on a single specimen reportedly
taken by the Pawnee off southern Mexico, in the
Gulf of Tehuantepec, at lat. 14°40'20"N, long.
92°40'30"W. Later, Chapa Saldana (1964) recorded
five lots of this shrimp from the coast of Oaxaca,
Golfo de Tehuantepec, which were in the collec-
tions of the Instituto Nacional de Investigaciones
Biologico-Pesqueras, Mexico. Unfortunately, these
specimens are no longer extant (Concepcién Ro-
driguez de la Cruz?). Presence of S. brevirostris has
not been confirmed by subsequent investigations
in the region, including that of Sosa Hernandez et
al. (1980), who conducted a survey of the decapod
crustaceans in the general area from which Bur-
kenroad’s and Chapa Saldana’s materials were ob-
tained. Furthermore, representatives of the
species were not found in the large collections of
penaeoids from the Pacific coast of Mexico and
Central America examined by me. Because of the
large size of this shrimp (it may reach 153 mm), it
should have been retained by the commercial
shrimp trawls or other gear used off southern
Mexico. The surprising fact that it has not been
recorded from commercial catches since the ap-
pearance of Chapa Saldafa’s report nor from col-
lections resulting from exploratory work raises
the possibility that the specimens cited above
either bear incorrect data (as might be true of the
correctly identified specimen examined by Bur-
kenroad) or were misidentified.

McConnell (1960) reported this species from
Guyana, but because it has not been recorded in
studies (including my own) made of large collec-
tions of penaeoids obtained by research vessels and

2Concepcion Rodriguez de la Cruz, Instituto National de
Pesca, Secretaria de Pesca, México, D.F., Mexico, pers. commun.,
May 1983.

shrimp trawlers in the waters of that country or in
any others south of Cuba, its presence there needs
confirmation.

This is the only species for which full biblio-
graphic references are not given. Because of its
abundance, accessibility, and economic value, the
literature on this shrimp is extensive. As stated
above, much of it is cited in the works of Cobb et al.
(1973) and Huff and Cobb (1979), consequently, I
am including those references in which synonyms
were created, articles not cited by them, others
which appeared subsequent to their contributions,
and all of those cited in the treatment below.

Material.—281 specimens from 66 lots.

Eastern Pacific—1 specimen.
Mexico— Chiapas: 18, YPM, off Puerto Madero,
9 April 1926, Pawnee.

Western Atlantic—280 specimens from 64 lots.
United States—North Carolina: 43 29,
USNM, off Rodanthe, 49 m, 20 October 1884, Al-
batross stn 2296. 148 122, USNM, off Cape Hat-
teras, 64 m, 21 June 1957, Combat stn 396. 19,
USNM, NE of Cape Hatteras, 55 m, 26 July 1969,
Oregon II stn 10697. 33 32, USNM, off Raleigh
Bay, 26 m, 30 July 1969, Oregon II stn 10738. 23
62, USNM, off Raleigh Bay, 33 m, 27 May 1962,
Silver Bay stn 4028. 13, USNM, SE of Cape
Lookout, 37 m, 12 March 1961, Silver Bay stn
2913. 32, USNM, off Cape Lookout, 43 m, 21
June 1957, Combat stn 397. 18 32, USNM,
Onslow Bay, 46 m, 2 August 1962, Silver Bay stn
4196. South Carolina: 238, USNM, off Port
Royal Sound, 51-44 m, 25 June 1957, Combat stn
428. 13 12, USNM, off Hilton Head Island, 40-46
m, 7 October 1957, Combat stn 514. 3%, USNM,
off Hilton Head Island, 64 m, 14 December 1961,
Silver Bay stn 3657. Georgia: 38, USNM, off
Cape Romain, 1941, J. Oney. 12, USNM, off
Sapelo Island, 42 m, January 1940, Pelican. 42,
USNM, NE of Savannah Beach, 40 m, 4 February
1940, Pelican. 63 92, USNM, off Jekyll Island, 73
m, 15 March 1940, Pelican. Florida: 13 29,
USNM, NE of Fernandina, 31 m, 2 October 1951,

" Combat stn 505. 13 22, USNM, off Fernandina,

42 m, 10 March 1976, George M. Bowers stn
37. 33 32, USNM, off Ponte Vedra Beach, 24 m,
23 April 1956, Pelican stn 32. 43 19, USNM, off
St. Augustine, 329 m, 16 September 1956, Combat
stn119. 138, USNM, off Matanzas Inlet, 183 m, 18
November 1965, Oregon stn 5741, 138 229,
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USNM, off Flagler Beach, 40 m, 7 November 1963,
Silver Bay stn 5201. 23 8?2, USNM, off Edge-
water, 22 m, 1 December 1961, Silver Bay stn
3588. 18, USNM, off Cape Canaveral, 25
January 1962, Silver Bay stn 3704. 12, USNM,
off Cape Canaveral, 70 m, 16 January 1966, Ore-
gon stn 5860. 33, USNM, off Melbourne Beach,
40 m, 23 March 1956, Pelican stn 14. 53 5%,
USNM, off Hutchinsons Island, 63 m, 11
November 1963, Silver Bay stn 5267. 23 69,
USNM, NE of St Lucie Inlet, 38-42 m, 21 May
1968, Gerda stn 1002. 23 22, USNM, off Key
Largo, 110-113 m, 26 January 1966, Gerda stn
769. 138, USNM, S of Islamorada, 49-40 m, 15
September 1965, Gerda stn 756. 23 52, USNM, S
of Pine Island, 170-194 m, 25 February 1969,
Gerda stn 1023. 13 22, USNM, S of Marathon,
57-69 m, 26 February 1969, Gerda stn 1030. 138
19, USNM, NW of Marquesas Keys, 27 m, 28 May
1952, Oregon stn 562. 13 3%, USNM, SE of Dry
Tortugas Islands, 59 m, 13 April 1965, Gerda stn
574. 138 89, USNM, S of Dry Tortugas Islands, 68
m, 13 April 1954, Oregon stn1004. 23 62, USNM,
S of Dry Tortugas Islands, 64 m, 12 April 1965,
Gerda stn 566. 13, USNM, SW of Dry Tortugas
Islands, 91 m, 8 March 1970, Gerda stn 1241. 138
4%, USNM, NW of Dry Tortugas Islands, 55 m, 18
June 1956, Oregon stn 1553. 138, W of Dry Tor-
tugas Islands, 37 m, 7 March 1970, Gerda stn
1235. 18, USNM, off Appalachee Bay, 27 m, 9
March 1954, Oregon stn 905. 12, USNM, off St
George Island, 37-35 m, 26 July 1957, Silver Bay
stn 88. 29, USNM, off St George Island, 68 m, 10
March 1954, Oregon stn 916. 12, USNM, S of
Apalachicola Bay, 64 m, 7 March 1954, Oregon stn
896. 18, USNM, off Grayton Beach, 43 m, 16
November 1952, Oregon stn 707. Alabama:
13, USNM, off Orange Beach, 37 m, 24 January
1957, Oregon stn 1651. 53 4%, USNM, off
Dauphin Island, 70 m, 9 August 1950, Oregon stn
82. Louisiana: 18, USNM, off Beeton Sound,
40 m, 21 August 1962, Oregon stn 3713. 19,
USNM, S of Mississippi Delta, 84 m, 12 September
1950, Oregon stn 101. 22, USNM, off Southwest
Pass, Mississippi Delta, 60 m, 14 September 1980,
Oregon stn 110. 18 19, USNM, off Ship Shoal
Lighthouse, 37-40 m, 12 September 1962, Oregon
stn 3186. 1%, USNM, off Pelican Island, 22 m, 8
March 1957, Oregon stn 1755. Texas: 63 69,
USNM, SE of Galveston, 20 m, 6 May 1938, Peli-
can. 59, USNM, S of Galveston, 18 m, 5 May
1938, Pelican. 62, SW of Galveston, 16 m, 5 May
1938, Pelican. 12, USNM, NE of Brownsville, 26
m, 5 February 1939, Pelican.
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Mexico—Tabasco: 13 19, USNM, off Paraiso,
35 m, 16 May 1954, Oregon stn 1057. 12, USNM,
off Laguna Machona, 64 m, 16 May 1954, Oregon
stn 1060. 12, USNM, NW of Punta Frontera, 60
m, 8 June 1970, Oregon II stn 10981. 33 39,
USNM, NW of Punta Frontera, 66 m, 9 June 1970,
Oregon II stn 10982. Campeche:; 28, USNM, N
of Arrecifes Triangulos, 64 m, 17 August 1951,
Oregon stn 411. 13, USNM, W of Cayos Arcas, 66
m, 16 June 1970, Oregon IT stn11005. 13, USNM,
E of Cayos Arcas, 37 m, 11 December 1952, Oregon
stn 720. 19, USNM, NE of Cayos Arcas, R.
Ramirez and M. Flores, 48 m, 30 April 1959. 38
12, USNM, NE of Cayos Arcas, 42 m, 10 December
1952, Oregon stn 719. 14 22, USNM, 16 km, NE
of Ciudad del Carmen, R. Ramirez and M. Flores,
29-37 m, 29 April 1959. 12, USNM, off Cam-
peche, 13 m, 2 May 1959, R. Ramirez and M. Flores.

Sicyonia disedwardsi (Burkenroad 1934)
Figures 3, 7, 26-30

Eusicyonia disedwardsi Burkenroad 1934a:86, fig.
23, 29, 34 [holotype: 3, YPM 4394; type-local-
ity: Bahia Concepcion, Baja California Sur, 3
May 1926, Pawnee]l. Burkenroad 1938:82.
Anderson and Lindner 1945:317. Castro
1966:17.

Sicyonia disedwardsi. Brusca 1973:219. Rosales
Juarez 1976:41. Rodriguez de la Cruz
1977:11. Anonymous 1980:6. Brusca 1980:
256. Perez Farfante 1982:371.

Vernacular names: rock shrimp, target shrimp,
Japanese shrimp (United States); cacahuete,
camaron de piedra, camaron de roca, camaron
japonés (Mexico); camaron conchiduro (Mexico,
Panama).

Diagnosis.— Antennal spine well developed and
buttressed. Second abdominal somite with dor-
somedian carina lacking incision. First pereopod
with basis and ischium unarmed. Postrostral
carina bearing two teeth posterior to level of
hepatic spine. Rostrum armed with two dorsal
teeth. Petasma with distal projection of dorso-
lateral lobule short, stout, curved dorsomesially
then laterally. Thelycum with plate of sternite
XIV raised in relatively low, sometimes indistinct
bulges; posterior component traversed by faint su-
ture. Branchiostegite with large ocellus consisting
of well-defined yellow center surrounded by
purplish brown ring.
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FIGURE 26.—Sicyonia disedwardsi (Burkenroad 1934),9 34 mm cl, Golfo de Panam4, Panama. Lateral view. Scale = 10 mm.

Description.—Body robust (Fig. 26). Carapace
studded with long setae anterior to hepatic spine
and in pterygostomian region; patches of densely
set shorter setae present on dorsum, in depression
anterior to posterodorsal part of branchiocardiac
carina, on branchiostegite, and subjacent to hepat-
ic sulcus; patches also on tergum of abdominal
somites and in depression just ventral to dorsal
ridge of sixth somite. Abdomen bearing numerous
tubercles on all somites (especially first three),
except few or none on sixth.

Rostrum short, reaching distal margin of eye at
most, its length increasing linearly with carapace
length (Fig. 27) to about 20 mm cl, then growing
little, not surpassing 6 mm (proportional length
decreasing with increasing size from as much as
0.43 to as little as 0.13 cl); subhorizontal or up-
turned to as much as 45° (in young), tapering con-
siderably from base to truncate, sometimes de-
curved tip; armed with two dorsal and two (96%) or
three (4%) apical teeth. Adrostral carina, situated
close to ventral margin, extending to end of ros-
trum.

Carapace with well-marked postrostral carina
bearing three teeth: 1) epigastric small, only
slightly larger than first rostral, situated from
slightly anterior to orbital margin to 0.07 cl be-

hind it; 2) middle tooth, larger than epigastric,
placed well posterior to hepatic spine, between

0.29 and 0.38 (mean 0.33) cl from orbital margin,
and 3) posterior tooth, larger than middle one,
acutely pointed (usually abraded in larger adults),
rising almost vertically before turning anteriorly
or, more often, strongly inclined anteriorly, and
situated between 0.68 and 0.80 (mean 0.72) cl from
orbital margin; tuft of setae present at anterior
base of all three teeth. Postrostral carina increas-
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FIGURE 27.—Sicyonia disedwardsi. Relationship between ros-
trum length and carapace length (regression equation for speci-
mens with about 20 mm cl or less, y = 0.74318 + 0.21740x;
regression equation for those larger,y = 3.81074 + 0.04939x).

33



ing in height from low anterior part (between
epigastric and middle teeth) to posterior tooth,
descending gradually from it to posterior margin
of carapace. Antennal spine relatively long, sharp,
and projecting from short buttress; hepatic spine
acutely pointed, arising from moderately raised
area, and placed between 0.19 and 0.26 (mean 0.22)
cl from orbital margin. Postocular sulcus short but
deep, continuing posteriorly as barely distinct
narrow groove; hepatic sulcus shallow; bran-
chiocardiac carina broad, long, extending lon-
gitudinally from hepatic region almost to posterior
margin of carapace where bifurcate: one branch
curving dorsally and other, short, disposed
ventrally.

Eye as illustrated in Figure 3. Ocular stylet
with terminal part often bent laterally in young,
but usually straight in larger individuals.

Antennular peduncle with stylocerite produced
in long spine, its length 0.80 to 0.90 distance be-
tween lateral base of first antennular article and
mesial base of distolateral spine; latter extending
as far as distal 0.3 of second antennular article;
antennular flagella short, maximum length 0.25-
0.35 cl, mesial flagellum slightly shorter than lat-
eral in young but subequal to or slightly longer in
larger adults.

Scaphocerite nearly or quite overreaching an-
tennular peduncle by as much as 0.15 its own
length; lateral rib ending distally in long, acute

FISHERY BULLETIN: VOL. 83, NO. 1

spine conspicuously surpassing margin of lamella.
Antennal flagellum as much as 2.2 times as long
as carapace.

Third maxilliped stouter than pereopods. Basis
and ischium of first pereopod unarmed.

Abdomen with high dorsomedian carina ex-
tending from first through sixth somites, carina on
first produced in strong tooth, sometimes disposed
almost horizontally, but usually elevated as much
as 55°, tooth tapering to sharp apex, and consider-
ably larger than posterior one on carapace; carina
on fifth somite produced in small tooth and that on
sixth terminating in strong sharp one.

Anterior margin of pleuron of first abdominal
somite straight or very slightly concave; antero-
ventral extremity of pleuron of first through

- fourth somites ending in spine, that of first usually

directed anteroventrally, spines on second through
fourth often curved posterolaterally; posteroven-
tral margin of first through third somites rounded,
that of fourth broadly angular, sometimes bearing
node or minute spine, and that of fifth and sixth
sharply angular and armed with small, caudally
directed spine. Pleural spination of first four so-
mites barely if at all distinct in juveniles, becom-
ing stronger with increasing length of carapace.
First somite traversed by deep, long anterome-
dian pleural sulcus (sometimes obsolete along
midlength), latter usually converging with united
posterior tergal-posteromedian pleural sulci ven-

FIGURE 28.—Sicyonia disedwardsi, 3 23.5 mm cl, Golfo de Panama, Panama. A, Petasma, dorsal view;
B, ventral view of same; C, right appendix masculina, dorsolateral view. Scale = 1 mm.
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trally, but its dorsal extremity often not reaching
anterior margin. Second and third somites with
anterior and often short posterior tergal sulci; an-
teromedian pleural sulcus frequently joining
posteromedian pleural sulcus (sometimes obso-
lete) dorsally, and continuous with anteroventral
depression setting off prominence dorsally and
ridge posteriorly. Traces of posterior pleural sulcus
occasionally present in one or more of first three
somites. Fourth and fifth somites with anterior
tergal joining curved, united posterior tergal-
posteromedian pleural sulci. Sixth somite with
shallow, arched posteromedian pleural sulcus;
longitudinal ridge along base of dorsomedian
carina delimited ventrally by weak depression
lying dorsal to ill-defined cicatrix.

Telson with pair of small but clearly distinct
fixed spines. Rami of uropod subequal in length
and falling slightly short of or overreaching apex
of telson by as much as 0.15 its own length.

Petasma (Fig. 284, B) with rigid distal projec-
tion of dorsolateral lobule mesially inclined (in-
stead of erect), strongly curved dorsomesially then
laterally; distal part of projection slightly com-
pressed, often bearing crest, rounded ventrally
and produced laterally in elongate, acutely
pointed salient. Distal projection of ventrolateral
lobule with terminal part strongly curved later-
ally, bulbous dorsally, plane ventrally, with
pointed tip curved proximoventrally.

Petasmal endopods coupled in males with
carapace length as little as 5.5 mm (about 22.5 mm
tl), but sometimes unjoined in individuals with
carapace length as much as 10.5 mm (about 38.5
mm tl). These observations are similar to those
noted by Burkenroad (1938).

Appendix masculina as illustrated in Figure
28C.

Thelycum (Fig. 29) with plate of sternite XIV
raised in paired, low (sometimes indistinct), rela-
tively short bulges, sloping toward deep, broad,
median depression. Median plate of sternite XIII
sagittiform, tapering gradually into long, slender
spine reaching as far as proximal 0.25 of basis of
extended second pereopods; plate deeply excavate
and bearing arched lateral incisions at level of
fourth pereopods; posterior component with deep,
broad posteromedian emargination forming rela-
tively elongate, posterolateral processes marked
basally by rather faint transverse suture. Sternite
XI armed posteriorly with pair of small, broad
based spines. Posterior thoracic ridge either al-
most flush with plate of sternite XIV or with only
anteromedian margin raised (ventrally).

Sperm receptacles as illustrated in Figure 7 (il-
lustration based on specimen treated following
method by Monod and Cals (1970)).

The smallest impregnated female encountered
has a carapace of 12 mm, about 42 mm tl.

Cotor.—The only observation on color of fresh
material from the Gulf of California (Anonymous
1980) indicates that the typical large spot found in
the posterior part of the branchiostegite is
purplish brown with a yellow center. The con-
spicuous ocellate spot persists in preserved speci-
mens, appearing like a broad dark ring surround-
ing a light center.

Maximum size.—Male, 29.2 mm cl, about 102 mm
tl; female 34 mm cl, about 108 mm tl.

Geographic and bathymetric ranges. —Southwest
of Isla Santa Margarita (24°19'36"N, 111°46'24"W
- 24°19'48"N, 111°47'06"W) to Bahia San Lucas,

FIGURE 29.—Sicyonia disedwardsi, ? 21.3 mm cl, off Punta
Gorda, Baja California Sur, Mexico. Thelycum. Scale = 2mm.
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Baja California Sur, in the Gulf of California along
the central and southern parts of both coasts and
southward to Bahia Chamela (19°33'42"N,
105°07'24"W), Jalisco, Mexico. Also from Bahia de
Culebra (10°37'00"N, 85°40’'00"W), Costa Rica, to
northwest of Punta Caracoles (7°45'00"N,
78°24'30"W), Darién, Panama (Fig. 30). It has
been found at depths between at least 18 (5-18) and
249 m, but seems to be most abundant at 30-60 m.
It occurs on bottoms of shell, mud, fine sand, and
rocks.

The occurrence of this shrimp along the west
coast of Baja California Sur has not been previ-
ously reported.

Discussion.—Sicyonia disedwardsi is most simi-

0o

S. disedwardsi

S. penicillata

.

s

7,

0.

FIGURE 30.—Geographic distribution of Sieyonia disedwardsi
and S. penicillata.
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lar to the western Atlantic S. typica. As stated
above, among the American members of the genus
lacking an incision or abrupt depression on the
middorsal carina of the second abdominal somite,
these two, together with S. penicillata and the
western Atlantic S. olgae bear two relatively large
teeth on the postrostral carina posterior to the
level of the hepatic spine. The genitalia of S. dis-
edwardsi and S. typica are so similar that they are
almost indistinguishable, but in the petasma of S.
typica the tip of the projection of the dorsolateral
lobule is not so strongly produced and is usually
directed dorsally rather than dorsolaterally. These
two species, however, differ in the number and
extension of abdominal sulci: in S. typica the first
three somites exhibit well-marked posterior
pleural sulci, which are absent or weak in S. dis-
edwardsi, and the dorsal extremity of the united
posterior tergal-posteromedian pleural sulei of the
first somite reaches the anterior margin of the
somite, whereas in S. disedwardsi the dorsal end
usually does not reach the margin. Also in S.
typica, the anteromedian pleural sulcus of the first
somite is unbroken and that of the second joins the
posteromedian, whereas in S. disedwardsi the
former is often interrupted and the median sulci
do not merge; in addition, the posterior tergal sulci
of the second and third somites are much longer
than in S. disedwardsi, in which they terminate
considerably dorsal to the base of the respective
pleuron. Furthermore, the rostrum of S. dised-
wardsi usually bears two teeth on the dorsal mar-
gin posterior to the apical teeth, whereas in S.
typica it is often armed with only one.

Sicyonia disedwardsi differs from S. penicillata
by the same features of the abdomen that distin-
guishit from S. fypica, except thatin S. penicillata
the posterior pleural sulei are more frequently
present and slightly better marked than in S. dis-
edwardsi. Too, the rostrum of S. penicillata, like
that of S. typica, commonly bears only one dorsal
tooth and is less elevated and usually shorter than
in individuals of same size of S. disedwardsi. The
two partly sympatric species can be separated
readily by the genitalia. The unusually long distal
projections of the dorsolateral and ventrolateral
lobules in S. penicillata are not exhibited by any
other of its congeners. Also, whereas in S. dised-
wardsi the thelycal plate of sternite XIV bears
paired low (sometimes indistinct) bulges, in S.
penicillata it is raised in strongly marked and
more striking ones; the posterior component of the
median plate of sternite XIII in S. disedwardsi
exhibits a broad and deep posteromedian emar-
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gination flanked by elongate processes and is
traversed by a faint suture; in contrast, that of S.
penicillata possesses a shallow emargination,
often bearing a small anteromedian notch, and is
traversed by a deep groove.

Long after they have been taken from the water,
even after years in alcohol, specimens of this
species may be readily recognized by a large ocel-
lus, consisting of a well-defined yellow center sur-
rounded by a broad purplish ring, on the bran-
chiostegite. In S. penicillata, as in S. typica, the
branchiostegite does not bear a large marking.

Burkenroad (1938) indicated that all members of
S. disedwardsi may be distinguished from those of
8. penicillata by the shape of the ocular stylets
which in the former, according to him, diverge at
the tip; they are straight in the latter. I have found,
however, that although the stylets are laterally
inclined distally in most of the young of S. dised-
wardsi, they are straight in some young and in
many adults. ‘

Commercial importance.—Sicyonia disedwardsi,
one of the stubbiest of the rock shrimp occurring in
the region, is usually taken with other penaeoids
by the shrimp fleets operating in various areas
from the Gulf of California to the Golfo de
Panama. Because of its size, it appears to have the
potential of providing a fishery as has the simi-
larly heavy S. brevirostris in the western Atlantic.

Material. — 242 specimens from 54 lots.
Mexico—Baja California Sur: 63 62, SIO, 3
km SW of Isla Santa Margarita, 48-57 m, 13
November 1964, Black Douglas. 53 6%, SIO, SW
of Isla Santa Margarita, 29-40 m, 13 November
1964, Black Douglas. 23 12, SIO, NW of Punta
Marquez, 37 m, 4 December 1962, H. Perkins and
R. Wisner. 123 112, SIO, NW of Todos Santos, 38
m, 9 November 1964, Black Douglas. 33 1%,
YPM, Bahia San Lucas, 15-29 m, 6 May 1936, Zaca
stn135D-1. 12, YPM, Bahia San Lucas, 11-37 m,
6 May 1936, Zaca stn 135 D-9. 23 22, YPM, off
Punta Arena, 92 m, 30 April 1936, Zaca stn 136
D-24. 12, YPM, off Punta Arena, 82 m, 3 April
1936, Zaca stn 136 D-1. 43 29, YPM, off Punta
Arena, 64 m, 1 May 1936, Zaca stn 136 D-30. 33
1?2, USNM, Bahia La Ventana, 24-27 m, 20 April
1939, Strange stn 38. 2312, SIO, off Punta
Gorda, 81-84 m, 2 July 1965, C. Hubbs. 43 39,
USNM, Canal de San Lorenzo to Isla del Espiritu
Santo, 4 April 1960, R. Mercado and G. Pre-
ciado. 23 22, SIO, Bahia de la Paz, 55-79 m, 6
July 1965, R. Rosenblatt. 33 9%, SIO, Canal de

San José, 64 m, 8 July 1965, R. Rosenblatt. 43
109, SIO, Punta San Telmo, 10 July 1965, W.
Baldwin. 83 62, SIO, off W of Isla Monserrate,
92-73 m, 12 July 1965, R. Rosenblatt. 23, SIO,
Bahia Concepcion, 4 February 1940, D.
Rouch. 13, holotype, YPM, Bahia Concepcion, 3
May 1926, Pawnee. 23 22, USNM, 4-6 m, off
Punta Concepcion, 12 April 1964, F. Rosales
Juarez. 192, YPM, Bahia Santa Inés, 50 m, 13
April 1936, Zaca stn 143 D-1. 23 12, YPM, Bahia
Santa Inés, 37 m, 10 April 1936, Zaca stn 141
D-4. 192, YPM, Bahia Santa Inés, 13-16 m, 10
April 1936, Zaca stn 141 D-1. 23 39, YPM, Bahia
Santa Inés, 50 m, 11 April 1936, Zaca stn 142
D-1. 83, SIO, off Santa Rosalia, 35-26 m, 25
March 1960, R. Parker. 13, SIO, S arm of Bahia
de los Angeles, 22-37 m, 26 April 1962, R.
Rosenblatt. 28 39, AHF, Puerto Refugio,
Isla Angel de la Guarda, 38 m, 27 January 1940.
Sonora: 13 192, USNM, off Estero de Lobos, 47
m, 3 April 1978, Toral Garcia. 19, USNM, 8
km off Guaymas, 26 m, April 1980, M. Hatziolos.
33 59, INP, off Punta Rosa, 56 m, 2 April 1978,
Toral Garcia. 63 42, USNM, SE of Punta Rosa,
54 m, 1 April 1978, Toral Garcia. Sinaloa:
13, USNM, off San Ignacio, 25 May 1962, R. Bush
M. 23, SIO, Isla de Altamura, 22-31 m, 26
May 1965, El Golfo II stn 50-6. 12, AHF, off
Rio San Lorenzo, 11-24 m, 14 February 1940.
Nayarit: 13 52, AHF, off Isla Isabela, 27-46 m,
9 May 1939. Jalisco: 18, SIO, Bahia Cha-
mela, 27-18 m, 2 April 1973, Agassiz. Colima:
12, CAS, off Manzanillo, 17 July 1932, Zaca.

Costa Rica—13, AHF, Bahia de Culebra, 5-18
m, 24 February 1934. 2%, AHF, S of Bahia de
Culebra, 18 m, 25 February 1934. 1%, SIO, Cabo
Blanco, 60 m, 18 April 1973, Agassiz. 13, SIO,
Cabo Blanco, 137-145 m, 19 April 1973, C. Hubbs
and S. Luke. 1%, UCR, near Cabo Blanco, 245 m,
28 April 1973, Enriqueta. 13, UCR, near Cabo
Blanco, 249 m, 28 April 1973, Enriqueta. 13,
UCR, near Puerto Quedos, 242 m, 26 April 1973,
Enriqueta. 13, AHF, 5 km off Isla Manuelita, 146
m, 3 June 1973, Velero IV. 12, AHF, Golfo Dulce,
35-88 m, 26 March 1939, Velero IV.

Panama—23 22, USNM, Golfo de Panama,
Canopus stn 670. 53 112, USNM, Golfo de
Panama, Canopus stn 126. 23 22, UP, Ar-
chipiéelago de las Perlas, 11 December 1970, J. M.
del Rosario. 13 12, USNM, Isla San José, 64 m,
23 February 1973, fishermen. 33 12, USNM, S of
Isla del Rey, 44-42 m, 7 May 1967, Pillsbury stn
551. 19, AHF, Islas Secas, 46-48 m, 27 March
1939. 19, AHF, off Bahia Honda, 55-64 m, 1
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March 1938. 53 42, UP, between Punta Ave
Maria and Ensenada Guayabo, 14 December 1969,
staff Dep. Biol. Mar,, UP 33 12, USNM, 12 km
NW of Punta Caracoles, staff Dep. Biol. Mar., UP.

Sicyonia penicillata Lockington 1879
Figures 30-34

Sicyonia penicillata Lockington 1879:164 [syn-
types (not extant): “Bolinas Bay (?Bahia de
Ballenas), Lower California”, 14 fm (fathom)
(25.6 m); Angeles Bay (Bahia de los Angeles),
Gulf of California, W. J. Fisher]. De Man
1911:112. Pesta 1915:118, fig. 7. Schmitt
1924:387. Brusca 1973:219. Rosales Juarez
1976:41. Rodriguez de la Cruz 1977:10.
Anonymous 1980:7. Brusca 1980:256.
Rodriguez de la Cruz 1981:1. Mathews 1981:
329.

Eusicyonia penicillata. Boone 1930:115 [part], pl.
36. Burkenroad 1934a:88, figs. 30, 31, 33,
1938:93. Steinbeck and Ricketts 1941:444.
Castro 1966:17 [part]. Word and Charwat
1976:22, 2 figs.

Eusicyonia sp. Castro 1966:16, 17 [part], fig. 4.

Vernacular names: rock shrimp, target shrimp,
Japanese shrimp (United States); cacahuete,
camaron de piedra, camardn de roca, camaron
Japonés (Mexico). FAO names: peanut rock
shrimp  (English), camaron cacahuete

(Spanish), boucot cacahouette (French).
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Diagnosis. —Antennal spine well developed and
buttressed. Second abdominal somite with dor-
somedian carina lacking incision. First pereopod
with basis and ischium unarmed. Postrostral
carina bearing two teeth posterior to level of he-
patic spine. Rostrum armed with two dorsal teeth
(rarely one). Petasma with distal projection of dor-
solateral lobule acicular, long and slender.
Thelycum with plate of sternite XIV raised in
strong bulges; posterior component traversed by
deep groove. Branchiostegite with moderately
large purplish brown spot bearing poorly defined
yellow center.

Description.—Body robust (Fig. 31). Carapace
studded with long setae anteroventral to hepat-
ic spine and pterygostomian region; patches of
densely set shorter setae present on dorsum, in
depression anterior to posterodorsal part of bran-
chiocardiac carina, on branchiostegite and along
hepatic sulcus; patches also on tergum of abdomi-
nal somites and in lateral depression of sixth so-
mite. Abdomen with numerous tubercles on first
three somites, fewer on last three.

Rostrum short, not surpassing distal margin of
eye, its length increasing linearly with carapace
length (Fig. 32) but proportionately longer in
young (0.30-0.12 cl); usually straight but occasion-
ally curved, subhorizontal or elevated as much as
45°% tapering, sometimes considerably, from base
to truncate tip; and armed with one dorsal (rarely
2) and two (96%) or three (4%) apical teeth. Adros-

FIGURE 31. —Sicyonia penicillata Lockington, ? 23 mm cl, west of Punta Tasca, Isla Santa Margarita, Baja California Sur, Mexico.
Lateral view. Scale = 5 mm.
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tral carina, situated distinctly dorsal to ventral
margin, strong and extending to end of rostrum.

Carapace with well-marked postrostral carina
bearing three teeth: 1) epigastric tooth small, only
slightly larger than first rostral, situated opposite
(rarely) to <0.1 cl posterior to orbital margin; 2)
middle tooth, larger than epigastric, sharp, placed
well posterior to hepatic spine, between 0.33 and
0.40 (mean 0.36) cl from orbital margin; and 3)
posterior tooth, larger than middle tooth, acutely
pointed, rising almost vertically with only apical
part inclined anteriorly or so inclined throughout,
and situated between 0.70 and 0.77 (mean 0.74) cl
from orbital margin; tuft of setae present at an-
terior base of all three teeth. Postrostral carina
low anterior to middle tooth, high between middle
and posterior one, and descending gradually from
latter to posterior margin of carapace. Antennal
spine relatively long, sharp, and projecting from
short buttress; hepatic spine acutely pointed,
larger than antennal, arising from moderately
raised area between 0.20 and 0.26 (mean 0.22) cl
from orbital margin. Postocular sulcus short but
deep, continuing as shallow groove; hepatic sulcus
well marked; branchiocardiac carina usually low
(sometimes barely distinct) but occasionally quite
prominent and long, extending to bifurcation near
posterior margin of carapace, short branch curv-
ing dorsally and longer one ventrally.

Ocular stylet with terminal part straight or,
occasionally, turned laterally.

Antennular peduncle with stylocerite produced
in long spine nearly or quite reaching mesial base

o

rostrum length (mm)
-

~

o 7 14 2 28 35
carapace length (mm)

FIGURE 32.—Sicyonia penicillata. Relationship between ros-
trum length and carapace length (regression equation, y =
0.65537 + 0.13963x).

of distolateral spine; latter slender and sharp, ex-
tending as far as proximal 0.70 of second antennu-
lar article; antennular flagella short, with
maximum length of 0.20-0.30 cl, in juveniles and
young adults mesial flagellum slightly shorter
than lateral one but in larger adults subequal to or
slightly longer.

Scaphocerite reaching distal margin of anten-
nular peduncle or overreaching it by no more than
0.10 of its own length; lateral rib ending distally in
sharp spine distinctly surpassing margin of
lamella. Antennal fiagellum 2.4-2.7 times cl in
young, and as much as 2.0 times in larger adults.

Third maxilliped stouter than pereopods. Basis
and ischium of first pereopod unarmed.

Abdomen with high dorsomedian carina ex-
tending from first through sixth somites, carina on
first produced in strong, sharp, anterodorsally di-
rected tooth, slightly to considerably larger than
posterior tooth on carapace; carina on fifth somite
produced in conspicuous tooth, and that on sixth
terminating in strong acute one.

Anterior margin of pleuron of first abdominal
somite almost straight; anteroventral extremity of
pleuron of first through fourth somites ending in
spine, that of first directed anteroventrally but
that of second usually curved posterolaterally, re-
sembling strong spines on third and fourth so-
mites; posteroventral margin of first through third
somites convex, on fourth broadly angular, and on
fifth and sixth sharply so and armed with small
caudally directed spine. Pleural spination of first
four somites barely, if at all, distinct in juveniles,
becoming stronger with increasing length of
carapace.

First somite marked by long, anteromedian
pleural sulcus converging with united posterior
tergal-posteromedian pleural sulci ventrally, dor-
sal extremity of tergal reaching anterior margin of
somite; posterior pleural sulcus weak, but usually
clearly distinct. Second and third somites with
anterior and posterior tergal sulci long, almost
reaching base of pleuron; anteromedian pleural
sulcus deep, continuous with anteroventral de-
pression setting off elongate prominence dorsally
and ridge posteriorly; posteromedian pleural sul-
cus also long, extending anterodorsally subparal-
lel to posterior tergal sulcus; shallow posterior
pleural sulcus commonly present in both somites.
Fourth and fifth somites with anterior tergal and
curved, united posterior tergal-posteromedian
pleural sulci merging dorsally. Sixth somite
marked by arched posteromedian pleural sulcus
and bearing longitudinal ridge along base of dor-
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somedian carina delimited ventrally by depres-
sion lying just dorsal to well-defined cicatrix.

Telson with pair of small but well-developed
fixed spines. Rami of uropod subequal in length
and falling slightly short of or overreaching apex
of telson by no more than 0.10 its own length.

Petasma (Fig. 334, B) with short distal plate of
dorsomedian lobule bearing distolaterally small,
scalelike process bent inwardly (posteroven-
trally). Projection of distolateral lobule acicular,
extremely long, about 0.75 as long as body of
lobule, with heavily sclerotized triangular plate
proximodorsally and flexible flagellum arising
from ventrolateral surface; flagellum long, reach-
ing between 0.60 and 0.75 length of projection
from level of apex of triangular plate. Projection of
ventrolateral lobule also long, about half length of
acicular projection, bladelike and flexible, except
for sclerotized tip curving proximally.

Petasmal endopods coupled in males with
carapace length as little as 5.5 mm, about 22
mm tl, but sometimes unjoined in individuals
with carapace length as much as 11 mm, about 39
mm tl.

Appendix masculina as illustrated in Figure
33C.

A
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Thelycum (Fig. 34) with plate of sternite XIV
raised in paired, well-marked, elongate bulges
sloping toward deep, narrow, median depression.
Median plate of sternite XIII lanceolate, tapering
gradually into slender spine reaching as far as
proximal 0.20 of basis of extended second
pereopods; posterior component with relatively
shallow posteromedian emargination (occasion-
ally replaced by longitudinal incision) often form-
ing small notch anteriorly, and flanked by short,
rounded, posterolateral processes marked basally
by deep transverse suture. Sternite XI armed
posteriorly with pair of broad based, acute spines.
Posterior thoracic ridge with anteromedian mar-
gin sharp and raised (ventrally), its lateral mar-
gins usually well marked, occasionally flush with
plate of sternite XIV.

The smallest impregnated female encountered
has a carapace length of 8.5 mm, about 33 mm tl.

Color.— Available information based on speci-
mens that had been recently caught in the Gulf of
California is limited to a purplish brown spot,
with a yellow center not sharply defined, postero-
ventral to the hepatic spine; sometimes the entire
spot is purplish brown (Anonymous 1980). Lock-

FIGURE 33.—Sicyonia penicillata, 3 21.5 mm cl, west of Punta Tasca, Isla Santa Margarita, Baja California Sur, Mexico.
A, Petasma, dorsal view; B, ventral view of same; C, right appendix masculina, dorsolateral view. Scale = 1 mm.
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FIGURE 34.—Sicyonia penicillata, ? 23 mm él, west of Punta
Tasca, Isla Santa Margarita, Baja California Sur, Mexico.
Thelycum. Scale = 1 mm.

ington (1879) noted that “Color after two weeks
exposure to alcohol, bright red; with a dark red-
brown ocellated spot on each side of the carapace.
Antennae bluish” In many of the preserved speci-
mens that I have studied, the ocellus appears as a
dark circle.

Maximum size.—Males 32 mm cl, about 103 mm
tl; females 35 mm cl, about 110 mm tl.

Geographic and bathymetric ranges.—From
southwest of Punta Canoas (29°20'N, 115°02'W),
Baja California Norte, Mexico (Fig. 30), south-
ward to Bahia San Lucas, and in the Gulf of
California, from the northern end to Bahia Con-
cepcion on the west and northern Sinaloa on the
east; it seems to be absent from the southernmost
part of the Gulf. It has also been found off Pun-
tarenas (9°58'N, 84°50'W), Costa Rica (Boone
1930). This species occurs at depths between 0.60
and 180 m (latter by Boone 1930), mostly at 35-70
m. It has been recorded on sand (fine or coarse) and

mud substrates that are sometimes densely cov-
ered with algae.

Discussion.—The closest affinities of S. penicil-
lata seem to be with S. disedwardsi from which it
differs most conspicuously in features of the
petasma. The extremely long, slender, distal pro-
jections of both the dorsolateral (which bears a
lateral flagellum) and ventrolateral lobules are far
different from the short, stout, and simple projec-
tions of the petasma of S. disedwardsi, as well as
from those of all other species of Sicyonia. These
two species also exhibit significant thelycal differ-
ences. In the thelycum of S. penicillata the lateral
bulges of the plate of sternite XIV are well defined;
the posteromedian emargination of the median
plate of sternite XIII is shallow (occasionally re-
placed by a longitudinal incision), often bears an
anterior notch, and is flanked by short posterolat-
eral processes marked basally by a conspicuous
transverse groove. In the thelycum of S. dised-
wardsi the bulges are low, often indistinct, the
posteromedian emargination of the median plate
of sternite XIII is broad and deep, lacks a notch,
and is flanked by relatively elongate posterolat-
eral processes which are delimited anteriorly bya
weak suture.

The following characters are also helpful but
somewhat less reliable for distinguishing between
the two species. In S. penicillata the rostrum is
armed with only one tooth (rarely two) on the
dorsal margin, instead of two asin S. disedwardsi;
the stylocerite reaches the mesial base of the disto-
lateral spine of the first antennular article,
whereas in the latter species it often falls short of
the base; the dorsal extremity of the united pos-
terior tergal-posteromedian pleural sulci of the
first abdominal somite reaches the anterior mar-
gin of the somite, whereasin S. disedwardst often
it does not; and the clearly defined although shal-
low posterior pleural sulci are usually present on
the first three abdominal somites of S. penicillata
but are quite weak or, more often, lacking on some
or all of the latter.

Fresh material of this shrimp may be identified
by a purplish brown spot on the branchiostegite,
sometimes bearing a yellow center with diffuse
border.

Burkenroad (1934a) presented a detailed discus-
sion of the differences between S. penicillata and
the western Atlantic S. typica (as Sicyonia ed-
wardsii Miers, 1881). These species, which share
among other characters three teeth on the post-
rostral carina and usually one dorsal and two api-
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cal rostral teeth, differ strikingly in other fea-
tures. In 8. typica the sculpture of the abdomen is
stronger than that in the eastern Pacific shrimp,
exhibiting a long and deep posterior pleural sulcus
on the first four somites instead of ones that are
weak or even obsolete, and the telsonic spines are
quite inconspicuous, rather than being well devel-
oped as they arein 8. penicillata. Also, in S. typica
the petasma lacks long slender distal projections
as well as accessory flagella, the thelycal plate of
sternite XIV is almost flat laterally instead of ele-
vated in strong bosses, and the posteromedian
emargination of the posterior component of the
median plate is quite broad rather than narrow or
even reduced to a longitudinal incision asitisin S.
penicillata.

Remarks.—The types of this species were de-
stroyed in the San Francisco earthquake and fire
of April 1906 as were all of Lockington’s types
which had been deposited at the California Acad-
emy of Sciences (Dunn 1982). The locality of one of
the syntypes, the one Lockington described in de-
tail, “Bolinas Bay, Lower California,” is uncertain.
The NIS Gazetteer (Office of Geography, Depart-
ment of the Interior, 1956) does not include any
place or geographic feature under “Bolinas”. On
the west coast of Baja California Sur is Bahia de
Ballenas or “Ballenas Bay” (NIS Gazetteer, p. 50),
at 26°45'N, 113°26’W, and it is quite possible that
the name of this locality was misspelled on the
label accompanying the syntype or that Lock-
ington misread and transcribed it as “Bolinas
Bay”. There is a bay by this name at 37°53'36"N,
122°39'54"W, in Marin County, California; how-
ever,] am inclined to think that Bahia de Ballenas
actually is the place where the specimen was ob-
tained because it is well within the range of the
species, whereas Bolinas Bay is not only outside
“Lower California” but also far beyond the known
northern limit of this shrimp—southwest of
Punta Canoas, Baja California Norte.

Commercial importance.—There is a fishery for
rock shrimp in the northern half of the Gulf of
California, and the catches are believed to consist
largely of S. penicillata a very abundant species in
that area. This fishery in 1979-80 produced
1,426,541 kg, but in 1981-82 (data recorded in
Guaymas by the Instituto Nacional de Pesca,
Mexico), the last year for which landings are
available, the production declined sharply to
187,786 kg; fishing for rock shrimp is only sea-
sonal, from February to June, with maximum
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catches being obtained during March and April
(Concepcion Rodriguez de la Cruz see footnote 2).

Material.—939 specimens from 56 lots.
Mexico—Baja California Norte: 22, SIO, SW
of Punta Canoas (29°20'N, 115°02'W), 40 m, 6 Sep-
tember 1952, K. S. Norris. 13 29, SIO, Bahia
Playa Maria, 11 m, 1 April 1952, K. S. Norris. 3%,
SIO, Bahia Sebastian Vizcaino, surface, 17 Au-
gust 1952, Spencer F. Baird. 13, YPM, E of Isla
Cedros, 1-73 m, Zaca stn 126D-3. 4%, SIO, Bahia
Sebastian Vizecaino, 0-2 m, 14 August- 1952, K. S.
Norris. Baja California Sur: 33, SIO, Bahia
Sebastian Vizcaino, 55 m, 11 August 1952, K.S.
Norris. 13, SIO, E of entrance to Laguna Qjo de
Liebre, 2 m, 16 August 1952, K. S. Norris. 73 59,
SIO, Bahia Tértolo, 31 March 1962, H. C. Per-
kins. 13 22, SIO, E of Punta Asuncion, Bahia
Asuncion, 15 m, 24 March 1951, R. Wisner and K.
S. Norris. 63 92, SIO, Bahia Asuncion, 40-44 m,
17 November 1964, Black Douglas. 133 11%, SIO,
Bahia Asuncion, 68-64 m, 17 November 1964,
Black Douglas. 113 149, SIO, Laguna San Ig-
nacio, 1.5 m, 11/12 February 1950, C. Hubbs. 33
82, SIO, Bahia de Ballenas, 18 m, 14 February
1948, Scripps. 433 50%, SIO, SE of Punta Abre-
ojos, 55-59 m, 17 November 1964, Black Doug-
las. 243 229, SI0, W of Punta Pequena, 37-40 m,
16 November 1964, Black Douglas. 263 212, S10,
off Punta Pequena, 55-51 m, 16 November 1964,
Black Douglas. 43 109, SIO, WSW of Punta
Pequena, 68-73 m, 16 November 1964, Black Doug-
las. 73 5%, SIO, NW of Santo Domingo del
Pacifico, 45-40 m, 19 April 1969, D. Dock-
ins. 263 399, SIO, 15 km WSW of Boca de las
Animas, 55-57 m, 16 November 1964, Black Doug-
las. 23 39, SIO, S of Boca de las Animas, 137 m,
29 January 1964, C. Hubbs. 1338 72, SIO, between
Boca de Santo Domingo and Boca de Sole-
dad, 12 m, 5 February 1964, A. Stover and B.
Zahuranec. 12, USNM, Boca de Soledad, 26
April 1964, H. Chapa. 1%, SIO, channel N of
Bahia Magdalena, 6 m, 30 January 1964, A. Stover
and B. Zahuranec. 483 442, SIO, NW of Isla
Santa Magdalena, 73 m, 15 November 1964, Black
Douglas. 33 32, SIO, Bahia Santa Maria, 0-36
m, 8 December 1962, H. C. Perkins. 13 12, SIO,
Bahia Magdalena, 42-44 m, 29 November 1962, F.
H.Berry. 19, USNM, Bahia Magdalena, surface,
10 July 1953. 143 92, SIO, Bahia Magdalena,
37-40 m, 24 August 1960, F. H. Berry. 83 6%,
YPM, Bahia Magdalena, 0.6-0.9 m, 1936, Zaca
[unnumbered stn]. 12, AHF, Bahia Magdalena,
between mainland and Punta Redonda, 15 m, 5
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February 1974, H. G. Moser stn 13. 73, SIO, off
Bahia Magdalena, 88 m, 3 February 1964, C.
Hubbs. 53 6%, SIO, Bahia Almejas, 21-24 m, 11
November 1964, Black Douglas. 503 50%, SIO,
SW of Isla Santa Margarita, 29-40 m, 13 November
1964, Black Douglas. 4038 402, SIO, 3 km SW of
Isla Santa Margarita, 46-57 m, 13 November 1964,
Black Douglas. 183 82, S10, SW of Isla Santa
Margarita, 75-80.5 m, 13 November 1964, Black
Douglas. 13 59, SIO, SW of Isla Santa Mar-
garita, 88-90 m, 13 November 1964, Black Doug-
las. 33 22, SIO, W of Punta Tasca, Isla Santa
Margarita, 7 July 1955, Andrés stn 143. 12, SIO,
11 km NW of Punta Marquez, 55 m, F. H. Ber-
ry. 29, 8SI0, 14.5 km WNM of Punta Marquez, 92
m, 4 December 1962, F H. Berry. 13, YPM,
Bahia San Lucas, 11-37 m, 6 May 1936, Zaca stn
135D-11,12. 143, SIO, Bahia Santa Inés, 40-82 m,
14 July 1965, C. Hubbs. 343 222, YPM, Bahia
Concepcion, 3 May 1926, Pawnee. 73 22, SIO, off
Santa Rosalia, 35-36 m, 25 March 1960, R. Parker.
Baja California Norte: 18 5%, SIO, S arm of
Bahia de los Angeles, 22-37 m, 26 April 1962, R.
Rosenblatt. 53 159, YPM, Bahia de los Angeles,
31-46 m, 13 May 1926, Pawnee. 13 6%, SIO, off
San Felipe, 2 April 1973, C. Farwell. 43 22, YPM,
Bahia San Felipe, 19 May 1926, Pawnee. 63 5%,
USNM, near northern end of Gulf of California,
9-18 m, February 1949, B. W. Walker. Sonora:
18 12, USNM, Bahia de Adair, 46 m, 5 April
1968, Toral-Garcia. 238 32, USNM, Bahia de
Adair, 29 m, 5 April 1978, Toral-Garcia. 53 139,
USNM, off Bahia de San Jorge, 26 March 1967,
shrimp trawler. 23 12, INP, N of Guaymas, 26
April 1961, H. Chapa. 13, AHF, Bahia de
Guaymas, 4-6 m, 22 January 1940. 12, SIO,
Bahia de Guaymas, 22 March 1939, M. W.
Johnson. 23, SIO, Bahia de Guasimas, 32 km S
of Guaymas, April 1968, D. Hoese. Sinaloa: 18
12, USNM, off Sinaloa, H. Chapa.

Sicyonia affinis Faxon 1893
Figures 35-38

Sicyonia affinis Faxon 1893:209 [syntypes: 13 12,
MCZ 4637, off Isla del Coco, Costa Rica,
5°31’'30"N, 86°52’30"W, 100 fm (183 m), 28 Feb-
ruary 1891, Albatross stn 3367; 13, USNM
21169, off Isla del Coco, Costa Rica, 5°32’45"N,
86°55'20"W, 52 fm (95 m), 28 February 1891,
Albatross stn 3369; 22, USNM 21170, W of Isla
de Malpelo, Colombia, 3°58'20"N, 81°36’'00"W,
112 fm (205 m), 5 March 1891, Albatross stn
3378. 19, MCZ 4638, W of Isla de Malpelo, Co-

lombia, 3°59'40"N, 81°35'00"W, 52 fm (95 m),
5 March 1891, Albatross stn 3379]. Faxon
1895:179, pl. 46, fig. 1,1a-c. A. Milne Edwards
and Bouvier 1909:244. De Man 1911:112.
?Chapa Saldaha 1964:9. Chirichigno Fonseca
1970:7, fig. 5. ?Rodriguez de la Cruz 1977:
12. Arana Espina and Méndez G. 1978:23,
fig. 1-5. Mendez G. 1981:47, pl. 9, fig. 75-77.
Pérez Farfante and Boothe 1981:424.

Eusicyonia  affinis. Burkenroad 1934a:93,
1934b:126, 1938:84, fig. 24. Anderson and
Lindner 1945:317.

Sicyonia penicillata Boone 1930:115 [part]. [Not
Sicyonia penicillata Lockington 1879.]

Diagnosis.— Antennal spine well developed and
buttressed. Second abdominal somite with dor-
somedian carina lacking incision. First pereopod
with basis and ischium unarmed. Postrostral
carina bearing one tooth posterior to level of
hepatic spine and forming high crest behind pos-
terior tooth. Rostrum short, not overreaching
distal margin of eye. Abdomen lacking tubercles;
second and third somites lacking inverted
V-shaped ridges laterally; fifth somite with dor-
somedian carina lacking tooth or sharp angle at
posterior end. Petasma with distal projection of
dorsolateral lobule compressed distally, its trun-
cate tip produced dorsally in simple, minute spine.
Thelycum with plate of sternite XIV without an-
teromedian tubercle and raised in paired low, but
well-defined bulges. Branchiostegite lacking large
mark.

Description.—Body relatively slender (Fig. 35)
and lacking tubercles. Carapace studded with
numerous short setae, those on anterior part of
dorsum forming dense patches. First five abdomi-
nal somites with paired broad patches of short
setae flanking dorsomedian carina; sixth with one
in dorsolateral depression.

Rostrum short, reaching only as far as distal
margin of eye, its length 0.25-0.35 cl; upturned to
angle between 10° and 40°; armed with two dorsal
teeth and three minute apical teeth; latter dis-
posed on truncate apex with ventralmost one
either terminal or subterminal; first dorsal tooth
located distinctly anterior to orbital margin, sec-
ond tooth situated at about anterior 0.25 cl of ros-
trum. Conspicuous adrostral carina, subparallel
and distinctly dorsal to ventral margin, extending
almost to end of rostrum.

Carapace with well-marked postrostral carina
bearing two teeth; epigastric tooth, situated
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FIGURE 35. —Sicyonia affinis Faxon,? 17 mm cl, 4.4 km off Isla Manuelita, Costa Rica. Lateral view. Scale = 5 mm.

slightly anterior to level of hepatic spine at about
0.15 cl from orbital margin, small, subequal to, or
only slightly larger than first rostral tooth; and
large posterior tooth, considerably larger than
epigastric, hooklike, with apical portion acutely
pointed and slightly curved anteriorly; tooth
placed distinctly in advance of posterior margin of
carapace, between 0.65 and 0.75 (mean 0.67) cl
from orbital margin. Postrostral carina low an-
teriorly forming high crest descending gently from

posterior tooth to posterior margin of carapace.”

Tuft of setae present at anterior base of each tooth.
Antennal spine small, sharp, projecting from
weakly developed buttress; hepatic spine moder-
ately long and acutely pointed, situated at 0.20-
0.25 (mean 0.22) cl from orbital margin; hepatic
sulcus almost horizontal, accompanying incon-
spicuous carina; branchiocardiac carina broad,
low, longitudinally disposed except for posterior
part curving dorsally near posterior margin of
carapace.

Antennular peduncle with stylocerite long, al-
most reaching level of mesial base of distolateral
spine, its length about 0.95 distance between lat-
eral base of first antennular article and mesial
base of distolateral spine; latter reaching as far as
distal 0.25 of second antennular article, antennu-
lar flagella short, mesial one more slender and
longer, about 0.20 cl, than lateral, 0.16 cl.
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Scaphocerite extending to distal end or slightly
overreaching antennular peduncle; lateral rib
produced distally in long, strong spirie, surpassing
margin of lamella. Antennal flagellum incomplete
in specimens examined.

Third maxilliped stouter than pereopods. Basis
and ischium of first pereopod unarmed.

Abdomen with strongly marked dorsomedian
carina extending from first through sixth somites,
carina on first somite produced anteriorly in
strong tooth (slightly more elevated than posterior
tooth on carapace), its anterior margin subvertical
but apical extremity slightly curved anteriorly;
carina deeply cleft posteriorly on first five somites,
on fourth and fifth not truncate but sloping gradu-
ally to apex of cleft, and on that of sixth somite
produced in large, acute, posterior tooth.

First four somites with rounded or broadly an-
gular anteroventral extremity unarmed; fourth
somite with posteroventral extremity rounded and
lacking spine, and that of fifth and sixth somites
bearing minute spine.

First somite marked with short, weak, an-
teromedian pleural sulcus, its length slightly <0.2
distance from origin (emargination on anterior
margin) to ventral margin of pleuron; united pos-
terior tergal-posteromedian sulci relatively shal-
low. Second and third somites with weak anterior
and posterior tergal sulci joining anterodorsally;
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anteromedian pleural sulcus short, extending
from slightly below midheight of somite to near
ventral margin; posteromedian pleural sulcus
with faint dorsal extension directed anteriorly at
about 0.33 height of somite from dorsomedian line
and just ventral to weak crescent-shaped ridge
(atter delimited dorsally by tergal sulcus). Fourth
somite with anterior tergal sulcus shallow and
posterior tergal and posteromedian pleural sulci
coalescent, extending from near base of dorsal
carina to curve anteriorly near ventral margin.
Fifth somite with united posterior tergal-
posteromedian pleural sulci ending well above
ventral margin. Sixth somite with strongly arched
posterior pleural sulcus and low longitudinal
ridge situated between base of middorsal carina
and setose depression lying dorsal to weak cica-
trix.

Telson with very weak median sulcus and bear-
ing pair of small, fixed subterminal spines. Both
rami of uropod extending as far as apex of telson or
surpassing it by as much as 0.2 of their own
lengths.

Petasma (Fig. 36A, B) with rigid distal projec-
tion of dorsolateral lobule curved mesially, raised
proximodorsally in rounded prominence, and
compressed distally; its truncate tip with ventral
extremity rounded and dorsal extremity acutely
produced in acute salient. Distal projection of ven-

trolateral lobule fleshy, with terminal part flat-
tened (dorsal surface not bulbous) and curving
dorsally.

Appendix masculina as illustrated in Figure
36C.

Thelycum (Fig. 37) with plate of sternite XIV,
delimited by arched or straight lateral edges,
rounded anteriorly, its surface raised in low, ovoid
bulges separated by broad, median depression.
Median plate of sternite XIII flask-shaped in out-
line, tapering gradually into long, slender spine
reaching between midlength of coxae and proxi-
mal extremity of bases of second pereopods; plate
incised and excavate at level of coxae of fourth
pereopods; posterior component of plate with shal-
low posteromedian emargination. Sternite XI
armed with paired short spines. Posterior thoracic
ridge with concave anteromedian margin slightly
overlapping plate of sternite XIV, ridge then flush
with, or separated by shallow, transverse depres-
sion from sternite XIV.

Color.—"...light greenish yellow, banded with
vermilion on the branchial regions and abdomen.
Appendages red, antennary flagellum trans-
versely banded with light and dark” (Faxon
1893).

Maximum size.—In the meager material avail-

FIGURE 36.—Sicyonia affinis,d 21.5 mm cl, 4.4 km off Isla Manuelita, Costa Rica. A, Petasma, dorsal view; B, ventral view of same;
C, right appendix masculina, dorsolateral view. Scales = 1 mm.
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FIGURE 37.—Sicyonia affinis,? 17 mm cl, 4.4 km off Isla Ma-
nuelita, Costa Rica. Thelycum. Scale = 1 mm.

able, larger male 21.5 mm cl, about 46 mm tl;
largest female, 17 mm cl, about 62 mm tl.

Geographic and bathymetric ranges.—Known
with certainty only from a restricted area between
Isla Manuelita (5°34'N, 87°00'W), Costa Rica, and
Isla de Malpelo (3°58'20"N, 81°36'00"W), Colom-
bia (Fig. 38). Chirichigno Fonseca (1970) and
Arana Espina and Méndez G. (1978) cited Paita,
Peru, as the southern limit of the range of the
species. Chirichigno Fonseca did not present a list
of her material and Matilde Méndez G.2 found no
representative of the species in Peruvian collec-
tions, including those of the Instituto del Mar del
Pert (IMARPE) from which Chirichigno Fonseca
obtained most of her information. Chapa Saldafa
(1964) recorded the occurrence of this species in
the waters of Chiapas and Sinaloa, Mexico, but
again, more recent studies, including the present
one based on extensive material, failed to disclose

*Matilde Méndez G., Instituto del Mar del Peri, Callao, Peru,
pers. commun., J anuary 1984.
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its presence north of Costa Rica. Further investi-
gations are necessary to ascertain the limits of the
range of this shrimp both south of Isla de Malpelo
and north of Isla Manuelita. Sicyonia affinis is one
of only four members of the genus that have been
recorded from the eastern Pacific off South
America.

This species has been found at depths between
79-77 and 205 m, on substrates of rocks or broken
shells.

Discussion.—Sicyonia affinis is one of the three
closely related American Pacific species belonging
to Burkenroad’s (1934a) “affinis group” of his Divi-
sion II. He characterized this group (in which he
included 8. affinis and S. aliaffinis, and to which

o
* S. affinis
e S. aliaffinis

4+ S martini

Oo

2
s

FIGURE 38.—Geographic distribution of Sicyonia affinis, S.
aliaffinis, and S. martini.
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recently Péerez Farfante and Boothe (1981) added
S. martini) as possessing two teeth posterior to the
orbital margin, of which one, that posterior to the
level of the hepatic spine, is large. Like all mem-
bers of Division II, in S. affinis the antennal spine
is buttressed, but the buttress is barely distinct in
contrast to that in S. aliaffinis and S. martini in
which it is well developed. In S. affinis the first
rostral tooth is situated farther anteriorly, at
about the end of the anterior third of the rostral
length from the orbital margin, than in the other
two species in which it is placed opposite or im-
mediately anterior to the orbital margin.

In S. affinis the abdominal surface is punctate
but otherwise rather smooth, lacking tubercles,
conspicuous ridges, and deep sulci. Also, in S.
affinis the anteromedian sulcus of the first abdom-
inal somite is not only weak but short, whereas in
S. aliaffinis and S. martini it is deep (except ven-

trally in S. martini in which it is represented by a -

shallow depression) and long, in S. aliaffinis al-
most reaching the ventral margin of the pleuron.
The anteromedian sulci of the second and third
somites in S. affinis are distinct only ventrally,
rather than dorsally as in S. martini, or along
most of the height of the somite, as in S. aliaffinis.
The posteromedian sulci of these somites in S.
affinis extend dorsally only to a point situated at
about 0.33 of the height of the somite from the
dorsal midline where they turn anteriorly and are
marked dorsally by weak longitudinal ridges;
these sulci are considerably shorter than the well-
incised ones in S. aliaffinis, which extend to about
the dorsal 0.25 of the height of the somite, and are
not accompanied dorsally by longitudinal ridges.
In 8. martini the posteromedian sulci curve an-
teroventrally at their dorsal ends, defining strong
angular ridges.

As Burkenroad (1934a) pointed out, in S. affinis
the dorsal carina of the fifth abdominal somite
does not end in a sharp angle or acute tooth as it
does in the other two species; instead its posterior
part slopes gradually to the apex of the caudal
cleft. In S. affinis the tip of the tooth on the first
abdominal somite is slightly curved anteriorly
whereasin S. martini it forms a conspicuous hook,
and in 8. aliaffinis the entire tooth is straight and
projects anterodorsally. Furthermore, the antero-
ventral extremities of the pleura of the first four
somites in S. affinis are unarmed whereas they
bear a small spine in S. aliaffinis, and in S. mar-
tini, although lacking spines, are strongly angular
instead of faintly so or rounded as they are in S.

affinis.

These three species can also be distinguished
readily by petasmal and thelycal characters. In S.
affinis the projection of the dorsolateral lobule of
the petasma, like that of S. aliaffinis, is truncate
or shallowly emarginate distally and produced in
a simple, dorsally directed, sharp salient, whereas
in S. martini the projection curves gently to a
conspicuously bifurcate, mesially directed tip; on
the other hand, in S. affinis, as in S. martini, the
projection of the ventrolateral lobule is flattened
and curved or concave dorsally rather than being
strongly bulbous as it is in S. aliaffinis. In the
females of S, affinis and S. martini the thelycal
plate of sternite XIV bears a pair of low but well-
marked lateral bulges (longitudinally disposed in
the former and transversely so in the latter),
whereas in S. aliaffinis the plate is almost flat or
barely raised in ill-defined elevations. Moreover,
in both S. affinis and S. aliaffinis, the posterior
emargination of the median plate of sternite XIII
does not embrace a tubercle, as it does in S. mar-
tini.

Material.—17 specimens from 6 lots.

Costa Rica—33 52, AHF, 4.4 km off Isla Ma-
nuelita, 146 m, 3 June 1973, Velero IV stn
19044. 13, syntype, USNM, off Isla del Coco, 95
m, 28 February 1891, Albatross stn 3369. 13 12,
syntypes, MCZ, off Isla del Coco, 183 m, 28 Feb-
ruary 1891, Albatross stn 3367.

Panama—3%, USNM, NE of Isla Iguana, 79-77
m, 4 May 1967, Pillsbury stn 515.

Colombia—1%, syntype, MCZ, W of Isla de Mal-
pelo, 95 m, 5 March 1891, Albatross stn 3379. 29,
syntypes, USNM, W of Isla de Malpelo, 205 m, 5
March 1891, Albatross stn 3378.

Sicyonia aliaffinis (Burkenroad 1934)
Figures 38-42

Eusicyonia aliaffinis Burkenroad, 1934a:92, fig. 24
[holotype &, YPM 4393; type-locality: Pacific
coast of southern Mexico (NW of Puerto Ma-
dero), 14°48'40"N, 92°54'40"W, 19-30 fm (35-
55 m), 9 April 1926, Pawnee]. Burkenroad
1938:84, fig. 25, 27. Anderson and Lindner,
1945:317.

Eusicyonia sp. Castro, 1966:17 [in part, by im-

plication].
Sicyonia aliaffinis. Chapa Saldaha 1964:
15. Bayer et al. 1970:A97. Chirichigno

Fonseca 1970:7, fig. 6. Del Solar 1972:
7. Rodriguez de la Cruz 1977:10. Arana
Espina and Meéndez G. 1978:25, fig. 6-9.
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Anonymous  1980:7. Brusca 1980:256.
Sosa Hernandez et al. 1980:12. Meéndez G.
1981:47, pl. 9, fig. 78-82. Pérez Farfante and
Boothe 1981:424. Pérez Farfante 1982:370.

Vernacular names: rock shrimp, target shrimp,
Japanese shrimp (United States); camaron de
piedra, camaron de roca, camardon japones,
cacahuete (Mexico); camaron conchiduro
(Mexico, Panama); camaron de mar, camaron
cascaradura (Peru). FAO names: hardhusk
rock shrimp (English); camaron cascara dura
(Spanish); boucot noisette (French).

Diagnosis.— Antennal spine well developed and
buttressed. Second abdominal somite with dor-
somedian carina lacking incision. First pereopod
with basis and ischium unarmed. Postrostral
carina bearing one tooth posterior to level of he-
patic spine and raised in high crest behind pos-
terior tooth. Rostrum short, not overreaching dis-
tal margin of eye. Abdomen tuberculate; second
and third somites not bearing special inverted
V-shaped ridges laterally; fifth somite with dor-
somedian carina ending in sharp angle or tooth
posteriorly. Petasma with distal projection of dor-
solateral lobule compressed distally, its truncate
tip produced dorsally in simple, minute spine.
Thelycum with plate of sternite XIV lacking an-
teromedian tubercle and either flat or barely
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raised in ill-defined bulges. Branchiostegite bear-
ing large, horizontally disposed 9-shaped color
pattern.

Description.—Body relatively short (Fig. 39).
Carapace with irregular patches of longer setae on
dorsum, in depression delimiting branchiocardiac
carina posterodorsally, and on areas anterior to
hepatic spine and ventral to hepatic sulcus; one
patch also present in dorsolateral depression of
sixth abdominal somite. Abdomen rather heavily
granulate on first three abdominal somites, usu-
ally slightly so on last somites.

Rostrum short, not overreaching distal margin
of eye, its length increasing linearly with carapace
length (Fig. 40) to about 16 mm cl, then increasing
little, not surpassing 6 mm (proportional length
decreasing with increasing size from as much as
0.43 to as little as 0.20 cl); subhorizontal or up-
turned to 30°in males and to 50° in females; armed
with two dorsal teeth and three (occasionally two)
apical ones, latter disposed on obliquely truncate
apex, upper tooth posterior to level of ventral one
(occasionally appearing to be third of dorsal
series); first dorsal tooth subequal to or, more often
slightly smaller than, epigastric and situated op-
posite or immediately anterior to orbital margin;
second tooth variably placed between anterior 0.17
and 0.40 (mean 0.30) rl. Conspicuous adrostral
carina, subparallel and near ventral margin, ex-

FIGURE 39.—Sicyonia aliaffinis (Burkenroad 1934), 2 26 mm cl, west of Puerto Madero, Golfo de Tehuantepec, Mexico. Lateral
view. Scale = 5 mm.
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FIGURE 40.—Sicyonia aliaffinis. Relationship between rostrum
length and carapace length (regression equation for specimens
with about 16 mm cl or less, y = 0.83950 + 0.25635x; regression
equation for those larger, y = 2.34086 + 0.13665x).

tending from orbital margin almost to end of ros-
trum.

Carapace with strong postrostral carina bear-
ing two teeth: 1) epigastric tooth small, subequal
to or slightly larger than first rostral tooth,
situated opposite or anterior to level of hepatic
spine, between 0.15 and 0.22 (mean 0.18) cl from
orbital margin; and 2) posterior tooth, much
larger, as much as three times higher than epigas-
tric, hooklike, its apical portion acutely pointed
and strongly curved anteroventrad; tooth placed
well in advance of posterior margin of carapace,
between 0.66 and 0.76 (mean 0.71) cl from orbital
margin. Postrostral carina slightly elevated just
in front of posterior tooth and forming high crest
from latter descending gently to posterior margin
of carapace. Tuft of setae present at anterior base
of each tooth. Antennal spine sharp, projecting
from well-marked buttress; hepatic spine acute,
larger than antennal, arising from raised area,
and situated between 0.19 and 0.26 (mean 0.23) cl
from orbital margin. Postocular sulcus deep an-
teriorly, continuing posteriorly as low groove;
hepatic sulcus well marked; branchiocardiac
carina distinct but rather low, extending longitu-
dinally from hepatic region almost to posterior
margin of carapace, there bifurcating: one branch
curving dorsally and other disposed ventrally.

Antennular peduncle with stylocerite produced
in long spine, its length about 0.9 distance be-
tween lateral base of first antennular article and
mesial base of distolateral spine; latter extending
to about midlength of second article.

Scaphocerite almost reaching or slightly over-
reaching distal margin of antennular peduncle;
lateral rib produced distally in long, strong spine
surpassing distal margin of lamella. Antennal
flagellum as much as 2 times as long as carapace.

Abdomen with high dorsomedian carina ex-
tending from first through sixth somites, carina on
first somite produced in strong triangular tooth as
high as, or usually higher (as much as one-third)
than, posterior tooth on carapace, its anterior
margin straight, subvertical or sloping anterodor-
sally; carina on fourth somite obliquely truncate
posteriorly forming obtuse (rarely almost right
angle); that on fifth strongly truncate forming
acute posterior tooth; and that on sixth strongly
produced in large acute posterior tooth.

First four somites with angular anteroventral
extremity bearing small spine; fourth somite with
posteroventral extremity broadly angular, occa-
sionally armed with minute spine, and fifth and
sixth somites with posteroventral extremity bear-
ing small sharp spine, that of fifth slightly larger.

First somite marked with long anteromedian
pleural sulcus joining coalescent posterior
tergal-posteromedian pleural sulci near margin of
pleuron. Second and third somites with deep an-
terior and posterior tergal and long, well-incised
anteromedian (expanding ventrally) and pos-
teromedian pleural sulci, posteromedian ones ex-
tending dorsally to a point located at least at 0.25
of the height of the somite from the dorsal midline.
Fourth somite bearing anterior and posterior ter-
gal sulci, posterior one merging with deep, long
posteromedian sulcus. Fifth somite marked with
anterior tergal sulcus and united posterior
tergal-posteromedian pleural sulci. Sixth somite
with short anterior tergal sulcus, strongly arched
posterior pleural one, and setose, longitudinal de-
pression delimited dorsally by rib and ventrally by
usually strong cicatrix.

Telson with pair of small but well-developed
fixed spines. Rami of uropod subequal in length,
reaching or slightly overreaching apex of telson.

Petasma (Fig. 41) with rigid distal projection of
dorsolateral lobule curved mesially, raised prox-
imodorsally in rounded prominence, and com-
pressed distally; its truncate tip with ventral ex-
tremity rounded and dorsal extremity sharply
produced in minute spine. Fleshy distal projection
of ventrolateral lobule with firm, terminal part
directed laterally almost at right angle, dorsally
bulbous, ventrally flat, and tapering to pointed,
ventrally inclined apex.

Petasmal endopods coupled in males 8.2 mm cl,
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FIGURE 41.—Sicyonia aliaffinis,3 16 mm cl, west of Puerto Madero, Golfo de Tehuantepec, Mexico. A, Petasma, dorsal view;
B, ventral view of same; C, right appendix masculina, dorsolateral view. Scale = 1 mm.

about 27 mm tl, but may not be joined in individu-
als as much as 11 mm cl, about 36 mm tl.

Appendix masculina as illustrated in Figure
41C.

Thelycum (Fig. 42) with plate of sternite XIV,
delimited anterolaterally by strongly convex mar-
gins, flat or very slightly raised in paired ill-
defined bulges flanking depressed median portion.
Median plate of sternite XIII flask-shaped in out-
line, tapering gradually into long, slender spine
reaching as far as distal margin of coxae of an-
teriorly extended second pereopods; posterior
component of plate with posterolateral margins
strongly arched and separated by median emargi-
nation variable in width. Sternite XI armed pos-
teriorly with paired short spine. Posterior thoracic
ridge with weakly concave or virtually straight
anteromedian portion slightly elevated, but areas
lateral to it merging indistinctly with plate of
sternite XIV.

The smallest impregnated female encountered
has a carapace of 5 mm, about 23 mm tl.

Color.—Specimens from Peruvian waters were
described by Arana Espina and Méndez G. (1978)
as follows: dorsum dark, petroleum green;
carapace lighter laterally, exhibiting various
shades of gray, green, or pink, and bearing striking
dark mark resembling longitudinally disposed “9”
onbranchial region. Antennae with light and dark
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Madero, Golfo de Tehuantepec, Mexico. Thelycum. Scale = 2
mm.
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bands. Pereopods and pleopods pink. In addition,
spot—dark proximally, intense blue distally—
present on lateral ramus of uropeds. Sosa Hernan-
dez et al. (1980) also presented color notes on
specimens from the Golfo de Tehuantepec: body
cream, suffused with reddish brown; carapace
bearing hook-shaped brown mark on each side;
lateral ramus of uropod with violet ventral spot;
antennae banded with violet with cream. In
Anonymous’ (1980) work on the crustacean dec-
apods of the Gulf of California, the *9” is described
as purplish brown.

Maximum size.—Male, 22.0 mm cl, 86.6 mm tl;
female, 28.5 mm cl, 100.7 mm tl (both recorded by
Arana Espina and Méndez G. 1978). Largest indi-
viduals examined by me: male, 21.4 mm cl, about
71 mm tl; female, 28 mm cl, about 89 mm tl.

Geographic and bathymetric ranges.—Isla Santa
Margarita (24°20'00"N, 111°45'30'W - 24°20’
10"N, 111°46'40"W), Baja California Sur, Mexico,
to Cabo San Lucas, in the southern part of the Gulf
of California along both the east and west coasts,
and southward to Bahia Chamela (19°34'00"N,
105°07'24"W), Jalisco. Also from off Salina Cruz
(16°10'00"N, 95°00'00"W), Oaxaca, Mexico, to
Santa Maria (12°24'S), Peru, except off middle
Central America, Colombia, and most of Ecuador.
In the waters of Ecuador, it has been recorded from
the Golfo de Guayaquil and Islas Galapagos (Fig.
38). This species has been found at depths between
4-9 and 242 m, mostly at <85 m, on substrates of
sand and mud.

The report of the occurrence of this shrimp in
Santa Maria, Peru, (Vélez J., J. Zeballos, and M.
Meéndez G., in press) is the first from waters south
of Bahia Sechura (5°43.1'S, 81°05.0'W), the
southernmost record cited by Arana Espina and
Meéndez G. (1978). These specimens from Santa
Maria were collected at a depth of 10.5 m by A.
Robles on 28 June 1983.

Discussion.—The closest relative of S. aliaffinis is
S. affinis. The former, however, reaches a larger
size (about 29 mm cl) than 8. affinis, the largest
known specimen of which has only a 17 mm
cl. Sicyonia aliaffinis also differs from S. affinis
in having a strongly buttressed antennal spine
and in the position of the first dorsal rostral tooth,
which is situated opposite or barely anterior to the
orbital margin instead of at about the anterior end
of the basal third of the rostrum.

Differences in the abdominal characters are
even more striking. In S. aliaffinis the abdomen is
granulose, heavily so on the first three somites,
and the transverse sulci are deeply incised
whereas in S. affinis it is glabrous and bears weak
sulci, some of which are incomplete, adding to the
smooth appearance of the abdomen. In S. aliaffinis
the anteromedian sulcus of the first somite is long,
and although it becomes shallow ventrally, it ex-
tends to near the ventral margin of the pleuron; in
S. affinis, in contrast, it is short, ending consider-
ably above the ventral margin of the pleuron. The
anteromedian sulci of the second and third somites
in S. aliaffinis are long instead of short, recogniz-
able only on the ventral half of the somites; the
posteromedian sulci of these somites in S.
aliaffinis extend dorsally to a point at least at 0.25
of the height of the somite from the dorsal midline
and do not turn anteriorly, whereas in S. affinis
they extend only to about 0.35 from the dorsal
midline and turn anteriorly, delimiting ventrally a
weak longitudinal ridge which is absent in S.
aliaffinis. Alsoin S. aliaffinis, the anterior tooth of
the first somite is acute but not curved at the tip as
it is in the other species, and the dorsal carina of
the fifth somite ends in a sharp angle or more often
in a tooth, whereas in S. affinis it slopes gradually
to the base of the caudal cleft. The anteroventral
extremities of the first through fourth pleurain S.
alioffinis bear a small spine rather than being
unarmed.

Features of the external genitalia also allow a
ready separation of these two species. In S.
aliaffinis, the distal projection of the ventrolateral
lobule of the petasma is bulbous dorsally; in con-
trast, that of S. affinis is comparatively thin. The
thelycal plate of sternite XIV is flat or very faintly
raised laterally in ill-defined elevations in S.
aliaffinis, whereas in S. affinis it bears a pair of
low but well-marked ovoid or subelliptical bulges.

In addition to the morphological characters dis-
cussed above, S. aliaffinis exhibits a striking
9-shaped color pattern on the branchial region
which distinguishes it from all of its congeners
occurring in the American Pacific.

Discussing the diagnostic characters of S.
aliaffinis, Burkenroad (1934a) stated that “The
carina of the second somite is, although not
notched above the juncture of the tergal sulci,
shallowly emarginate at this point” I have ob-
served that this carina may be entire or slightly
depressed either at the point where Burkenroad
noted it or more posteriorly; consequently, in this
shrimp the contour of the carina is insignificant.
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Remarks.— Arana Espina and Méndez G. (1978)
graphed the size distribution of each sex in sam-
ples of this shrimp from the Golfo de Guayaquil.
They included correlations between carapace
length and total length, total weight, and abdomi-
nal weight. They determined that the relative
growth rate in males is higher than that in
females, and that within the size range of the
shrimp studied, eight molts occurred with an in-
crease of 7.25% at each molt.

Although Castro (1966) did not cite S. aliaffinis
by name, he stated that among the specimens of
“Eusicyonia” collected off Puerto Pehasco and near
Islade San Jorge, Sonora, Mexico, there were some
bearing a 9-like shaped spot, which undoubtedly
indicates that they belonged to this species.

Commercial importance.—Sicyonia aliaffinis,
like the other six relatively large species of the
genus occurring in the American Pacific, is fre-
quently taken together with other penaeoids of
greater economic value. In the Gulf of California it
is present in the commercial catches made on the
eastern side. In some other areas along its range,
e.g., the Golfo de Guayaquil (Arana Espina and
Meéndez G. 1978), it is found in quantities that
might support development of a fishery.

Material.— 251 specimens from 27 lots.

Mexico— Baja California Sur: 23 12, SIO, SW of
Isla Santa Margarita, 29-40 m, 13 November 1964,
Black Douglas. 13, SIO, NW of Todos Santos, 38
m, 9 November 1964, Black Douglas. 13, YPM,
Bahia San Lucas, 24 m, 7 May 1936, Zaca stn
135D-26. 13 192, USNM, W of Estero de los Al-
godones, 47 m, 3 April 1978, Toral Garcia. 13,
YPM, Bahia Santa Inés, 37 m, 10 April 1936, Zaca
stn 141-D4. Nayarit: 573 382, SIO, NE of Isla
Maria Madre, 51 m, 31 March 1973, Agassiz. 153
8%, SIO, NE of Isla Maria Madre, 55 m, 31 March
1973, Agassiz. dalisco: 19, USNM, Puerto
Vallarta, 13 April1937. 29, SIO, N part of Bahia
Chamela, 15-18 m, 2 April 1973, Agassiz. Oaxa-
ca: 138 132, USNM, E of Salina Cruz, Golfo de
Tehuantepec, 18 m, 10 July 1963, I. Mayés A. 23
12, 810, Golfo de Tehuantepec, 55 m, 6 June 1965,

T. Matsui. 19, USNM, Laguna Lagartero,
Ixhuatan, 25 July 1963, G. Solérzano.
Chiapas: 23 12, USNM, Puerto Arista, 14

January 1964, I. Mayés A. 83 82, SIO, Golfo de
Tehuantepec, 46-48 m, 10 April 1973, Agas-
siz. 338 2%, SIO, Golfo de Tehuantepec, 73 m,10-11
July 1963, D. Dockins. 13, holotype, YPM, off
“southern Mexico” [NW of Puerto Maderol, 35-55
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m, 9 April 1926, Pawnee. 173 3879, SIO, W of
Puerto Madero, Golfo de Tehuantepec, 55 m, 10
April 1978, Agassiz.

Guatemala—13, AHF, off San José light, 42 m,
23 March 1939.

Costa Rica—13, USNM, near Quepos, 242 m, 26
April 1973, Enriqueta.

Panama—13, AHF, Isla Taboga, 4-9 m, 2 May
1939. 138, USNM, Bahia Santelino, 1.6 km N of
Punta de Cocos, Archipiélago de las Perlas, 9 Feb-
ruary1939. 19, USNM, S ofIsla del Rey, 44-42.m,
7 May 1967, Pillsbury stn 551. 12,USNM, SW of
Bahia San Miguel, 55 m, 7 May 1967, Pillsbury stn
549. 24 19, USNM, 12 km NW of Punta
Caracoles, Darién, 84 m, L. G. Abele.

Ecuador—1?, USNM,. S of Isla Seymour,
Galapagos, 7-13 m, 9 March 1938, F. E. Lewis. 192,
USNM, off Playas, Golfo de Guayaquil, 16 m, 1976,
P. Arana Espina.

Peru—13, USNM, off Caleta Cruz, 10-14 m,
1970, E. Valdivia.

Sicyonia martini Perez Farfante and Boothe
1981
Figures 38, 43-46

Eusicyonia species, Burkenroad 1938:81, fig. 26,
28-30.

Sicyonia martini Perez Farfante and Boothe
1981:424, fig. 1-4 [holotype ?, USNM 180235;
type-locality: SW of Punta Ana Maria, Golfo de
Panama, 7°50'30"N, 78°49'00"W, 58 m,
Pillsbury stn 556).

Vernacular names: rock shrimp (United States);
camaro6n de piedra, camaron de roca (Mexico);
camaron conchiduro (Mexico, Panama).

Diagnosis.— Antennal spine well developed and
buttressed. Second abdominal somite with dor-
somedian carina lacking incision. First pereopod
with basis and ischium unarmed. Postrostral ca-
rina bearing one tooth posterior to level of hepat-
ic spine and raised in high crest behind posterior
tooth. Rostrum long, conspicuously overreaching
distal margin of eye. Abdomen tuberculate; second
and third somites bearing unusual inverted
V-shaped ridges laterally; fifth somite with dor-
somedian carina sharply truncate posteriorly.
Petasma with distal projection of dorsolateral
lobule tapering distally to minutely bifurcate tip,
arms sharp. Thelycum with plate of sternite XIV
bearing anteromedian tubercle. Branchiostegite
without 9-shaped color pattern.
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FIGURE 43.—Sicyonia martini Pérez Farfante and Boothe (1981), paratyped 19 mm cl, off Puerto Escondido, Golfo de Panama.
Lateral view. Scale = 5 mm.

Description.—Body relatively slender (Fig. 43).
Carapace with sparse long setae intermingled
with elongate patches of shorter ones situated on
dorsum, ventral to hepatic sulcus, posterior to
pterygostomian region, and on posterodorsal part
of branchiostegite; patches also present on abdom-
inal terga. Abdomen tuberculate, tubercles
numerous on first five somites, few on sixth.
Rostrum comparatively long, conspicuously
surpassing eye, reaching as far as distal 0.33 of
second antennular article, its length, 0.40-0.54 cl,
increasing linearly with carapace length (Fig. 44);
armed with two or three dorsal teeth and cluster of
apical teeth, both groups varying in disposition
and number in males and females. In males, ros-
trum horizontal or directed upward at slight angle
of no more than 10°, but weakly decurved at tip,
with three dorsal teeth evenly spaced; first rostral
tooth situated immediately anterior to orbital
margin, last usually separated from upper apical
tooth by interval (about 0.33 rl) slightly greater
than that between dorsal teeth; apical cluster con-
sisting of three or four teeth (76% and 24%, respec-
tively), with subterminal ventral tooth situated
not far from adjacent apical tooth. In females, ros-
trum strongly elevated at angle of 40°-50°, its ven-
tral margin straight or, more often, strongly con-
vex along midlength, and with two dorsal teeth;
first rostral tooth placed distinctly anterior to orbi-
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FIGURE 44.—Sicyonia martini. Relationship between rostrum
length and carapace length (regression equation, y = 0.76705 +
0.39436x).

tal margin; interval between second tooth and
upper apical tooth slightly shorter than that be-
tween first and second; apical cluster consisting of
three, four, or five teeth (1, 87, and 12%, respec-
tively), ventral one subterminal, distinctly re-
moved from adjacent apical tooth; teeth of apical
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cluster either turned ventrally, or less frequently
directed forward. Adrostral carina strong, some-
times sharp, reaching between level of last apical
tooth and base of ventral apical one.

Carapace with postrostral carina well-marked,
bearing two teeth: 1) epigastric tooth, small, sub-
equal to first rostral tooth, situated opposite or
only slightly anterior to hepatic spine; and 2) pos-
terior tooth, placed between 0.63 and 0.73 (mean
0.69) cl from orbital margin, large, about three
times as high as epigastric tooth, hooklike at tip;
postrostral carina low anteriorly, slightly elevated
below apex of posterior tooth, and forming crest
from latter descending gently toward ridge on
posterior margin of carapace; each tooth preceded
by tuft of long setae. Antennal spine small, project-
ing from rather long buttress; hepatic spine
acutely pointed, much longer than antennal, aris-
ing from moderately raised area, and situated be-
tween 0.14 and 0.20 (mean 0.18) cl from orbital
margin. Postocular sulcus short but deep an-
teriorly, continuing posteriorly as weak groove;
hepatic sulcus deep, subhorizontal, accompanying
inconspicuous carina. Branchiocardiac carina low
but clearly distinct, long, extending from base of
hepatic region to near posterior margin of
carapace, then curving dorsally toward base of
posterior tooth.

Antennular peduncle with stylocerite produced
in spine distally, extending about 0.8 distance be-
tween lateral base of first antennular article and
mesial base of distolateral spine; distolateral
spine strong, reaching as far as midlength of sec-
ond article; antennular flagella short, mesial one
slightly shorter than lateral.

Scaphocerite almost reaching (occasionally
overreaching) distal end of antennular pedun-
cle; length of antennal flagellum as much as 2.5
times cl.

Third maxilliped slightly stouter than
pereopods. Basis and ischium of first pereopod un-
armed.

Abdomen with high dorsomedian carina ex-
tending from first through sixth somites; carina on
first somite produced in large, apically hooked,
triangular anterior tooth, more elevated than
posterior tooth on carapace; carina of fifth somite
abruptly truncate posteriorly; and that of sixth
produced in large, acute posterior tooth.

Anteroventral margin of pleuron of first abdom-
inal somite barely to distinctly concave; antero-
ventral angle 90°-100°, that of third and fourth 90°
or less, with vertex slightly produced anteroven-
trally; pleuron of fifth roughly pentagonal, an-
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teroventral and posteroventral angles with ver-
tices slightly produced, posteroventral one often
armed with small spine; posteroventral angle of
pleuron of fifth and sixth somites armed with
spine, that of fifth larger.

First somite with anteromedian sulcus well de-
fined only dorsally but continuing ventrally as
shallow depression joining deep posterior tergal-
posteromedian pleural sulcus, ridge often extend-
ing posteriorly from ventral portion of anterome-
dian pleural sulcus to fused posterior sulci. Second
and third somites with relatively short, anterior
and posterior tergal sulci; short anteromedian
pleural sulcus merging ventrally with conspicu-
ous broad depression, latter terminating near an-
teroventral margin of corresponding pleuron;
posteromedian pleural sulcus extending dorsally
to about 0.3 height of somite measuring from mid-
dorsal line, there curving anteriorly; special in-
verted V-shaped ridge lying between tergal and
pleural sulci. Fourth somite with anterior tergal
and long, united posterior tergal-posteromedian
pleural sulei; anteroventral part of latter curving
dorsally; often short longitudinal ridge present at
about 0.3 height of somite from middorsal line.
Fifth somite with anterior tergal sulcus continu-
ous with united posterior tergal-posteromedian
pleural sulci, anteroventral portion of latter fad-
ing as shallow depression; cicatrix extending post-
eriorly from ventral end of anterior tergal sulcus.
Sixth somite with arched posterior pleural sulcus
and with shallow setose depression situated dorsal
to long but interrupted strong cicatrix.

Telson with pair of small, fixed, subterminal
spines. Both rami of uropod reaching, or almost
reaching apex of telson.

Petasma (Fig. 45A, B) with rigid distal projec-
tion of dorsolateral lobule strongly curved me-
sially, raised proximodorsally in subhemispheric
prominence, and ending in bifurcate apex, both
tips sharp. Fleshy distal projection of ventrolat-
eral lobule falling short of adjacent one, and with
terminal part truncate and curved dorsally.

Petasmal endopods coupled in males as small as
5.8 mm cl, about 23 mm tl, but may not be joined in
individuals as large as 9 mm cl, about 32 mm tl.

Appendix masculina as illustrated in Figure
45C.

Thelycum (Fig. 46A, B) with plate of sternite
XIV forming slightly to broadly rounded lateral
flanges partly surrounding and merging with
roughly semicircular, low mesial bulges; latter
separated by median depression bearing oval or,
occasionally, subhemispheric anterior tubercle (if
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FIGURE 45.—Sicyonia martini, paratyped 13.7 mm cl, south of Archipiélago de las Perlas, Golfo de Panama. A, Petasma,
dorsal view; B, ventral view of same; C, right appendix masculina, dorsolateral view. Scale = 1mm.

FIGURE 46.—Sicyonia martini. A,holotype? 21 mm cl, southwest of Punta Ana Maria, Golfode Panamé; B,? 16.5mme¢l,
Banco Gorda de Afuera, Baja California Sur. Thelyca. Scales = 1mm.
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oval, long axis disposed either longitudinally or
transversely). Median plate of sternite XIII
flaskshaped in outline, tapering into long, slender
spine reaching between anterior and posterior ex-
tremities of coxa of anteriorly extended second
pereopods; plate constricted, its ventral surface
strongly excavate at level of coxae of fourth
pereopods; posterior component of plate, with
rounded posterolateral margins and broad shal-
low, median emargination. Paired, broad based
spines projecting anteriorly from posterior margin
of sternite XI. Posterior thoracic ridge narrow,
with concave, sharp anteromedian margin but
merging laterally with preceeding plate.

The smallest impregnated females encountered -

have a carapace of 8 mm, about 31 mm tl.

Color.—Specimens preserved in Formalin* buff
with purplish blue markings: antenna, lateral
ridge of scaphocerite, postrostral and abdominal
carina, and dorsal ribs of telson transversely
banded; anterior margin and posterior ridge of
carapace, anterior margin of pleuron of first ab-
dominal somite, and posterior margin of all ab-
dominal somites with series of small spots; tip of
teeth on rostrum, carapace, and first abdominal
somite also purplish blue; lateral ramus of uropod
with subterminal spot on lateral ridge and large
mesial blotch at same level.

Maximum size.—Males 15.6 mm cl, 60.5 mm tl;
females 22.5 mm cl, 87.2 mm tl.

Geographic and bathymetric ranges.—From
southwest of Isla Santa Margarita (24°19'48"
N, 111°47'06"W - 24°19'36"N, 111°47'06"W),
Baja California Sur, Mexico, to southern tip of
Baja California Sur and throughout the Gulf of
California southward to off Punta Lizardo
(18°06'00"N, 102°57'18"W), Michoacan; also from
E of Puerto Angel (15°41'00"N, 96°07'30"W),
Oaxaca, Mexico, to SW of Punta Ana Maria
(7°50'30"N, 78°49’'00"W - 7°50'48"N, 78°48'00"W),
Panama (Fig. 38). It has been found at depths
between 9 and 242 m, on substrates of sand, rock,
mud, and coralline debris.

Discussion.— Although closely allied to S. affinis
and S. aliaffinis, S. martini can be distinguished
readily from both of them by the length, shape, and
armature of the rostrum; the shape of the tooth on

“Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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the first abdominal somite; the sculpture of the ab-
domen; and features of the petasma and thelycum.

In S. martini the rostrum is quite long, surpass-
es the eyes, and almost reaches the distal margin
of the second antennular article. In males, the
rostrum is straight or upturned at an angle of no
more than 10°, and armed with three dorsal teeth
and three or four apical teeth, the ventral one of
which is occasionally subterminal. In females, the
rostrum is strongly elevated (40°-50°), with its
ventral margin usually markedly convex in the
middle and concave posterior to the base of the
subterminal tooth, and bears two dorsal teeth and
three to five apical teeth, the ventral one of which
lies distinctly posterior to the adjacent tooth. In S.
affinis and S. aliaffinis the rostrum is shorter than
in S. martini, reaching at most the distal margin
of the eye; in both males and females it is upturned
at an angle of about 30°, thus more elevated than
in males of S. martini but less so than in females,
and its ventral margin is usually straight or, occa-
sionally, slightly convex basally. Also, in these two
species the rostrum is armed with only two dorsal
teeth, and the ventral of the two or three apical
teeth (four or five have not been observed) is ter-
minal, instead of subterminal as it is in all females
and some males of S. martini.

The tooth on the first abdominal somite is pro-
portionately higher in S. martini than in the other
two species; its dorsal margin is sigmoid and it
ends in a strong, recurved, hooklike tip. In S.
affinis and S. aliaffinis the dorsal margin of the
tooth is gently curved in an arc, and the tooth is
inclined more anteriorly than in S. martini; in S.
affinis it ends in a slightly curved tip, and in S.
aliaffinis the tip is triangular rather than hook-
like. Also, the abdominal sculpture of S. martini is
much stronger than that of its two closest congen-
ers, and exhibits unusual, longitudinally disposed,
inverted V-shaped ridges at the ventral end of the
dorsal third of the second and third somites, which
are absent in the other two species.

In S. martini, the projection of the dorsolateral
lobule of the petasma is bifurcate apically, the tips
sharp. In 8. affinis and S. aliaffinis, the projection
is compressed distally with the ventral extremity
rounded, the dorsal extremity sharply produced in
a simple spine, and the distal margin (im-
mediately ventral to the spine) truncate or
slightly emarginate. Furthermore, the projection
of the ventrolateral lobule of the petasma of S.
martini, like that of S. affinis but in contrast to
that of S. aliaffinis, is flattened distally rather
than thickened (dorsally) into a subovoid pro-
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tuberance. The females of S. martini differ from
those of all the other Sicyonia occurring in the
region by possessing a conspicuous tubercle on the
anteromedian extremity of the plate of sternite
XIV.

In addition to the distinguishing characters
cited above, S. martini exhibits other features that
differ from those of S. affinis. The dorsomedian
carina of the fifth abdominal somite is abruptly
truncate; the abdomen is coarsely tuberculate and
the tergal sulci on the third through fifth somites
are deep. Sicyonia martini also differs from S.
affinis in the barely to distinctly concave (instead
of convex) anterior margin of the pleuron of the
first somite; the anteroventral extremity of the
four anterior pleura which are markedly angular,
forming angles of about 90° or less, rather than
being rounded or broadly angular; and the outline
of the fourth abdominal pleuron which is subpen-
tagonal and often bears a spine on the posteroven-
tral angle, whereas in S. affinis it is subcircular
and always unarmed.

Sicyonia martini differs further from S.
aliaffinis by the presence on the first abdominal
somite of a short but conspicuous longitudinal
ridge extending posteriorly from the ventral end of
the anteromedian pleural sulcus. The anterome-
dian and posteromedian pleural sulci of the second
and third abdominal somites are shorter than in
S. aliaffinis, extending dorsally only to about a
third of the height of the somite from the middor-
sal line rather than to a fourth, and the pos-
teromedian ones are curved anteriorly at their
dorsal extremities. Finally, S. martini lacks the
conspicuous purplish-brown mark (resembling a
longitudinally disposed “9” located posterior to the
hepatic sulcus and just ventral to the branchiocar-
diac carina) present in S. aliaffinis.

Material.—193 specimens from 41 lots.
For list of records see Pérez Farfante and Boothe
1981.

Sicyonia picta Faxon 1893
Figures 47-52

Sicyonia picta Faxon 1893:210 [syntypes: 43 29,
MCZ 4639, and 23 22, USNM 21172, off Golfo de
Panama (7°40’00"N, 79°17'50"W), 127 fm (232
m), 8 March 1891, Albatross stn 3387;13, USNM
21171, off Punta Mariato (7°12'20"N,
80°55'00"W), Panama, 182 fm (333 m), 23 Feb-
ruary 1891, Albatross stn 3355]. Faxon
1895:180, pl. 46, fig. 2, 2a-c. H. Milne Edwards

and Bouvier 1909:244. De Man 1911
112. Bayer et al. 1970:A97. Arana Espina
and Mendez G. 1978:27, fig. 10-13. Brusca
1980:256. Meéndez G. 1981:47, pl. 10, Fig.
83-86. Peérez Farfante 1982:372.

Eusicyonia picta. Burkenroad 1934a:95, fig. 35,
1934b:126, 1938:87. Anderson and Lindner
1945:318.

Vernacular names: rock shrimp, target shrimp,
Japanese shrimp (United States); cacahuete,
camaron de piedra, camaron de roca, camaron
japonés (Mexico). FAO names: peanut rock
shrimp  (English), camaron  cacahuete
(Spanish), boucot cacahouette (French).

Diagnosis.— Antennal spine well developed and
buttressed. Second abdominal somite with dor-
somedian carina lacking incision. First pereopod
with basis and ischium unarmed. Postrostral
carina bearing one tooth posterior to level of he-
patic spine and raised in high, arched crest behind
posterior tooth. Abdomen with tooth on dorsome-
dian carina of first somite conspicuously larger
than posterior tooth on carapace. Petasma with
distal projection of dorsolateral lobule slightly
curved mesially, its compressed tip produced dor-
sally in strong, hooklike spine. Thelycum with
plate of sternite XIV flat or slightly elevated lat-
erally; posterior component of median plate flat or
slightly raised laterally. Branchiostegite with
ocellus consisting of red center surrounded by yel-
low ring.

Description.—Body relatively slender (Fig. 47).
Carapace sparsely studded with long setae and
bearing patches of shorter setae on dorsum; patch
also present anteroventral to hepatic sulcus,
another elongate obliquely disposed on bran-
chiostegite, and others on lateral depression and
anteroventral part of sixth abdominal somite. Ab-
domen with few small tubercles on first three so-
mites, most on row behind posterior sulci.
Rostrum short, usually not overreaching distal
margin of eye, its length increasing linearly with
carapace length (Fig. 48), but proportionately
longer in young (0.40-0.25 cl); in males (Fig. 49B),
weakly arched, subhorizontal or upturned, usu-
ally not more than 25° but occasionally 30°, deep
basally, gently narrowing to slender, short tip (Fig.
49A); in females, nearly straight, raised 25°-40°,
deep along almost entire length, slightly narrower
and truncate apically; in both sexes armed with
two to four dorsal teeth and two or three apical
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FIGURE 47.—Sicyonia picta Faxon 1893. Syntype? 19 mm cl, off Golfo de Panama. Lateral view. Scale = 5 mm.

ones (3+3, 58%; 4+3, 19%; 4+2, 22%; 3+2, 0.5%;
2+3, 0.5%), dorsal teeth in females often crowded
anteriorly with apical ones, about evenly spaced
along margin in males. Adrostral carina, subpar-
allel and close to ventral margin, extending tobase
of apical teeth.

Carapace with well-marked postrostral carina
bearing two teeth: 1) epigastric tooth small, sub-
equal to or only slightly larger than first rostral
tooth, situated distinctly anterior to hepatic spine,
between 0.13 and 0.16 (mean 0.15) cl from orbital
margin; and 2) posterior tooth, much larger, four
or five times higher, than epigastric, hooklike, its
apical portion acutely pointed and strongly curved
anteroventrally, situated far posterior to hepatic
spine but well in advance of posterior margin of
carapace, between 0.60 and 0.68 (mean 0.64) cl
from orbital margin. Postrostral carina low an-
teriorly, slightly elevated just in front of posterior
tooth, and forming high crest descending gently
from latter to posterior margin of carapace. Tuft of
setae present at anterior base of each tooth. An-
tennal spine sharp, projecting from short, low
buttress; hepatic spine considerably larger than
antennal, arising from moderately raised area,
and situated between 0.18 and 0.24 (mean 0.22) cl
from orbital margin. Postocular sulcus deep an-
teriorly, continuing posteriorly as low groove;
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FIGURE 48.—Sicyonia picta. Relationship between rostrum
length and carapace length (regression equation, y = 0.51173 +
0.26668x).

hepatic sulcus deep; hepatic carina indistinct;
branchiocardiac carina recognizable only pos-
teriorly, extending for short distance subparallel
to slope of posterior tooth, then curving dorsally
to posterior margin of carapace.

Antennular peduncle with stylocerite produced
in long spine, its length 0.75-0.85 distance be-
tween lateral base of first antennular article and
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mesial base of distolateral spine; latter, slender
and sharp, extending to about midlength of second
antennular article; antennular flagella short, me-
sial one slightly shorter, 0.20-0.30 cl, than lateral,
0.25-0.35 cl.

Scaphocerite extending to midlength of third
antennular article or slightly overreaching it. An-
tennal flagellum about twice as much as twice
length of carapace.

Third maxilliped slightly stouter than
pereopods. Basis and ischium of first pereopod un-
armed.

Abdomen with dorsomedian carina extending
from first through sixth somites, carina on first
produced in strong, anterodorsally directed tooth
tapering to sharp apex and considerably larger
than posterior tooth on carapace; carina on fifth
produced in conspicuous sharp tooth and that on
sixth terminating in strong, acute one.

Anteroventral margin of pleuron of first abdom-
inal somite concave; posteroventral margin of first
through fourth somites rounded; anteroventral
extremity of pleuron of first through fourth so-
mites ending in spine, that of first directed ven-
trolaterally, those of second through fourth curved
posterolaterally. Pleuron of fifth and sixth somites
bearing posteroventral, caudally directed, rela-
tively small spine, that of fifth slightly larger than
that on sixth.

First abdominal somite traversed by anterome-
dian pleural sulcus, deep dorsally and disappear-
ing at about 0.30 height of somite before reappear-
ing ventrally as broad shallow depression merging
with wunited posterior tergal-posteromedian

FIGURE 49.—Sicyonia picta. A, & 16 mm cl, NW of Isla
Monserrate, Baja California Sur, Mexico. Lateral view of
carapace. Scale = 5 mm. B, syntype & 15.5 mm cl. Golfo
de Panamad. Lateral view of dorsal part of cara-
pace. Scale = 2 mm.

pleural sulci. Second and third somites with an-
terior tergal and posterior tergal sulci joining an-
terodorsally; anteromedian pleural sulcus short
(not reaching dorsally posteromedian pleural) but
deep and merging with shallow anteroventral
depression, latter setting off subelliptical promi-
nence dorsally and low ridge posteriorly; pos-
teromedian pleural sulcus long, extending
anterodorsally ventral to (not joining) posterior
tergal. Fourth and fifth somites with anterior ter-
gal sulcus and curved, united posterior tergal-
posteromedian pleural sulci merging. Sixth so-
mite with arched posteromedian pleural sulcus
and longitudinal rib situated along base of mid-
dorsal carina and delimited ventrally by deep de-
pression lying just dorsal to weak cicatrix.

Telson with median sulcus deep anteriorly, in-
creasingly shallow posteriorly, its terminal por-
tion elongate and sharp, and bearing pair of small
fixed subterminal spines. Rami of uropod sub-
equal in length, falling slightly short of or barely
overreaching apex of telson.

Petasma (Fig. 50A, B) with rigid distal projec-
tion of dorsolateral lobule only slightly curved me-
sially, raised proximodorsally in rounded promi-
nence and compressed distally, its tip with ventral
extremity rounded and dorsal extremity produced
in strong, sharp spine directed dorsally. Fleshy
distal projection of ventrolateral lobule curving
laterally, roughly sickle shaped in outline, with
apex directed proximoventrally.

Petasmal endopods coupled in males as small as
6.7 mm cl, about 27 mm tl, but may not be joined in
individuals as much as 9 mm cl, about 34 mm tl.
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FIGURE 50. —Sicyonia picta, syntype & 15.5 mm cl, off Golfo de Panama. A, Petasma dorsal view; B, ventral view of same;
C, right appendix masculina, dorsolateral view. Scales = 1 mm.

Appendix masculina as illustrated in Figure
50C.

Thelycum (Fig. 51) with plate of sternite XIV
flat or slightly elevated laterally, inclined toward
broad median depression, and bordered anteriorly
and laterally by narrow, sometimes thickened,
flange. Median plate of sternite XIII flask-shaped
in outline or subtriangular, tapering anteriorly
into long, slender spine reaching between proxi-
mal end and midlength of basis of anteriorly ex-
tended second pereopods; plate at level of fourth
pereopods excavate and constricted by pair of shal-
low, widely separated lateral incisions; posterior
component of median plate, often convex laterally,
with rather deep median emargination. Paired
short spines projecting from posterior margin of
sternite XI. Posterior thoracic ridge narrow, with
well-marked anteromedian margin but flush with
lateral parts of plate of sternite XIV.

The smallest impregnated females encountered
have a carapace of 7 mm, about 28 mm tl.

Color.—Mendez G. (1981) described recently
caught specimens as follows: body light red or
orange red, with white areas on ventral part of
abdominal somites; carapace marked by conspicu-
ous ocellus consisting of red center surrounded by
yellow ring. Diffuse dark spot on lateral ramus of

60

FIGURE 51.—Sicyonia picta, syntype 2 28 mm cl, off Golfo de
Panama. Thelycum. Scale = 1 mm.
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uropod situated distomesially according to her
figure 84. Antennae with alternating light and
dark red bands. In Formalin, body turns darker
red with ring around ocellus, garnet. Faxon (1893,
1895) noted that in specimens preserved in alcohol
there is a dark ring on the posterior part of the
branchial region and traces of color are present on
margins of rostrum, dorsal carinae, and append-
ages. In most specimens preserved in either
agent examined by me, the color pattern described
above is still distinguishable.

Maximum size.—Males 17.5 mm cl, about 70 mm
tl; females 24 mm cl, 87.9 mm tl (Faxon 1893 and
Arana Espina and Méndez G. 1978; corroborated
by me).

Geographic and bathymetric ranges.—Bahia
Magdalena (24°33'00"N, 112°00'30"W) to south-
ern tip of Baja California Sur, Mexico, throughout
the Gulf of California and southward to northeast
of Isla Maria Madre (22°00’'N, 106°16'W), Nayarit,
Mexico; also from Champerico (13°55'36"N,
92°02’'30"W), Guatemala, to Islas Lobos de Afuera
(06°45'S, 80°45’'W), Peru (Fig. 52). It occurs at
depths between 16 and 400 m (shallowest cited by
Arana Espina and Méndez G. 1978), but most of
the recorded depths are <150 m. It occupies a large
variety of bottom types: sand, shell, sand and shell,
sand and mud, shell and mud, rock and mud,
green, grey and brown mud, broken gravel and
shells, and a mixture of mud, rocks, and coralline
detritus.

Discussion.—Sicyonia picta is most similar to S.
disdorsalis; both are of moderate size and in addi-
tion bear a small epigastric tooth, a large posterior
tooth on the postrostral carina, and a strongly
developed one on the first abdominal somite. These
shrimps can be readily separated by their color
pattern and a number of morphological characters.
In S. disdorsalis an ocellus is lacking on the pos-
terior part of the branchiostegite, the rostrum is
slender throughout its entire length, and less ele-
vated than in S. picta, its inclination not exceed-
ing 20°; the epigastric and posterior teeth on the
postrostral carina are situated closer to the orbital
margin, between 0.06 and 0.12 (mean 0.10) cl and
0.55 and 0.65 (mean 0.60) cl, respectively; and the
posterior tooth rises from a uniformly low post-
rostral carina.

The two species also differ in sculpture of the
abdomen. In S. disdorsalis the first abdominal
somite is traversed by a short anteromedian sul-

cus which is not represented ventrally by a depres-
sion; the posterior tergal and posteromedian
pleural sulci of the second and third somites are
coalescent; the anteroventral extremities of the
second- through fourth are unarmed or are pro-
duced in a small, ventrally projecting spine; and
the posteroventral extremities of first through
fourth somites are angular, that of the fourth bear-
ing a well-developed spine, and that of the fifth,
an extremely long one (instead of small as in S.
picta) in adults.

In both species the petasma and the thelycum
also exhibit distinctive features. In S. disdorsalis
the distal projection of the distolateral lobule of
the petasma terminates in an acute tip rather
than being compressed laterally and producedina
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e S. picta
s S. disdorsalis

* S. ingentis
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FIGURE 52.—Geographic distribution of Sicyonia picta, S. dis-
dorsalis, and S. ingentis.
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dorsally directed salient as it is in .S. picta. Fur-
thermore, the distal projection of the ventrolateral
lobule in S. disdorsalis is laminar, bifurcate later-
ally, and bears a proximal plate bordered by a
transverse rib; in S. picta, it is roughly sickle
shaped in outline, tapering laterally to a sharp
proximoventrally directed apex. Finally, the
thelycal plate of sternite XIV in S. disdorsalis is
raised in a low but well-defined pair of lateral
protuberances instead of being flat or slightly
raised laterally as it is in S. picta.

In the field, S. picta may be distinguished from
its sympatric congeners by the striking yellow
ocellus with a red center located on the bran-
chiostegite.

Burkenroad (1938) discussed in detail the fea- -

tures that distinguish 8. picta from the western
Atlantic S. stimpsoni Bouvier 1905. Actually, fea-
tures cited by him for S. stimpsoni also apply to S.
burkenroadi, another western Atlantic species
which was not recognized until described by Cobb
in 1971. Sicyonia picta differs from S. stimpsoni,
but resembles S. burkenroadi, in bearing strongly
curved spines on the anteroventral angles of the
second through fourth abdominal pleura. It, in
turn, can be separated from S. burkenroadi, but
resembles S. stimpsoni, in lacking a posterior
tooth on the tergal carina of the fourth abdominal
somite,

Remarks.— Arana Espina and Méendez G. (1978)
presented an illustration (Fig. 11) in which the
posterior tergal and posteromedian sulci of the
second and third abdominal somites appear co-
alescent. The disposition of the posteromedian sul-
cus seems to be in error because, as stated above,
the two sulci in this shrimp do not merge; instead
the posteromedian one extends anterodorsally,
ventral to the posterior tergal sulcus.

In addition to citing many new localities, this
paper contains the first records of the species from
the ocean side of Baja California Sur, Mexico, as
far north as Bahia Magdalena.

Material.— 602 specimens from 61 lots.

Mexico— Baja California Sur: 192, AHF, 5.5km
W of mouth of Bahia Magdalena, 64 m, 8 March
1949, Velero IV. 12, USNM, off Isla Santa Mar-
garita, 86 m, 8 April 1889, Albatross stn
3039. 13 29, SIO, off Punta Marquez, 64 m, 9
November 1964. 29, SIO, Bahia de la Paz, 82-119
m, 12 January 1968, Thomas Washington. 23 62,
SIO, Bahia de la Paz, 119-128 m, 24 July 1965, R.
Rosenblatt. 138, AHF, entrance to Bahia Agua
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Verde, 42-48 m, 17 March 1949, VeleroIV. 638 112,
SIO, NW of Isla Monserrate, 170-192 m, 11 July
1965, Horizon. 22, AHF, NW of Isla Danzante
Primero, 44-73 m, 18 March 1949, Velero IV. 13,
YPM, Bahia de Santa Inés, 101 m, 17 March 1926,
Pawnee. 42, SIO, off Santa Rosalia, 35-26 m, 25
March 1960, R. Parker. Baja California Norte
(all in Gulf of California): 12, YPM, Bahia de los
Angeles, 31-42 m, 13 May 1926, Pawnee. 33 19,
AHEF, Puerto Refugio, Isla Angel de la Guarda,
143-165 m, 28 January 1940. 3%, AHF, N of Isla
Angel de l1a Guarda, 104 m, 28 January 1940. 63
119, SIO, SE of San Felipe, 75-86 m, 19 January
1968, Washington. 13, YPM, Bahia San Luis
Gonzaga, 17 May 1916, Pawnee. 13 19, USNM,
off Punta San Fermin, 55 m, 27 March 1889, Alba-
tross stn 3035. 1%, SIO, SE of San Felipe, 120 m,
19 January 1968, Washington. Sonora: 23
2%, USNM, off Cabo Tepoca, 65 m, 24 March 1889,
Albatross stn 3018. 263 299, USNM, SW of Cabo
de Lobos, 139 m, 24 March 1889, Albatross stn
3016. 138, USNM, NW of Isla Tiburon, 265 m, 24
March 1889, Albatross stn 3015. 43 19, AHF, 3
km W of Tasticta, 60 m, 21 December 1978, A.
Kerotitch. Sinaloa: 33 22, USNM, off Punta
Santo Domingo, 135 m, 10 April 1889, Albatross
stn 3043. 19, USNM, off Peninsula de Quevedo,
67 m, 30 March 1978, Toral Garcia. Nayarit:
23 4%, SIO, NE of Isla Maria Madre, Islas Tres
Marias, 82-88 m, 30 March 1973, Agassiz.

Guatemala—1%, SIO, Champerico, 91-104 m, 13
April 1973, Agassiz.

Nicaragua—2%, SIO, off N of Nicaragua, 53-59
m, 17 April 1973, C. Hubbs and S. Luke.

Costa Rica—138 12, USNM, Golfo del Papagallo,
2 April 1978, D. Hedgecock. 13, SIO, Punta
Guiones, 104 m, 19 April 1973, C. Hubbs and S.
Luke. 1508 1509, SIO, Golfo de Nicoya, 86 m, 22
April 1973, Agassiz. 63 12, SIO, off Cabo Blanco,
60 m, 18 April 1973, Agassiz. 12, UCR, off Cabo
Blanco, 249 m, 28 April 1973, Enriqueta. 73 149,
SIO, off Cabo Blanco, 137-144 m, 19 April 1973, C.
Hubbs and S. Luke. 12, USNM, off Cabo Blanco,
247 m, 27 April 1973, Enriqueta.

Panama-—13 12, AHF, Islas Secas, 46-48 m, 27
March 1939. 23 6%, AHF, off Isla Medidor, 55-64
m, 28 March 1939, Velero III. 23 8%, UP, 25 km
S of Isla Cebaco, 256 m, 8 August 1972,
Canopus. 18, syntype, USNM, off Punta
Mariato, 333 m, 23 February 1891, Albatross stn
3355. 13 1?2, USNM, E of Isla Iguana, 79-77 m, 2
May 1967, Pillsbury stn 502. 3%, USNM, NE of
Isla Iguana, 79-77 m, 4 May 1967, Pillsbury stn
515. 43 29, MCZ, and 23 2%, USNM, syntypes,
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off Golfo de Panama, 232 m, 8 March 1891, Alba-
tross stn 3387. 13 22, USNM, S of Isla San José,
84 m, 6 May 1967, Pillsbury stn 529. 53 69,
USNM, S of Isla San José, 99 m, 7 May 1967,
Pillsbury stn 553. 12, USNM, SE of Isla San Jose,
68 m, 7 May 1967, Pillsbury stn 555. 23 3%,
USNM, SE of Isla San José, 60 m, 5 March 1888,
Albatross stn 2797. 23, USNM, S of Isla del Rey,
44-47 m, 7 May 1967, Pillsbury stn 551. 13 12,
USNM, S of Isla del Rey, 59 m, 8 May 1967,
Pillsbury stn 556. 13 52, USNM, SW of Golfo de
San Miguel, 64-60 m, 7 May 1967, Pillsbury stn
550.

Colombia—Cali: 23, USNM, off Bahia de
Buenaventura, 80 m, 16 September 1966, Anton
Bruun, 18B, stn 783.

Ecuador—Manabi: manyd and ¢, USNM, off
Cabo Pasado, 93 m, 12 September 1966, Anton
Bruun, 18B, stn 778. 13 392, USNM, off Bahia de
Manta, 120-150 m, 12 September 1966, Anton
Bruun,18B stn 776. 33 3%, USNM, off Cabo San
Lorenzo, 185 m, 12 September 1966, Anton Bruun,
18B,stn775. 13 12, AHF, off Isla La Plata, 82-101
m, 10 February 1934. ElOro: 238,USNM,SW
of Isla Santa Clara, depth unrecorded, 10 Sep-
tember 1966, Anton Bruun, 18B, stn 769-D. 273
672, USNM, SW of Puerto Bolivar, 80 m, 10 Sep-
tember 1966, Anton Bruun, 18B, stn 769.

Peru— Tumbes: 113 82, USNM, off Casitas,
90 m, 8 September 1966, Anton Bruun, 18B, stn
764. Piura: 438 49, USNM, Bahia de Paita,
70-69 m, 8 September 1966, Anton Bruun,18B, stn
762-A. 23 49, USNM, Bahiade Paita,118-133 m,
92 June 1966, Anton Bruun, 16, stn 625-A. 13,
USNM, SW of Isla Foca, 120 m, 7 September 1966,
Anton Bruun, 18B, stn 761. 43 10?2, USNM, off
Punta Negra, 100 m, 4 June 1966, Anton Bruun,
16, stn 631-A. Lambayeque: 13 192, IMARPE,
Islas Lobos de Afuera, 360-400 m, 1977, R. Mar-
quina.

Sicyonia disdorsalis (Burkenroad 1934)
Figures 52-56

Eusicyonia disdorsalis Burkenroad 1934a:96, fig.
25, 36 [syntypes: 13 12, YPM 4391, 53 6% (not 43
79 as originally cited), YPM 5075, and 13 1%,
YPM 4391, Pearl Islands (Archipiélago de las
Perlas), 8°29'40"N, 78°52'30"W, Golfo de
Panama, 19-24 fm (85-44 m), 31 March 1926,
Pawnee; 53 5% (not 63 42), YPM 5079, and 12,
YPM 5078, Golfo de Panama4, 1868, F. H. Brad-
ley. 18 32, YPM 5076, and 138, YPM 5077, west
coast of Central America, 1872, Capt. Dow].

Burkenroad 1938:87.
1945:318.

Sicyonia disdorsalis. Chirichigno Fonseca 1970:7,
fig. 4. Bayer et al. 1970:A97. Del Solar et al.
1970:18. Rosales Juarez 1976:41, pl. 1, fig. 3.
Rodriguez de la Cruz 1977:11. Arana Espina
and Méndez G. 1978:29, fig. 14-17. Brusca
1980:256. Paul and Hendrickx 1980:
110. Sosa Hernandez et al. 1980:14.
Méndez G. 1981:48, pl. 10, fig. 87-90. Per-
ez Farfante 1982:370.

Anderson and Lindner

Vernacular names: rock shrimp (United States);
camaron conchiduro (Mexico, Panama); cama-
ron duro (Ecuador, Peru); langostino cascara
dura, camaron cascara dura (Peru). FAO
names: keeled rock shrimp (English), camaron
carenado (Spanish), boucot carene (French).

Diagnosis.— Antennal spine well developed and
buttressed. Second abdominal somite with dor-
somedian carina lacking incision. First pereopod
with basis and ischium unarmed. Postrostral
carina bearing one tooth posterior to level of he-
patic spine and low throughout its entire length,
not raised in crest behind posterior tooth. Abdo-
men with tooth on dorsomedian carina of first so-
mite considerably larger than posterior tooth on
carapace. Petasma with distal projection of dor-
solateral lobule curved mesially, tapering to apex,
and lacking filament. Thelycum with plate of
sternite XIV raised in pair of lateral bulges; pos-
terior component of median plate flat or slightly
raised laterally. Branchiostegite lacking large
spot or ocellus.

Description.—Body relatively slender (Fig. 53).
Carapace bearing patches of short setae on dor-
sum, anteroventral to hepatic spine, and ventral to
hepatic sulcus; patches of setae also present on
dorsal extremity of abdominal sulci and in depres-
sion of sixth abdominal somite. Abdomen with
numerous tubercles on first three somites.
Rostrum relatively short, rarely overreaching
eye, its length increasing linearly with carapace
length (Fig. 54) to about 18 mm cl, then increasing
little, not surpassing 6.2 mm (proportional length
decreasing with increasing size from as much as
0.36 to as little as 0.21 cl); slender but occasionally
moderately deep; in males subhorizontal with tip
strongly decurved, in females upturned as much
as 20° with tip slightly decurved; armed with
three, occasionally two, dorsal teeth and two or
three apical teeth (2+2, 2%, 3+2, 92%, 3+3, 6%);
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FIGURE 538. —Sicyonia disdorsalis (Burkenroad),? 25 mm cl, Golfo de Fonseca, El Salvador. Lateral view. Scale =10mm.

ventral apical tooth smaller than dorsal and
placed almost at same level or, more often, pos-
terior to it. First rostral tooth located well in ad-
vance of orbital margin, between 0.18 and 0.33
(mean 0.25) rl; second tooth from 0.45 to 0.70
(mean 0.58) rl; and third from 0.75 to 0.96 (mean
0.81) rl. Adrostral carina extending to near tip,
relatively far from ventral margin, often slightly
arched either along middle or less often anteriorly,
and occasionally directed anterodorsally.
Carapace with postrostral carina well marked
but low throughout its entire length, bearing two
teeth: 1) epigastric tooth small, subequal to or
slightly larger than first rostral tooth and situated
well in advance of hepatic spine, between 0.06 and
0.12 (mean 0.10) cl from orbital margin; and 2)
posterior tooth, as large as or larger, sometimes as
much as three times higher, than epigastric,
acutely pointed, strongly inclined anteriorly, and
placed considerably in advance of posterior mar-
gin of carapace, between 0.55 and 0.65 (mean 0.60)
cl from orbital margin (both teeth farther anterior
in large individuals than in young). Tuft of setae
present at anterior base of each tooth. Antennal
spine moderately long, sharp, buttressed; hepatic
spine long, conspicuously larger than antennal,
projecting from raised area, and situated between
0.19 and 0.24 (mean 0.22) cl from orbital margin.
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FIGURE 54.—Sicyonia disdorsalis. Relationship between ros-
trum length and carapace length (regression equation for speci-
mens with about 18 mm ¢l or less, y = —0.03933 + 0.30998x;
regression equation for those larger, y = 2.33498 + 0.14502x).

Postocular sulcus deep anteriorly, continuing
posteriorly as very shallow arched groove; hepatic
sulcus subhorizontal; hepatic carina indistinct;
branchiocardiac carina weak.

Antennular peduncle with stylocerite produced
in long, sharp spine, its length 0.75-0.85 distance
between lateral base of first antennular article and
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mesial base of distolateral spine; latter long,
reaching as far as distal 0.25 of second antennular
article; antennular flagella short, mesial one,
more slender and shorter than lateral, 0.20-0.30 as
long as carapace; lateral flagellum 0.25-0.35 as
long.

Scaphocerite surpassing antennular peduncle
by no more than 0.1 its own length; lateral rib
ending distally in long, acute spine conspicuously
overreaching margin of lamella. Antennal flagel-
lum about twice as long as carapace.

Third maxilliped stouter than pereopods. Basis
and ischium of first pereopod unarmed.

Abdomen with dorsomedian carina extending
from first through sixth somites, carina on first
produced in strong, anteriorly inclined tooth, ta-
pering suddenly near end to minute, sharp apex
(usually broken and thus appearing blunt); tooth
considerably larger than posterior one on car-
apace; carina on fifth somite abruptly truncate or
produced in sharp tooth posteriorly, and that on
sixth terminating in strong, acute posterior tooth.

Anteroventral margin of pleuron on first abdom-
inal somite concave in adults, sometimes nearly
straight in juveniles, its extremity ending in
strong spine, that of second through fourth (in
adults) often projecting slightly or forming ven-
trally pointed spine; posteroventral extremity of
third through sixth somites sharply angular, that
of third often, but in last three always bearing
caudally directed spine, that of fifth and sixth

largest and smallest, respectively; additional
spine occasionally present immediately dorsal to
posteroventral one on fourth somite.

First abdominal somite marked with short, deep
anteromedian pleural sulcus and long, united
posterior tergal-posteromedian pleural sulci;
short, longitudinal ridge extending between an-
teromedian pleural and posterior sulcus. Second
and third somites with anterior tergal sulcus join-
ing united posterior tergal-posteromedian pleural
sulci dorsally, and with anteromedian pleural sul-
cus represented by shallow depression setting off
elevation at dorsal extremity. Fourth and fifth so-
mites bearing curved, united posterior tergal-
posteromedian pleural sulci; sometimes fourth
also with faint anterior tergal sulcus. Sixth somite
often marked by weak, sometimes indistinct,
arched, posteromedian sulcus and bearing con-
spicuous cicatrix frequently divided in two.

Telson with median sulcus well defined only
along anterior 0.65 of its length and armed with
pair of minute, fixed, subterminal spines; latter
clearly developed in juveniles but vestigial or lack-
ing in adults. Rami of uropod subequal in length,
falling slightly short of or barely overreaching
apex of telson.

Posterior spine on first abdominal sternite with
wide base and usually concave but sometimes
straight lateral margins.

Petasma (Fig. 55A, B) with cornified distal pro-
jection of dorsolateral lobule raised in prox-

FIGURE 55.—Sicyonia disdorsalis,d 17 mm cl, off Balboa, Panama. A, Petasma, dorsal view; B, ventral view of same; C, right
appendix masculina, dorsolateral view. Scales = 1 mm.
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imodorsal rounded prominence and ending in
acute tip curved mesially. Distal projection of ven-
trolateral lobule, falling short of projection of dor-
solateral lobule, laminar, bifurcate laterally, and
thickened proximally forming plate bordered dis-
tally by transverse rib; latter supporting long
proximal salient of bifurcation; terminal part of
projection truncate and curved dorsally.

Petasmal endopods joined in males as small as 3
mm cl, about 13 mm tl, but may be unjoined in
individuals with as much as 8.4 mm cl, about 21
mm tl.

Appendix masculina as illustrated in Figure
55C.

Thelycum (Fig. 56) with plate of sternite XIV
bearing pair of low protuberances bordered dater-
ally (in adults) by narrow flanges, and separated
by moderately deep median depression. Median
plate of sternite XIII flask-shaped in outline, ta-
pering into long, slender spine reaching between
base and about midlength of basis of extended
second pereopod; plate set off from posterior com-
ponent by shallow incisions, flat or concave pos-
terolaterally, and with broad median depres-
sion (broader than areas and incisions flanking
it); posterior component of median plate flat or
slightly raised laterally, with posteromedian mar-
gin straight or convex. Paired short spines project-
ing anteroventrally from posterior margin of ster-
nite XI, spines broad basally, sharp and sometimes
produced in fine needle apically. Posterior thoracic
ridge narrow, with well-marked anteromedian
margin.

The smallest impregnated females encountered
have a carapace of 5.3 mm, about 25 mm tl.

Color.—Arana Espina and Méndez G. (1978) de-
scribed specimens from the waters of Peru as fol-
lows: Dorsum greenish gray, lighter-gray to pink
laterally. Antennae red. Pereopods and pleopods
pink; merus of third maxilliped and pereopods
with red and yellow bands (toward distal end ac-
cording to their figure 15). Subdistal striking or-
namentation on lateral ramus of uropod consisting
of oval deep blue blotch bordered in yellow. In
contrast, Sosa Hernandes et al. (1980) found that
the specimens from southeast of Salina Cruz,
Golfo de Tehuantepec, Mexico, were cream with
orange hues.

My observations, based on a large number of live
specimens taken off Panama Viejo, Panama, indi-
cate a color pattern much, but not exactly, like that
noted by Arana Espina and Méndez G. Dorsum
of carapace gray with broad transverse dark

66

FISHERY BULLETIN: VOL. 83, NO. 1

FIGURE 56.—Sicyonia disdorsalis, ¢ 16 mm cl, off Punta
Calabazo, Panama. Thelycum. Scale = 2 mm.

purplish band extending across epigastric tooth
and produced anteriorly in roughly pentagonal
spot reaching base of first rostral tooth. Bran-
chiostegite varying from dark purplish pink (in
most specimens) to milky white, sometimes with
grayish white longitudinal stripe along junction of
branchiostegite and dorsum. Abdomen gray with
middorsal carina banded: transverse dark gray
ones alternating with buff bands; large tooth pro-
Jjecting from carina on first somite purplish pink.
Anterior margin of pleuron of first three somites
bordered by white vertical stripe and posteroven-
tral areas of third and fourth somites also white.
Tergum of fifth somite bearing purplish pink
V-shaped (vertex anterior) marking posteriorly.
Telson and uropod gray with densely set yellow
chromatophores. Lateral ramus of uropod bearing
large garnet marking subdistally preceded by yel-
low patch, and contiguous to buff dot lying against
its mesial extremity. Antenna dark garnet. Third
maxilliped and pereopods pink, former with two
contiguous transverse bands, orange red one on
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distal third of merus, followed by bright yellow
band crossing merus and proximal part of carpus;
fourth and fifth pereopods marked with orange red
. band flanked by yellow ones extending across
merus and proximal part of carpus. Pleopods
mostly pink, lateroventral part of basis white.

Moximum size.—Males 21 mm cl, 88.8 mm tl;
females 28 mm cl, 98.7 mm tl (Arana Espina and
Meéndez G. 1978). Largest specimens examined by
me: males 20 mm cl, females 25.7 mm cl.

Geographic and bathymetric ranges.—Bahia
Santa Maria (24°42'48"N, 112°13'54"W), to the tip
of Baja California Sur, Mexico, and from southern
Sonora, Gulf of California, southward to Pisco
(13°55’S), Peru (Fig. 52).

This species has been found between 5 and
139-93 m, but rarely in water deeper than 65 m;
contrary to most of its congeners from the Ameri-
can Pacific, it does not seem to range beyond the
continental shelf. It occurs on bottoms of mud,
detritus, fine sand, and rock and coral, seemingly
with no preference.

Abundant in the southeastern part of the Gulf of
California (Paul and Hendrickx 1980), it has not
been reported off northern Sonora or along the
east coast of Baja California; the present records
from these latter areas are the first for the species
north of Bahia San Lucas, a locality cited by Bur-
kenroad (1938). The southern limit, Pisco, Peru,
given here is also the first report of the presence of
this shrimp in waters south of San Lorenzo
(12°0.5'S), Peru, the southernmost locality cited
by Arana Espina and Méndez G. (1978). The record
from Pisco is based on specimens collected by M.
Méndez G. and J. Zeballos, at 5.5-13 m, on 5
November 1983 (Matilde Méndez G. footnote 3).

Discussion.—Burkenroad (1938) was the first to
point out some of the differences that separate this
species from its closest relative S. ingentis.
Sicyonia disdorsalis can be distinguished from the
latter by having 1) a sparsely setose carapace, 2)
a less elevated postrostral carina, 3) a weak, al-
most indistinct branchiocardiac carina, 4) a pos-
teriorly truncate carina on the fifth abdominal
somite that is sometimes produced in a spine, 5)an
anteromedian pleural sulcus on the first abdomi-
nal somite which ends abruptly far from the ven-
tral margin, and does not continue ventrally as a
shallow depression, 6) a strong spine on the an-
teroventral extremity of the pleuron of the first
abdominal somite, 7) angular posteroventral

pleural margins on the first two abdominal so-
mites, 8) minute telsonic spines in juveniles and
vestigial or indistinct ones in adults, and 9) short
uropodal rami that fall short of or barely surpass
the apex of the telson.

Various features of the genitalia also allow the
separation of S. disdorsalis from S. ingentis. The
distal projection of the dorsolateral lobule of the
petasma is curved distomesially instead of extend-
ing distolaterally, and is not produced in a short,
apical filament; and the distal projection of the
ventrolateral lobule does not extend so far distally
as the projection of the dorsolateral lobule, is
bifurcate laterally, and bears a conspicuous trans-
verse rib. In the thelycum, the breadth of the flat
or concave posterolateral areas of the median
plate, as well as the depth of the delimiting inci-
sions are much less than the depressed area be-
tween them. Furthermore, the posterior compo-
nent of the median plate is sometimes slightly
raised posterolaterally but not forming well-
defined lateral bosses traversed by a suture as in
S. ingentis. :

The differences between S. disdorsalis and the
geminate western Atlantic S. dorsalis Kingsley
1878, were discussed in detail by Burkenroad
(1934a).

Commercial importance.— Throughout its range,
S. disdorsalis is present in the commercial catches
of other penaeoid shrimps. It was recorded by
Rosales Juarez (1976) in those off the coast of
Sinaloa, in the Gulf of California, and more re-
cently, on the basis of its abundance in the shrimp
bycatch from the waters off Sinaloa and Nayarit,
Paul and Hendrickx (1980) suggested that this
shrimp has a possible commercial value in that
area. Arana Espina and Méndez G. (1978) recorded
that in 1977 it made up to 5.8% of the total catches
made in northern Peru, a notable increase from
that of previous years in which it constituted
<0.5%. This species is considered by them to have
a significant economic potential.

Material.—1054 specimens from 85 lots.
Mexico—Baja California Sur: 138 2%, SIO,
Bahia Santa Maria, 0-37 m, 8 December 1962, H.
C. Perkins. 138, SIO, NW of Punta Marquez, 37
m, 4 December 1962, H. C. Perkins and R.
Wisner. 13, SIO, NW of Punta Marquez, 18 m, 4
December 1962, H. C. Perkins. 13 22, YPM,
Bahia San Lucas, 5.5 m, 7 May 1936, Zaca stn
135D-20. 238, YPM, Bahia San Lucas, 5-17m, 7
May 1936, Zaca stn 135D-18-D19. Sonora: 73
29, USNM, Bahia de Lobos (boca sur), 30 m, 18
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July 1979, F Paredes M. Sinaloa: 273 169,
SIO, Isla Altamura, 21-31 m, 26 May 1965, El Golfo
II stn 50-6. 2%, USNM, off San Ignacio, 25 May
1962, R. Bush M. 1?2, USNM, N of Mazatlan, 3.5
km off Marmol, 12 January 1964, A. Villania and
E. Chavez. 33 8%, SIO, off Boca Teacapan, 55 m,
25 August 1961, F. H. Berry. Nayarit: 82,
SIO, W of Laguna de Agua Brava, 20 m, 24 August
1961, H. DeWitt. 23 79, SIO, SW of Laguna de
Agua Brava, 15 m, 24 August 1961, H. DeWitt and
H. C. Perkins. 13 15%, SIO, NE of Isla Maria
Madre, 51 m, 31 March 1973, Agassiz. 29, SIO,
NW of mouth of Rio Grande de Soledad, 38-39 m,
24 August 1961, H. C. Perkins and H. De-
Witt. 3038 30%,SIO, Bahia de Banderas, 28-33m,
2June 1965, El GolfoIl stn BT150. 1238 149, SIO,
Bahia de Banderas, 46-55 m, 21 August 1961, F. H.
Berry. 18 19, SIO, Bahia de Banderas, 5-9 m, 19
August 1961, F. H. Berry. Jalisco: 29, USNM,
Puerto Vallarta, 13 April 1937. 113 149, SIO,
Bahia Chamela, 15-18 m, 2 April 1973, Agas-
siz. 63 159, SIO, Bahia Chamela, 27-18 m, 2
April 1973, Agassiz. 13 32, AHF, Bahia Tenaca-
tita, 4-15 m, 8 May 1939. Michoacan: 19,
CAS, 14.5 km SE of Punta San Telmo (off Ma-
ruata), 17 July 1932, Zaca. 73 12, SIO, Punta
Lizardo, 22-24 m, 4 April 1973, Agassiz. 213
259, SIO, Punta Lizardo, 37-38 m, 4 April 1973,
Agassiz. Guerrero: 3%, CAS, 6.5 km SE of
entrance of Bahia de Acapulco, 27 m, 5 April
1932, Zaca. Oaxaca: 13 19, USNM, 24 km
off Puerto Angel, 84-57 m, 13 July 1963, L
Mayes A. 83 42, SIO, Golfo de Tehuantepec, 55
m, 6 June 1965, El Golfo II, stn BT-162. 58 4%,
SIO, SW of Santiago Astata, 54 m, 6 June 1965, El
Golfo II, stn BT-162. 13 39, USNM, 16 km W of
Ayutla lighthouse, 54 m, 15 June 1963, 1. Mayés
A. 73 309, 81O, off Salina Cruz, 44 m, 7 June
1965, El GolfoII. 5%, USNM, Salina Cruz, 64 m,
23 August 1963, I. Mayées A. 43 29, SIO, off
Salina Cruz, 31-35 m, 8 July 1963, D. Dock-
ins. 19, SIO, off Salina Cruz, 49-73 m, 8 July
1963, D. Dockins. 443 50?2, SIO, Golfo de
Tehuantepec, 22 m, 10 April 1973, Agassiz. 53
5%, INP, off Tangola, 68 m, 10 July 1963, 1. Mayes
A. 53, USNM, off Tangola, 139-93 m, 13 July
1963, I. Mayes A.

Guatemala—19, AHF, San Jose, 4-9 m, 23
March 1939.

El Salvador—33 8%, SIO, Golfo de Fonseca, 18
m, 17 April 1973, C. Hubbs and S. Luke. 63 49,
SIO, Golfo de Fonseca, 18 m, 17 April 1973, C.
Hubbs and S. Luke. 53 142, SIO, Golfo de Fon-
seca, 24-29 m, 17 April 1973, Agassiz.
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Nicaragua—138 52, USNM, off northern Nica-
ragua, 53-59 m, 17 April 1973, C. Hubbs and S.
Luke.

Costa Rica—32, USNM, 3 km off Rio Savegre,
Puntarenas, 24 m, 2 December 1981, M. Hat-
ziolos. 104 149, SIO, Cabo Blanco, 60 m, 18 April
1978, Agassiz. 53 159, SIO, Cabo Blanco, 60 m,
18 April 1973, Agassiz. 13 29, AHF, Golfo de
Nicoya, about 1 km of east end of Islas Negritos
Afuera, 64 m, 29 June 1973, Velero stn
19132. 308 30%, USNM, Golfo de Nicoya, 31 m, 22
April 1973, C. Hubbs and S. Luke. 403 409, SIO,
Golfo de Nicoya, 31 m, 22 April 1973, Agassiz.

Panama—1%, USNM, off Bocas del Toro, 91-97
m, 26 January 1971, Pillsbury stn 1313. 53 39,
SIO, Isla Cavada, Islas Secas, 40 m, 23 September
1970, W. Newman, T. Dana, S. Luke. 43 49,
USNM, S of Rio Hato, 17 m, 1/2 May 1967,
Pillsbury stn 488. 19, USNM, Bahia de Parita,
22-18 m, 2 May 1967, Pillsbury stn 490. 1%,
USNM, E of Chitré, 20 m, 2 May 1967, Pillsbury
stn 491. 24 4%, USNM, E of Chitre, 18-16 m, 2
May 1967, Pillsbury stn 492. 63 6%, USNM, N of
Isla Iguana, 37-33 m, 2 May 1967, Pilisbury stn
493. 138, USNM, southern end of Bahia Limon, 3
m, 23 July 1966, Pillsbury stn 449. 53 5%,
USNM, off Punta Calabazo, 20 m, 1 May 1967,
Pillsbury stn 486. 23, USNM, off Rio Hato, 15m,
1 May 1967, Pillsbury stn 485. 13, USNM, En-
senada de Chame, Shimada stn 48. 23 29,
USNM, S of Isla Bona, 31-26 m, 1 May 1967,
Pillsbury stn 484. 183 142, USNM, E of Punta
Chame, 22 m, 1 May 1967, Pillsbury stn 483. 23
12, USNM, off Balboa, surface, 9/10 May 1967,
Pillsbury stn 564. 208 202, USNM, off Panama
Viejo, 4 m, 23 February 1973, I. Pérez Far-
fante. 303, USNM, off Juan Diaz, 12-22 m, 15
February 1973, Patricia. 13 79, USNM, Juan
Diaz, 5 m, 4 February 1969, L. G. Abele. 13 19,
USNM, W of Punta Brujas, 18 m, 6 May 1967,
Pillsbury stn 536. 13 19, syntypes, YPM, Ar-
chipiélago de las Perlas, 35-44 m, 31 March 1926,
Pawnee. 53 62, syntypes, YPM, Archipiélago de
las Perlas, 35-44 m, 31 March 1926, Pawnee. 53
5%, syntypes, YPM, Golfo de Panama, 1868, F. H.
Bradley. 192, syntype, YPM, Golfo de Panama,
1868, F. H. Bradley. 13 3%, syntypes, YPM, W
coast of Central America, 1872, Capt. Dow. 13 3¢9,
syntypes, YPM, W coast of Central America, 1872,
Capt. Dow.

Colombia—1?, USNM, Bahia Humboldt, 20
April 1967, Shimada stn 76B, haul 1. 29, USNM,
Bahia Humboldt, 20 April 1967, Shimada stn
76B haul 2. 6%, USNM, off Timbiqui, Cauca,
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38-35 m, 16 September 1966, Anton Bruun 18B
stn 785.

Ecuador —12, USNM, Golfo de Guayaquil, 32
m, 11 September 1966, Anton Bruun 18B stn 772.

Peru—133 222, USNM, off Tumbes, 13 m, 10
September 1966, Anton Bruun 18B stn 768. 169,
USNM, off Caleta Cruz, Tumbes, November 1979,
Promaresa. 163, USNM, off Caleta Cruz,
Tumbes, November 1979, Promaresa. 163,
USNM, off Caleta Cruz, Tumbes, November 1979,
Promaresa. 169, USNM, off Caleta Cruz,
Tumbes, November 1979, Promaresa. 6%,
USNM, off Negritos, 16 m, 2 June 1966, Anton
Bruun 16 stn 624-B. 28 1%, USNM, Paita, 1969,
J. Sanchez and E. Valdivia. 22, USNM, NW of
Paita, 40 m, 1977.

Sicyonia ingentis (Burkenroad 1938)
Figures 52, 57-60

Eusicyonia ingentis Burkenroad 1938:88, fig. 31-34
[holotype: 3, AMNH 12388; type-locality: off
east coast of Cedros Island (Isla Cedros),
28°05’'N, 115°09’W, Baja California, Mexico, 38
fm (69 m), 27 March 1936, Zaca stn 127D-
1]. Anderson and Lindner 1945:318. Feinberg
1971:6. Frey 1971:16.

Sicyonia ingentis. Parker 1964:162. Carlisle
1969:239. Longhurst 1970:272. Word and
Charwat 1976:19, 3 fig. Holthuis 1980:
61. Wicksten 1980:360. Pérez Farfante and

Boothe 1981:424. Pérez Farfante 1982:371.
“?Sicyonia sp.”, Mathews and Gonzalez, 1975:51.
Sicyonia ringens. Mathews, 1981:329.

Vernacular names: ridgeback prawn, rock shrimp,
Japanese shrimp (United States); camarbn de
piedra, cacahuete (Mexico). FAO names:
Pacific rock shrimp (English); camaron de
piedra del Pacifico (Spanish); boucot du Pa-
cifique (French).

Diagnosis.— Antennal spine well developed and
buttressed. Second abdominal somite with dor-
somedian carina lacking incision. First pereopod
with basis and ischium unarmed. Postrostral
carina bearing one tooth posterior to level of he-
patic spine and low throughout entire length, not
raised in crest behind posterior tooth. Abdomen
with tooth on dorsomedian carina of first somite
smaller or only slightly larger than posterior tooth
on carapace. Petasma with distal projections of
dorsolateral lobules divergent and bearing short
terminal filament. Thelycum with plate of ster-
nite XIV raised in pair of lateral bulges; posterior
component of median plate bearing pair of lateral
bosses cut by transverse suture. Branchiostegite
lacking large mark.

Description.—Body slender (Fig. 57) and lacking

FIGURE 57.—Sicyonia ingentis (Burkenroad 1938),2
36 mm cl, southeast of Punta Abreojos, Baja Califor-
nia Sur, Mexico. Lateral view. Scale = 10 mm.



tubercles or occasionally with few on first abdomi-
nal somite. Carapace bearing patches of short
setae on dorsum, on pterygostomian and anterior
part of branchial regions, bordering branchiocar-
diac carina, and cluster immediately anteroven-
tral to hepatic spine; patches also present on
abdomen flanking dorsomedian carina and on
anteroventral part of pleuron of first three and
sixth somites. Abdomen lacking tubercles or with
few on first somite.

Rostrum slender, usually somewhat decurved
but sometimes subhorizontal, occasionally with
anterior extremity upturned; moderately long,
overreaching distal margin of eye (extending as
far as basal 0.2 of second antennular article), its
length 0.30-0.43 cl, increasing linearly with
carapace length (Fig. 58); armed with three dorsal
teeth and two (rarely three) apical teeth, ventral
one considerably smaller than dorsal and usually
placed posterior to it but occasionally at same level
or even more anteriorly; first rostral tooth sub-
equal to, or slightly smaller than epigastric and
located opposite and anterior to level of orbital
margin, second tooth situated between 0.32 and
0.44 (mean 0.37) rl from orbital margin; and third
tooth betwen 0.58 and 0.80 (mean 0.66) rl. Strong
adrostral carina, parallel to and rather near ven-
tral margin, extending along entire length of ros-
trum.

Carapace with postrostral carina low but robust
throughout its entire length in adults, weak in
Juveniles, and bearing two teeth: 1) epigastric
tooth small, subequal to or barely larger than first
rostral tooth, situated anterior to but relatively
near level of hepatic spine, between 0.11 and 0.17
(mean 0.16) cl from orbital margin; and 2) pos-
terior tooth usually slightly, sometimes conspicu-
ously, larger than epigastric and placed well in
advance of posterior margin of carapace, between
0.57 and 0.65 (mean 0.63) cl from orbital margin.
Tuft of setae present immediately anterior to base
of each tooth. Antennal spine moderately long,
projecting from sharp, elongate buttress; hepatic
spine long, acutely pointed, arising from raised
area, and placed between 0.20 and 0.25 (mean
0.22) cl from orbital margin. Postocular sulcus
deep anteriorly, continuing posteriorly as long,
well-marked arched groove; hepatic sulcus sub-
horizontal; hepatic carina indistinct; branchio-
cardiac carina strong, longitudinally disposed
but curving dorsally near posterior margin of
carapace where also often sending short branch
ventrally.

First article of antennular peduncle and gna-
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FIGURE 58.—Sicyonia ingentis. Relationship between rostrum
length and carapace length (regression equation, y = 0.75763 +
0.33933x).

thal appendages, except third maxilliped, illus-
trated in Figure 4.

Antennular peduncle with stylocerite produced
in long, sharp spine, its length 0.85-0.95 distance
between lateral base of first antennular article and
mesial base of distolateral spine; latter reaching
as far as midlength of second antennular article;
antennular flagella relatively long, mesial one,
about 0.4 as long as carapace, longer and more
slender than lateral; latter about 0.30 as long as
carapace.

Scaphocerite overreaching antennular peduncle
by as much as 0.2 of its own length; lateral rib
produced distally in long, acute spine considerably
surpassing margin of lamella. Antennal flagellum
about 2 times as long as carapace.

Third maxilliped about as slender as pereopods.
Basis and ischium of first pereopod unarmed.

Abdomen with dorsomedian carina extending
from first through sixth somites, carina on first
very low and produced in small, stubby, anterior
tooth, smaller or only slightly larger than pos-
terior tooth on carapace; carina on first five
somites sloping posteriorly, on sixth produced in
large acute posterior tooth.

Anteroventral margin of pleuron of first abdom-
inal somite slightly convex, sometimes straight in
Jjuveniles; posteroventral margin, similar to that of
second and usually third somites, gently curved.
Anteroventral extremity of pleuron of first four
somites lacking spine, although that of second and
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third occasionally projecting slightly or forming
small spine. Posteroventral extremity of pleuron
of first and second somites rounded, that of third
variably angular (sometimes bearing spine), and
that of fourth through sixth produced in caudally
directed spine.

First somite marked with short anteromedian
pleural sulcus continuing as shallow depression to
near ventral margin of pleuron, and long, united,
posterior tergal-posteromedian pleural sulci. Sec-
ond through fourth bearing anterior tergal sulcus
(that of fourth weak or sometimes lacking), and
united posterior tergat-posteromedian pleural
sulci; second and third also bearing shallow
depression representing anteromedian pleural
sulcus. Fifth somite with almost indistinct an-
terior tergal and strongly arched, united posterior
tergal-posteromedian pleural sulci. Sixth somite
with arched posteromedian pleural sulcus barely,
if at all, distinct, and bearing well-marked, long
cicatrix.

Telson with median sulcus deep basally, fading
posteriorly, and armed with small but well-
defined, fixed subterminal spines. Rami of uropod
subequal in length, exceeding apex of telson by as
much as 0.25 of their length.

Posterior spine on first abdominal sternite
broadly subtriangular with blunt apex and
straight or usually convex, instead of concave, lat-
eral margins.

Petasma (Fig. 594, B) with cornified distal pro-
jection of dorsolateral lobule directed distolater-
ally, acutely pointed, ending in short filament, and
raised in proximodorsal, subhemispheric promi-
nence. Distal projection of ventrolateral lobule
reaching as far as projection of dorsolateral lobule,
mostly fleshy, blunt, and produced in small lateral
tooth just proximal to midlength.

Petasmal endopods joined in males 10.5 mm cl,
about 41 mm tl, but in individuals with carapace of
as much as 19 mm, about 70 mm t1, they may not be
joined.

Appendix masculina as illustrated in Figure
59C.

Thelycum (Fig. 60) with plate of sternite XIV
bearing paired strong protuberances bordered lat-
erally by narrow flanges and separated by deep
median depression sharply delimiting their pos-
teromesial margins. Median plate of sternite XIII
flask-shaped in outline, tapering gradually into
long, slender spine reaching between base and
midlength of basis of extended second pereopods;
plate set off from posterior component by deep
incisions and usually raised posterolaterally in
paired rounded prominences flanking narrow de-
pression (narrower than prominences); posterior
component of median plate bearing paired strong,
short bosses separated by deep median depression,
each boss cut by transverse suture. Paired short
spines projecting anteroventrally from posterior

FIGURE 59.—Sicyonia ingentis, 3 16 mm cl, southeast of Punta Tasco, Isla Santa Margarita, Baja California Sur, Mexico. A,
Petasma, dorsal view; B, ventral view of same; C, right appendix masculina, dorsolateral view. Scale = 1 mm.
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FIGURE 60.—Sicyonia ingentis,? 23 mm cl, southeast of Punta
Tasco, Isla Santa Margarita, Baja California Sur, Mexico.
Thelycum. Scale = 1 mm.

margin of sternite XI, spines broad basally and
sharp or sometimes needlelike apically.

The smallest impregnated females encountered
had a carapace of 14 mm, about 57 mm tl.

Maximum size.—Males 157 mm tl; females 180
mm tl, measured from “telson to base of antenna”
(Herkelrath 1977). In my sample: males 31 mm cl,
about 112 mm tl; females 40.2 mm cl, about 133
mm tl.

Geographic and bathymetric ranges.—Monterey
Bay, 36°50'N, 121°50’'W (Pérez Farfante and
Boothe 1981), California, southward to Isla Maria
Madre, 22°00'N, 106°16'W, Nayarit, Mexico; in the
Gulf of California (Fig. 52) along the central part
of the eastern coast; and in the southern part along
both coasts. This species has been found between 5
and 293-307 m and is most abundant from 55 to 82
m, at which depth it is commercially fished off
Ventura, Calif. (Frey 1971); also most of the many
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specimens examined by me were taken within this
range. According to Carlisle (1969) it is common at
depths between 61 and 183 m. Sicyonia ingentis
occurs on substrates of sand, shell, and green mud,
but seems to prefer sandy bottoms on which com-
mercial concentrations are located.

This species is the only member of Sicyonia that
has been recorded along the west coast of the
United States and north of Punta Canoas, Baja
California Sur—about 1,000 km south of Mon-
terey Bay, the northern limit of its range. The
record from Isla Maria Madre, Nayarit, is the first
from waters south of the Gulf of California.

Discussion.—Sicyonia ingentis, the largest east-
ern Pacific species in the genus, has its closest
affinities with the much smaller, sympatric S.
disdorsalis. It differs from the latter in possess-
ing 1)a carapace bearing, not lacking, patches of
long setae, 2) a robust postrostral carina rather
than a slender one, 3) a strong branchiocardiac
carina instead of an almost indistinct one, 4) a
carina on the fifth abdominal somite which slopes
gently to near the posterior cleft rather than being
truncate or produced in a spine, 5) an anterome-
dian pleural sulcus on the first abdominal somite
which continues as a shallow depression almost to
the ventral margin of the pleuron instead of end-
ing abruptly and well above it, 6) an unarmed
anteroventral extremity on the pleuron of the first
abdominal somite rather than one armed with a
strong spine, 7) curved, instead of angular, pos-
teroventral pleural margins on the first two ab-
dominal somites, 8) well-developed telsonic spines
instead of minute or indistinct ones, and 9) long
uropodal rami that considerably surpass the apex
of the telson instead of falling short of or barely
overreaching it.

Sicyonia ingentis also differs from S. disdorsalis
in characters of the genitalia. The distal projéection
of the dorsolateral lobule of the petasma is di-
rected distolaterally instead of curving distome-
sially and is produced in a short apical filament
which is lacking in S. disdorsalis. The distal pro-
Jection of the ventrolateral lobule reaches, instead
of falls short of, the terminal margin of the dor-
solateral lobule; furthermore, it is neither bifur-
cate laterally nor does it bear a transverse rib. In
the thelycum, the median depression on the pos-
terior part of the median plate of sternite XIII is
narrower than the usually rounded protuberances
flanking it, whereas in S. disdorsalis the depres-
sion is much broader than the flat or concave areas
which occupy the position of the two protuber-



PEREZ FARFANTE: ROCK SHRIMP GENUS SICYONIA

ances. Finally, the paired lateral bosses, repre-
senting the posterior component of the median
plate and each cut by a transverse suture, are
found only in S. ingentis.

The “pencil of hairs” that Burkenroad (1938)
stated to be located on the dorsal surface of the
distal part of the ocular peduncle, near its disto-
lateral margin, actually is placed on the distome-
sial margin. He distinguished S. ingentis from S.
disdorsalis by, among other characters, the rela-
tive length of that tuft of setae, stating that in
large adults of the former species it overreaches
the eye whereas in S. disdorsalis it spans no more
than half the cornea. This character does not seem
to be a reliable one for, except in occasional speci-
mens of S. ingentis, in neither species does the tuft
surpass the eye. Burkenroad also considered the
disposition of the adrostral rib as a diagnostic fea-
ture that would serve to separate the two species.
Although in S. ingentis the rib lies parallel to the
ventral margin of the rostrum, in S. disdorsalis its
course varies: sometimes it is slightly arched near
the anterior end, as Burkenroad described it, but
often it is curved along the middle and occasion-
ally is slightly turned anterodorsally. The distance
of the rib from the ventral margin in the two
shrimps, however, exhibits a slight difference—in
S. ingentis it extends close to the margin whereas
in S. disdorsalis it lies more dorsally.

The characters exhibited by S. ingentis, S. dis-
dorsalis, and S. picta suggest that they must have
diverged quite early from a common ancestor in
the group of species that share two teeth on the
postrostral carina.

Notes on biology.— Herkelrath (1977) investigated
the temperature tolerance and age-growth and
length-weight relationships in this shrimp. He
found that within a salinity range of 33-35% it
exhibits a wide range of tolerance to temperature
(4°-30°C). At a stressed salinity (26%) this toler-
ance was considerably reduced (7°-25°), and mor-
tality increased proportionately with the duration
of exposure, regardless of temperature. His
studies indicated that shrimp with a total length
of 50-90 mm increased 10 mm per month and also
that there is no difference in length-weight ratio
between sexes. He also stated that among shrimp
*averaging 70 mm or greater in total length, the
average length of females was greater than that of
males.”

Anderson (1983) studied growth rates, molting,
and certain aspects of reproduction in a population
of S. ingentis occurring off Santa Barbara, CA.

She found that spawning takes place far offshore
in deep water, about 145 m, and lasts from May
through October with the peak during the late
summer. She also observed that molt frequency is
highest in the winter and spring, that females do
not molt during the summer (the reproductive
period), and that males exhibit a similar pattern.
Size-frequency analyses based on monthly off-
shore and nearshore sampling indicated that ju-
veniles increased at a monthly rate of about 1-2
mo.

Commercial importance.—There is a fishery for
this shrimp between Santa Barbara and Ventura,
Calif. According to the California Department of
Fish and Game, landings in 1982 amounted to
127,000,956 1b with a value of $156,000,385.
Mathews (1981) stated that “Sicyonia ringens” is
occasionally fished in Magdalena Bay, which is
located on the ocean side of Baja California Sur. I
have little doubt that his remark applies to S.
ingentis and that “ringens” is an erroneous spell-
ing. Moreover, it seems to me almost certain that
the study of “Sicyonia sp.” (distribution, abun-
dance, rate of growth, ratio total weight/total
length) in Magdalena Bay by Mathew and Gon-
zalez (1975), was based on a population of this
species, apparently the only abundant rock
shrimp in the area. However, because Magdalena
Bay is within the range of S. penicillata, another
species reaching sizes reported by the authors, it is
not possible to be certain of the identity of the
shrimp studied by them. It is indeed unfortunate
that the valuable information presented cannot be
definitely associated with a specific shrimp, par-
ticularly in view of the fact that so little is known
of the biology of any of the eastern Pacific rock
shrimps. Although S. ingentis is present in the
Gulf of California, it is not commercially exploited
there.

Material.—946 specimens from 52 lots.

United States— California: 12, CAS, 2 km W
of Moss Landing, Monterey Bay, 50 m, 23 Sep-
tember 1978, D. D. Chivers. 13 32, AHF, 5 km off
Point Mugu, 40-59 m, 25 April 1976, Velero IV stn
24833. 13, AHF, 8.4 km W of Venice, 70-73 m, 22
July 1958, J. L. Baxter. 12, SIO, SW of Santa
Monica Bay, 22 March 1962, F. H. Berry and H. C.
Perkins. 3%, SIO, San Pedro Bay, 27 m, 20 March
1964, U.S. Fish and Wildlife Service staff. 13 43,
SIO, N of Dana Point, 53-48 m, 29 March 1974,
Agassiz. 313 20%, 310, off San Onofre, 54 m, 29
March 1974, Agassiz. 23 2%, SIO, off San Onofre,
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91 m, 29 March 1974, Agassiz. 113 159, SIO, off
Encinitas, 51 m, 29 March 1974, Agassiz.
Mexico—Baja California Norte: 73 52, SIO,
off Bahia de San Quintin, 57 m,1 April 1962, Fish
and Wildlife Service staff. 153 112, SIO, off
Bahia de San Quintin, 73 m, 4 December 1960, C.
Boyd and D. Dockins. 123 109, SIO, off Bahia de
San Quintin, 74-77m, H. C. Perkins. 63 6%, SIO,
off Bahia de San Quintin, 143-148 m, 1 April 1962,
H. C. Perkins. 23 5%, SIO, SE of San Felipe, 120
m, 19 January 1968, Thomas Washington. 1%,
SIO, W of Punta Prieta, 23 March 1960, H. C.
Perkins. 638 7%, SIO, Bahia Sebastian Vizcaino,
88 m, 19 August 1960, W. D. Clarke. 19, YPM, E
of Isla Cedros, 110 m, 22 May 1936, Zaca stn
126D-10. 43 12, SIO, between San Benito and
Isla Cedros, 247-265 m, 27 May 1971, C. Hubbs and
S. Luke. 438, YPM, E of Isla Cedros, 80 m, 27
March 1936, Zaca stn125D-1. 243 212, USNM, E
of Isla Cedros, 80 m, 5 May 1888, Albatross stn
2838. 123 192, SIO, WSW of Red Rock, Bahia
Sebastian Vizcaino, 113-119 m, 25 November 1961,
F H. Berry. 138, YPM, E of Isla Cedros, 73 m, 22
May 1936, Zaca stn 126D-4. 43 69, YPM, E of
Isla Cedros, 69 m, 27 March 1936, Zaca stn
126D-2. & holotype, AMNH, off east coast of
Isla Cedros, 69 m, 27 March 1936, Zaca stn
127D-1. 33 19 and 28 29 paratypes, AMNH and
YPM, respectively, collected with holotype. 38
12, YPM, E of Isla Cedros, 70-110 m, 27 March
1936, Zaca stn 125D-1. Baja California Sur:
33 1%, SIO, Bahia Sebastian Vizcaino, 55 m, 11
August 1952, K. S. Norris. 23 22, SIO, Bahia
de San Cristobal, 83-87 m, 2 December 1961, F
H. Berry. 198 179, SIO, Bahia Asuncion, 68-64
m, 17 November 1964, Black Douglas. 203 20%,
SIO, SW of Punta San Hipolito, 6 March 1954,
“d.M.and WH.” 133 209, SIO, SE of Punta Abre-
0jos, 55-59 m, 17 November 1964, Black Doug-
las. 43 179, SIO, SE of Punta Abreojos, 73-79
m, 17 November 1964, Black Douglas. 273 21%,
SIO, SE of Punta Abreojos, 91 m, 2 December
1960, C. Boyd and D. Dockins. 203 209, SIO,
WSW of Punta Pequefia, 68-73 m, 16 November
1964, Black Douglas. 23 3%, SIO, 15 km WSW
of Boca de las Animas, 55-57 m, 16 November
1964, Black Douglas. 143 69, SIO, SW of Santo
Domingo del Pacifico, 100 m, 20 April 1969. 193
119, SIO, 16 km NW of Isla Magdalena, 99-102
m, 16 November 1964, Black Douglas. 233 22%,
SIO, off Bahia Magdalena, 88 m, 3 February
1964, C. Hubbs. 3038 309, SIO, SW of Isla San-
ta Margarita, 75-81 m, 13 November 1964, Black
Douglas. 443 269, SIT, SE of Punta Tasco, Isla
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Santa Margarita, 102-106 m, 27 June 1965, Hori-
zon. 253 25%, SIO, W of Inocentes, 91-93 m, 10
November 1964, Black Douglas. 2%, SIO, WNW
of Punta Lobos, 183-201 m, 9 November 1964,
Black Douglas. 13, SIO, Bahia de la Paz, 82-
119 m, 12 January 1968, Thomas Washington.
Sonora: 18 1?9, SIO, off Hermosillo coast, 289-
304 m, 25 March 1960, Curray and R. H. Parker.
1%, AHF, S of Isla Tiburén, 4-29 m, 25 January
1940. 153 119, SIO, off Santa Rosalia, 64-48 m,
25 March 1960, R. H. Parker. 258 259, SIO, off
Isla San Pedro Martir, 293-307 m, 21 January
1968, Thomas Washington. 12, AHF, Bahia de
Guaymas, 5 m, 23 March 1949. Sinaloa: 23 1%,
USNM, Puerto de la Punta Altata, 9 May 1962,
R. E. Bush. 19, USNM, Los Cocos, 42 m, 18
May 1962, R. E. Bush. Nayarit: 243 219, SIO,
NE of Isla Maria Madre, Islas Tres Marias, 82-88
m, 30 March 1973, Agassiz.
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VARIABILITY IN DIMENSIONS OF SALMONID OTOLITH NUCLEL:
IMPLICATIONS FOR STOCK IDENTIFICATION AND
MICROSTRUCTURE INTERPRETATION

JoHN D. NEILSON ! GLEN H. GEEN 2 AND BrIaAN CHAN®

ABSTRACT

Sagittal otoliths in rainbow trout, Salmo gairdneri, and chinook salmon, Oncorhynchus tshawytscha,
arise by fusion of otolith precursors (primordia) before hatching. Size of the otolith nucleus exhibited
considerable variability even in the progeny of a single female. Otolith nucleus length was directly
related to the number and position of the primordia and water temperature at which the eggs were
incubated. This variability limits the utility of nucleus dimensions as criteria for separating sympatric
populations of juvenile steelhead and rainbow trout. Variability in otolith nucleus dimensions also
accounted for a significant error in otolith size-fish size relationships in recently hatched alevins.

The early development of otoliths is poorly un-
derstood considering their potential use in stock
identification (Postuma 1974; Rybock et al. 1975)
and in the provision of data on fish age and growth
to the daily level of precision (Pannella 1971;
Wilson and Larkin 1982). Variability of otolith
nucleus size and shape is of particular concern in
stock identification studies since nucleus dimen-
sions may be racial characteristics. Rybock et al.
(1975) have suggested a positive correlation of the
rainbow trout, Salmo gairdneri, otolith nucleus
size and the mean egg size of the female which, in
turn, is positively correlated to the size of the
female. Their data on Deschutes River steelhead
trout (the sea-run form of S. gairdneri) females,
which were larger, on average, than females of the
sympatric population of freshwater resident rain-
bow trout, led to the suggestion that otolith nu-
cleus dimensions would differ significantly and
provide a basis for racial identification of juveniles.
This hypothesis was of particular significance
since no other meristic or morphometric trait is
known which permits identification of juvenile
sea-run and freshwater resident S. gairdneri.
Nucleus dimensions might affect the widths of
concentrically formed daily growth increments
deposited around the otolith nucleus. Bipartite
daily growth increments consist of alternating
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protein and calcium rich zones (Brothers 1981),
and their widths are proportional to fish growth
during the period of increment formation (Wilson
and Larkin 1982). If increment width and number
vary as a function of nucleus size and shape, then a
source of the 15% error described by Wilson and
Larkin in the estimation of fish growth from
otolith growth could be identified.

In this paper, we describe development of sagit-
tal otoliths of S. gairdneri (sea-run and fresh-
water resident) and chinook salmon, Oncorhyn-
chus tshawytscha, and examine the effect of water
temperature on otolith nucleus dimensions. These
data permit a reexamination of the hypothesis of
Rybock et al. (1975). Finally, the implications
of variability in otolith nucleus size on otolith
microstructure and its interpretation are con-
sidered.

METHODS

To study otolith nucleus development in S.
gairdneri, we obtained eggs from steelhead trout
in the Deadman River, British Columbia (B.C.), in
1981 and from the Nicola and Deadman Rivers in
1982 (Thompson River tributaries). Rainbow trout
eggs were taken from the Deadman River in 1981,
and from stocks in Mission Creek and Pennask
Lake in south-central B.C. in 1982. Prior to fertili-
zation, samples of eggs (n = 20) were taken for dry
weight determination (17 of 18 fish collected in
1982). In all cases, eggs were fertilized with pooled
sperm from 2 to 3 males of similar size and origin
as the female. In total, eggs from 10 steelhead and
11 rainbow trout were used in this study.
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The fertilized eggs of each female were incu-
bated in separate compartments in Heath Trays at
Abbotsford and Loon Lake trout hatcheries. In
1981, fertilized eggs from two female steelhead and
one female rainbow trout were subdivided into
three lots and held at 6.5° 9.5°% and 15.0°C until
yolk-sac absorption. In 1982, all fish were held at
11°C. An approximate 12:12 LD photoperiod was
maintained through incubation and rearing.
Samples of steelhead and rainbow trout eggs or
alevins were taken at biweekly intervals in 1981.
Alevins only were sampled in 1982.

Oncorhynchus tshawytscha eggs were taken
from the 1981 Capilano River stock and were incu-
bated at 6°C under an approximate 12:12 LD
photoperiod. Hatchery practice did not allow sepa-
rate rearing of groups of eggs from individual
females.

Otolith development in S. gairdneri embryos
was studied by dissecting the embryo from the egg,
clearing it with carbol xylol, and then squashing
the embryo between two microscope slides. This
treatment, which made noncalcified tissue trans-
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parent and amorphous compared with otoliths and
other hard parts, permitted otolith examination
with a transmitted light microscope at 400x.
While we also examined embryos with X-ray and
xeroradiographic techniques, satisfactory results
were obtained more simply with the carbol xylol
treatment.

Examination of the nuclei of otoliths from ale-
vins required that otoliths be ground and polished
following the method of Neilson and Geen (1981).
The extent of the otolith nucleus in both embryos
and alevins was delimited by the first growth in-
crement encircling all central otolith precursors or
primordia (Fig. 1). The first growth increment en-
circling the central primordia generally appeared
dark when viewed with a transmitted light micro-
scope. The only primordium outside the nucleus
was in the anterior-ventral quadrant and was as-
sociated with the formation of the rostrum, the
pointed anterior extremity of the otolith shown in
Figure 1.

To avoid bias, otolith nucleus length was mea-
sured from coded preparations with an ocular

Nucleus length

Primordium

Rostral primordium

100 um

FIGURE 1.—Sagittal otolith from a Capilano River chinook salmon, Oncorhynchus tshawytscha, alevin showing the otolith
nucleus, primordia, and rostral primordium. :
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micrometer along the longest axis through the
nuclear zone. The area of the otolith nucleus was
measured from photographic enlargements with a
polar planimeter. Increment widths were mea-
sured with a vernier caliper from photographic
enlargements (final magnification 9700X). The
frequency of increment formation was determined
from slopes of regressions of increment counts
from otoliths of fish of known age.

Nucleus measurements and primordia counts
are only reported for otoliths removed from the
fishes’ left side as nucleus lengths were signifi-
cantly greater in left-side than right-side sagittae,
albeit at a low level of significance (P < 0.10,
Wilcoxon Paired Sample Test).

0.042 —}
0.040
0.038
0.036
0.034 -
0.032
0.030

0.028+

Mean Egg Dry Weight (g)

0.026

0.024 4 ®

0.022 -

0.020 T

During the course of this study, otoliths from
257 rainbow trout, 187 steelhead trout, and 50
O. tshawytscha were examined.

RESULTS

To examine the hypothesis that egg size (a func-
tion of female fork length) influences otolith
nucleus length in progeny, we examined the rela-
tionship of female fork length to egg dry weight
and nucleus lengthin S. gairdneri. The dry weight
of steelhead and rainbow trout eggs was positively
correlated with the size of the female from which
the eggs originated (r2 = 0.54, P < 0.001, Fig. 2).
The slope of the geometric mean regression shown

y=0.2204 x1074(x)+0.0198 °

T T
200 300 400

T T T T 1
500 600 700 800 900

Fork Length (mm)

FIGURE 2.— Geometric mean regression of mean unfertilized egg dry weight on fork length of
female Salmo gairdneri from which eggs were obtained. Each point is the mean of 20 eggs from each
female. Fish in the 300-400 mm size interval were rainbow trout from Pennask Lake, those 500-600
mm were rainbow trout from Mission Creek, and those >700 mm were Deadman or Nicola River

steelhead.
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in Figure 2 differed significantly from zero (¢-test,
P < 0.001). However, there was no significant rela-
tionship between otolith nucleus length and fe-
male fork length (¢-test, P > 0.05, Fig. 3), or egg
dry weight (z-test, P > 0.10). We also investigated
the utility of otolith nucleus lengths as a racial
characteristic by calculating D% a part of a dis-
criminant function analysis. In this instance, D2
is a measure of the power of discrimination of
nucleus length in separating juvenile sea-run and
freshwater S. gairdneri. D? was 0.063 and was
not significant (P > 0.1).

A major source of the variability in the otolith
nucleus length-female parent length relationship
(Fig. 3) was apparently related to the ontogeny of
otolith nuclei in the salmonid embryos. Otolith
nuclei result from the fusion of primordia. Pri-
mordia, the first calcified structures to arise in S.
gairdneri during embryonic development, ap-
peared at 115-214 Centigrade degree-days. Indi-
vidual primordia increase in size by concentric
accretions, ultimately fusing with neighboring
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FIGURE 3.—Scatter plot of Salmo gairdneri female parent size

on otolith nucleus length of progeny. The origin of the adults is
given in the caption of Figure 2.
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primordia to form the nucleus of the otolith at
226-241degree-days (Fig. 4). Hatching occurred at
about 320 degree-days. The pattern of nucleus de-
velopment was similar in both rainbow and
steelhead trout. Although we did not follow otolith
development in O. tshawytscha, examination of
their nuclei suggested that they also arose from
fusion of multiple primordia. Deposition of growth
increments commenced immediately after fusion.

The number of primordia fusing to form the
otolith nucleus in the salmonid species we
examined was variable, even within the progeny
of a single female. In rainbow trout, there was an
average of 8.2 + 2.7 primordia (z1standard devia-
tion indicated). In steelhead trout and O.
tshawytscha numbers of primordia averaged 10.7
+ 2.4 and 10.1 + 2.7, respectively. There were no
significant differences in mean primordia counts
among the three stocks of rainbow trout or the two
stocks of steelhead trout examined (analysis of
variance, P > 0.05). Figure 5 shows the relation-
ship between the number of primordia deposited
and otolith nucleus length.

The variable location of primordia within the
nucleus also affects nuclear dimensions and
further increases variability. In some instances
(<5%), primordia were formed at the periphery of
the nucleus, resulting in a local distortion of
otherwise regular growth increments (Fig. 6).

Otolith nucleus length (mm) +1 SE in S.
gairdneri from the Deadman River was also af-
fected by incubation temperature as shown below:

Water temperature

6.5°C 9.5°C 15.0°C
----------- Mean nucleus length (mm)-----------
Rainbow
trout 0.142 £ 0.009 0.174 = 0.009 0.172 + 0.008
Steelhead
trout 0.154 + 0.004 0.197 = 0.008 0.191 + 0.005

One-way analysis of variance and the Student-
Newman-Keuls test indicated that the mean
otolith nucleus length in rainbow or steelhead
trout reared at 6.5°C was significantly less (P <
0.01) than at 9.5° or 15.0°C, although no significant
differences in otolith nucleus length (P > 0.05)
existed in fish reared at the two higher tempera-
tures. The number of primordia formed in both
Deadman River steelhead and rainbow trout was
independent of the water temperature at which
the eggs and alevins were incubated (analysis of
variance, P > 0.05).
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FIGURE 4.— Deadman River steelhead trout sagittal primordia before fusion (right, 214 degree-days) and after fusion (left, 331
degree-days). Bar = 10 pum.

We determined the effect of nucleus size varia-
tion on otolith size by examining correlations be-
tween nucleus area and otolith area at several
stages of development of steelhead trout and O.
tshawytscha of similar size. We chose to report
nucleus area in this case, as it reflects nucleus
dimension more precisely than one-dimensional
measurements such as nucleus length. While
nucleus area and length are significantly corre-
lated (P < 0.001), nucleus length accounted for
only 47 and 52% of the variability in nucleus area
in steelhead trout and O. tshawytscha, respec-
tively. The best correlations between nucleus area
and subsequent otolith area were noted in rela-
tively small otoliths of recently hatched alevins.
The greatest degree of variability in otolith
area occurred up to 15 d after nucleus formation
(Table 1).

TABLE 1.—Coefficients of variability in otolith area at several
stages of development, and coefficients of determination for re-
gressions of otolith area at several stages of development. N =
15 for both steelhead trout and Oncorhynchus tshawytscha. The
steelhead trout were 29-30 mm FL, and O. tshawytscha 30-31
mm. Trout were reared at 9.5°C and O. tshawytsche at 6°C.

Steelhead trout O. tshawytscha

Coefficient of Coefficient of
Coefficient determination Coefficient determination
of variation  (r2) when of variation (r2) when

Stage of otolith in otolith  regressed on in otolith regressed on

development area (%) nucleus area area (%) nucleus area

Otolith area at

nucleus formation 33 n/a 23 n/a
Otolith area 15 d

after nucleus formation 15 0.41* 14 0.62*
Otolith area 35 d

after nucleus formation [ 0.21 NS 10 0.21 NS
Otolith area 50 d

after nucleus formation 7 0.16 NS 11 0.15NS

= P =001
NS = not significant (P > 0.05).
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trout (top), rainbow trout (middle), and Capilano River Oncorhynchus tshawytscha (bottom). Trout were incubated at 9.5°C
and salmon at 6°C.

86

IS



NEILSON ET AL.: DIMENSIONS OF SALMONID OTOLITH NUCLEIL

FIGURE 6.— Development of a steelhead trout otolith nucleus
resulting from a peripheral primordium (top) and the typical
pattern of nucleus development (bottom). Note compression of
otolith growth increments in the postrostral quadrant. Otoliths
were from progeny of the same female parent.

We did not find any correlation between mean
increment width through the various stages of
development and nucleus area in either species
(t-test, P > 0.05). In addition, examination of re-
gressions of increment counts on nucleus area
indicated that the frequency of increment forma-
tion did not vary as a function of nucleus dimen-
sion (P > 0.10 for both S. gairdneri and O. tsha-
wytscha).

DISCUSSION

Sagittal otoliths in S. gairdneri embryos arise
by fusion of primordia, the first calcified struc-
tures to appear during development (McKern et al.
1974). Radtke and Dean (1982) reported similar
results for mummichogs, Fundulus heteroclitus,
and also noted that the otolith nucleus was first
apparent as an amorphous gel-like mass in the
area of the labyrinth in the developing larvae.
Calcified primordia appeared later although
Radtke and Dean did not describe any variability
in their number or position.

The number and position of the primordia were
variable, even within the progeny of a single
female. This variation affected the extent of the
otolith nucleus. In addition, we observed that
water temperature influenced nucleus size. The
observed variation in nucleus size limits the util-
ity of this feature as a criterion for stock identifica-
tion. However, differences in nucleus size did not
affect the number of growth increments sub-
sequently formed and had no significant influence
on their width.

In our studies eggs were fertilized with the
pooled sperm of several males. It is possible that
the observed variability in otolith nucleus size was
related to the differences between the male par-
ents. There was littie difference in the size of the
males used, either within the group or relative to
the females. We cannot rule out genetic differ-
ences between males as a factor affecting variabil-
ity in nucleus size. However, any genetic effects
influencing our results would be no greater than
would be expected in natural populations. The
numbers of males from which sperm was pooled
was usually three, a number frequently involved
in fertilization of eggs of a single female in nature
(Schroeder 1982; Gross in press).

In developing a hypothesis to explain the basis
for use of otolith nucleus length as a means of
distinguishing races, Rybock et al. (1975)
suggested that nucleus length was related to egg
size, although no data were presented. While we
found that greater nucleus lengths were as-
sociated with larger eggs on average, and larger
eggs originated from larger female parents, the
slope of the regression of nucleus length on egg
weight was not significant (Fig. 3). Furthermore,
the variability of otolith nucleus dimensions in
rainbow and steelhead trout from south-central
B.C. made their measurement much less useful for
stock identification that has been suggested for S.
gairdneri from the Deschutes River, Oreg. (Rybock
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et al. 1975). However, otolith nucleus dimensions
did serve to separate summer and winter races of
steelhead trout (McKern et al. 1974). Workers
proposing to use otolith nucleus dimensions as
stock identification criteria should consider rear-
ing fish under controlled conditions to establish
the extent of nucleus size variability in the stocks
in question.

Otolith nucleus length is also influenced by
water temperature during embryonic develop-
ment. Our data showed an increase of about 25%
in length in fish reared at 9.5° or 15°C relative to
that observed in fish incubated at 6.5°C. The sen-
sitivity of otolith nucleus length to water tempera-
ture may allow separation of selected fish stocks
whose eggs are incubated at different water tem-
peratures. For example, O. tshawytscha juveniles
originating from Campbell River stock reared in
the Canada Department of Fisheries and Oceans
Quinsam Hatchery on Campbell River had sig-
nificantly greater otolith nucleus lengths (P <
0.01) than wild Campbell River O. tshawytscha
incubated in cooler waters (M. Bradford pers.
commun.?). Increased water temperature may in-
fluence nucleus length through a greater rate of
accretion of the calcium/protein matrix around
primordia, reflecting a faster rate of embryonic
development.

The definition of otolith nucleus suggested here
can be consistently applied. With relatively simple
preparation techniques, otolith nucleus dimen-
sions can be measured from micrographs or by
using a light microscope equipped with an ocular
micrometer. Previous workers have delimited the
otolith nucleus in relation to metamorphic or
nuclear checks. Such terms are ill-defined and
. should be avoided since they imply that otolith
checks result from important developmental
events. While it seems likely that such events may
result in growth interruptions or checks, causal
links have not yet been demonstrated.

The imprecise definition of the periphery of the
otolith nucleus may reduce the comparability of
measured dimensions derived in various studies.
While we have defined the nucleus as lying within
the first increment surrounding the primordia,
several checks occur during early otolith develop-
ment. Use of one of these checks to define the
periphery of the nucleus would result in inconsis-
tency between various investigations. For exam-
ple, nucleus lengths of steelhead trout used in this

‘M. Bradford, Department of Biological Sciences, Simon
Fraser University, Burnaby, B.C., Canada V5A 1S6, pers. com-
mun. November 1983.
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study were generally <0.2 mm (Fig. 3). The mean
diameter of the otolith nucleus of summer and
winter steelhead reported by McKern et al. (1974)
were 0.348 and 0.436 mm, respectively. Differ-
ences between studies of this magnitude may be
racial in nature or may reflect differences in defi-
nition of the extent of the nucleus.

Data on variation in primordia number and lo-
cation have not been reported previously although
the existence of primordia was described by
Radtke and Dean (1982) in mummichogs. McKern
et al. (1974) did not describe primordia in their
work involving the otolith nucleus in steelhead
trout. Their results were based on the use of X-ray
techniques. We were not able to detect primordia
using this method.

It is likely that the otoliths of many fish species
are formed by fusion of multiple primordia. From
our observations, this is apparently the case in all
five species of Pacific salmon and the Pacific her-
ring, Clupea harengus pallasi. Radtke and Dean
(1982) noted multiple primordia in masou salmon,
O. masou; Arctic char, Salvelinus alpinus; brook
trout, 8. fontinalis; and the sculpin, Cottus
nozawa.

While both steelhead trout and O. tshawytscha
otolith nucleus areas were variable, otolith areas
in older fish (longer than 15 d after primordia
fusion) were less so as indicated by the decreasing
coefficient of variation of otolith area with increas-
ing age (Table 1). The decreased variation proba-
bly reflects the development of otoliths from an
indeterminant array of primordia to the otoliths of
adult fish, the latter considered a species-specific
characteristic (Fitch 1968; Morrow 1979). How-
ever, variation in otolith development in the
Jjuvenile salmonids studied here do not present
difficulties for the interpretation of microstruc-
ture as neither the number nor width of growth
increments is significantly affected by nucleus
size variation.
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EFFECTS OF FEEDING REGIMES AND DIEL TEMPERATURE CYCLES ON
OTOLITH INCREMENT FORMATION IN
JUVENILE CHINOOK SALMON, ONCORHYNCHUS TSHAWYTSCHA

JoHN D. NEILsoN ! AND GLEN H. GEEN?

ABSTRACT

The effects of constant and diel cyclic water temperature regimes, feeding frequency, fish activity, and
ration level on growth increment formation in juvenile chinook salmon, Oncorhynchus tshawytscha,
are described. Of the variables examined, any event which recurred more than once every 24 hours
increased the rate of increment production above 1 increment per 24 hours. The results were consistent
with the hypothesis that environmental variables modify the rate of increment formation by altering
the periodicity of fish activity. Both water temperature and ration level interacting with water
temperature affected otolith increment width, a measure of fish growth, although ration level did not.

To realize the potential of otolith microstructure
in detailed age and growth studies of fishes,
knowledge of factors influencing otolith growth is
required. The principle features of otoliths likely
to be used in such studies are the growth incre-
ments which are deposited in a concentric fashion
around the otolith nucleus. The frequency of depo-
sition (often 1increment/24 h) and the width of the
increments are both affected by environmental
conditions (Neilson and Geen 1982).

The growth increments result from accretion of
CaCQO?® and to a lesser extent, protein (Simkiss
1974). The daily nature of their deposition ob-
served by many workers (Pannella 1971; Brothers
et al. 1976; Wilson and Larkin 1982; and others)
appears related to a daily rhythm in the relative
rates of calcium carbonate and protein deposition
(Mugiya et al. 1981). The cyclic deposition of cal-
cium and protein over a 24-h period results in the
formation of the bipartite features now referred to
as daily growth increments.

The effects of environmental variables on
otolith increment formation have been the subject
of some controversy. Taubert and Coble (1977) con-
cluded that a 12:12 LD photoperied was responsi-
ble for entraining diel rhythms in the growth of
juvenile Lepomis and Tilapia sp. otoliths. How-
ever, juvenile starry flounder, Platichthys stel-
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latus, and chinook salmon, Oncorhynchus
tshawytscha, continued to produce daily growth
increments when exposed to constant light (Cam-
pana and Neilson 1982; Neilson and Geen 1982).
The latter authors presented evidence that feed-
ing frequency affected both increment number
and width in O. tshawytscha . They also suggested
that feeding frequency (or any other environmen-
tal variable) was probably not the ultimate factor
determining the frequency of otolith increment
production. Environmental modulation of endo-
crine rhythms (Menaker and Binkley 1981) may
ultimately control otolith increment periodicity.
Diel cycles in water temperature have received
little consideration as an environmental variable
potentially affecting increment formation.
Brothers (1978) suggested that diel temperature
variations were responsible for otolith increment
formation in temperate stream-dwelling fish al-
though no data were presented. This gap in our
understanding of factors influencing otolith in-
crement production is significant since diel
changes in water temperature are a common fea-
ture of aquatic environments. In this study we
examined the effects of diel water-temperature
regimes on formation of otolith growth increments
in O. tshawytscha alevins and fry. We also present
data on the effects of interactions of water-
temperature regimes, feeding frequency, and ra-
tion level on otolith increment formation in O.
tshawytscha fry. Finally, we tested the suggestion
made earlier (Neilson and Geen 1982) that feeding
periodicity (or any other periodic event affecting
fish activity) modifies the rate of otolith increment
production through changes in fish activity.
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METHODS

Alevins

Fish used in the experiments described below
originated from the 1981 brood of the Canada De-
partment of Fisheries and Oceans Capilano
Hatchery. Eggs were transferred to incubation
facilities at Simon Fraser University at the “eyed”
stage of development, corresponding to 347 Cel-
sius degree-days. Prior to transfer, the eggs were
held under a 12:12 LD photoperiod and at a con-
stant 8°C water temperature. The eggs were held
for 5d in ourlaboratory at 8.5°C before exposure to
diel water-temperature regimes.

Two lots of 100 fish were exposed as eggs and
later, as alevins, over a 69-d period to a water-
temperature regime whose diel amplitude aver-
aged 2° and 4°C (range 1.8°-2.4° and 3.0°-4.5°C)
above a daily average minimum temperature of
8.5°C. These temperatures were similar to those
observed in May-June 1981 in the Deadman River,
B.C., a stream supporting an O. tshawytscha
population. All eggs hatched by day 29. Eggs or
alevins (n = 10) were sampled at days 19, 40, 55,
and 69. On day 39, 20 alevins were transferred
from a temperature regime with a 4°C amplitude
and 24-h period to a regime with the same temper-
ature amplitude but a 12-h period. A fourth group
was held at a constant 8.5°C. The constant water
temperature corresponded to that of the cool
period of the diel water-temperature regimes.

Sagittal otoliths were removed from preserved
fish and prepared following the methods of Neilson
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and Geen (1981). Otolith sections were examined
using a light microscope or scanning electron mi-
croscope (SEM) as described in Neilson and Geen
(1982).

Fry

Fry used in these experiments were about 90-d-
old posthatch and originated from Capilano River
hatchery stock. Prior to transfer to 25 1 aquaria at
Simon Fraser University, fish were held under
natural light at a constant 8°C and fed once every
24 h. After transfer to our laboratory, fry were held
for 2 wk in flow-through aquaria supplied with
aerated and dechlorinated water at 6°C before ex-
periments commenced. During this period the 50
fish in each aquarium were fed to satiation with
Oregon Moist Pellets once per 24 h and exposed to
a 12:12 LD photoperiod.

Experimental feeding and temperature regimes
to which fry were exposed are summarized in
Table 1. Amplitude of daily temperature fluctua-
tions was 4°C (range 3.6°-4.4°C) above the average
minimum of 6°C. The diel temperature cycle in
relation to photoperiod and feeding events is
shown in Figure 1. The activity of one group of fish
was artificially increased to examine the effects of
activity on otolith increment formation. These fish
were forced to evade a slowly moving aquarium
net for 10-min beginning at 1900 h daily. The in-
duced activity level appeared similar to that as-
sociated with feeding. Ration provided to experi-
mental lots of fish was maintained as a constant
proportion (4% or 8%) of average fish dry weight by
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FIGURE 1.—Diel water-temperature cycle in relation to photoperiod and feeding events m
for Oncorhynchus tshawytscha fry. Light and dark periods are indicated by the open and

solid bars respectively.
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TABLE 1.— List of abbreviations denoting
experimental regimes to which On-
corhynchus tshawytscha fry were exposed
in 1982. Percent ration (% of body
weight offered every 24 h) is given and the
water temperature at time of feeding dur-
ing the diel cycle, if applicable, is indi-
cated in parentheses. Refer to Figure 1 for
details of feeding, temperature, and
photoperiod regimes.

Time of feeding
(h)

Treatment
8% (warm) 0700
8% (cool) 1900
8% (constant)? 0700
4% (warm) 0700
4% (cool) 1900
4% (constant)’ 0700
2 x 4%2 0700 and 1900
2 X 2%?2 0700 and 1900
4% + activity® 0700
Starvation n/a

Fish in these treatments were held at constant
temperature.

2Fish in these treatments were fed 2 times per
24 h.

3Fish in this treatment were held at a constant
temperature and exposed to a 10-min bout of
forced activity at 1900 h every day.

adjusting total food offered as fish grew or were
sampled. Every third day, excess food was removed
from the aquaria within 30 min of offering,
weighed, and consumption estimated.

On day 26, we exposed fry for 30 min to a hyper-
tonic solution of 1 g/l sodium chloride and 40 mg/l
oxytetracycline hydrochloride. The tetracycline
was incorporated into the otolith and provided a
time marker which exhibited fluorescence when
viewed with ultraviolet illumination. All fry were
successfully marked by this method.

Originally, we had intended to sample 15 fish at
days 10, 20, and 40. However, an accidental inter-
ruption of the dechlorinated water supply on day
19 resulted in the mortality of some fish in treat-
ments 4% (cool), 4% (constant), 2 X 4%, and 4% +
activity. Complete mortality of starved fish oc-
curred at that time. To ensure an adequate (N =
10) sample on experiment completion, no samples
were taken at day 20 for the above four treat-
ments. Even so, only five fish remained by day 40
in the 4% (cool) treatment.

Fork lengths were determined immediately
after the fish were sacrificed. Fish were then dried
to a constant weight (60°C for 48 h) in individual
labeled containers, and weighed. Sagittal otoliths
were then removed, weighed with an electrobal-
ance, and prepared for examination with the SEM
or a light microscope.

Increment counts were conducted as described
by Neilson and Geen (1982). No attempt was made

to distinguish between the daily and subdaily in-
crements as did Brothers (1978) and Campana
(1983). Such distinctions are often based on subjec-
tive appraisals of increment continuity and ap-
pearance when viewed with a light microscope. We
did not observe any such differences in growth
increments of O. tshawytscha. Moreover, as the
purpose of this study was to determine the
periodicity of increment formation as a basis for
detailed study of fish growth, the classification
of increments as daily or subdaily was not neces-
sary.

RESULTS
Eggs and Alevins

The formation of growth increments com-
menced before hatching under all experimental
regimes. One increment/24 h was formed on aver-
age under all temperature regimes (Table 2). No
significant departure from unity was noted (anal-
ysis of variance, P > 0.05). However, the appear-
ance of the daily growth increments differed be-
tween treatments. Otoliths of fish subject to a cycle
of temperature were characterized by more regu-
lar and easily observed growth increments than
those held under constant temperatures (Fig. 2).

Examination with a SEM at 1,000 X revealed
that the bipartite nature of otolith growth incre-
ments differed between the temperature regimes.
After etching with a weak acid (Neilson and Geen
1982), the relatively deeply etched portion of the
bipartite growth increment (corresponding to the
opaque portion of the bipartite structures when
viewed with a transmitted light microscope) com-
prised a larger average fraction of the growth in-
crements (P < 0.01) in otoliths of fish subjected toa
diel cycle in temperature than those of fish held at
constant water temperatures. The lightly etched
portion of daily growth increments did not differ
significantly between fish held in diel temperature
regimes with 2°C and 4°C amplitude (analysis of

TABLE 2.—Summary of Oncorhynchus tshawytscha otolith in-
crement counts for alevins held under various temperature re-
gimes.

Increment count!

Experiment
day Constant temperature 2°C amplitude 4°C amplitude
19 17.8+2.6 185+ 1.2 17.4x1.0
40 — 38.0x24 395+ 2.1
55 518+ 28 541x1.9 53.3x 3.0
69 68.4+ 5.6 68.4x+ 4.1 702+ 4.6

+1 standard deviation indicated, n = 10.
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diel water-temperature regimes of 4°C amplitude (right), 2°C

amplitude (middle), and constant temperature (left).

FIGURE 2.—Comparison of Oncorhynchus tshawytscha alevin
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(length 30-31 mm) otolith microstructure in fish held for 60 d in
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variance and the Student-Newman-Keuls test, P
> 0.05).

Oncorhynchus tshawytscha transferred from a
4°C diel temperature regime (24-h period) to a
regime with a 12-h period and similar amplitude
produced an average of 1.56 increments/24 h. The
slope of the regression of mean increment count on
experiment day differed significantly from unity
(P < 0.01). An example of an otolith from a fish
exposed to the 12-h period, cyclic temperature re-
gime is shown in Figure 3 and illustrates the nar-
rower increments associated with the 12-h cycle.

Fry

Otolith growth increments were formed at the
rate of one every 24 h in fish fed once per day. No
significant departures were noted (¢-tests, n = 20,
P > 0.05). Fish which received 2 feedings/24 hor 1
feeding and a 10-min bout of activity deposited
significantly >1increment/24 h (¢-tests, P < 0.01).
Arithmetic mean regressions of increment counts
on experiment day for the latter treatments are
given below:

Treatment Regression equation r?
8% B.W, ration fed y=1.45() + 1.58 0.91
2 times/24 h
4% B.W. ration fed y=176(x)~-1.40 0.98
2 times/24 h
4% B.W.ration and y=1.50@)—-0.80 0.93
forced activity

Slopes of regressions in groups of fish producing
>1 increment/d did not differ significantly from
each other (analysis of covariance, P > 0.10).
The distributions of increment widths in fed
groups of fish are presented in Figure 4. A sum-
mary of the comparisons of increment width data
among treatments is provided in Figure 5. One-
way analysis of variance and the Student-
Newman-Keuls test indicated that mean incre-
ment widths in otoliths of fish receiving a ration of
8% B.W./24 h in one feeding differed significantly
between groups (P < 0.05). Mean increment
widths in otoliths of fish receiving a ration of 4%
B.W./24 h in one feeding did not differ signifi-
cantly in fish receiving the ration either during
the cool or warm portion of the diel temperature
cycle (Student-Newman-Keuls test, P > 0.05).
However, fish receiving 4% B.W./24 h under con-
stant water temperature produced growth incre-
ments whose mean width was significantly less
than those of fish held in the diel water-
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FIGURE 3.—Change in otolith microstructure in a Oncorhynchus tshawytscha alevin

ture cycle (4°C amplitude).

temperature regimes (P < 0.05, Student-
Newman-Keuls test).

The top two horizontal strata of Figure 4 consti-
tute a 3 x 2 factorial design and were examined
with a two-way analysis of variance. The effects of
time of feeding with respect to the diel tempera-
ture cycle, ration level, and their interaction were
examined in relation to mean otolith increment
width. The effect of time of offering with respect to
the diel temperature cycle on mean increment
width was significant (P < 0.001), whereas ration
level wasnot (P > 0.05). The interaction of time of
offering in relation to the diel temperature cycle
and ration level on otolith increment width was
also significant (P < 0.00D).

Fish in treatments receiving 2 feedings/24 h or
fed once per 24 h and exposed to a 10-min bout of
activity produced growth increments whose aver-
age widths were significantly less than those of
fish in treatments fed the same ration once per 24
h. Treatments in which fish received either rations

transferred from a 24-h period temperature cycle (4°C amplitude) to a 12-h period tempera-

of 8% or 4% with 1 or 2 feedings/24 h comprise a
2 x 2 factorial design, and were analyzed with a
two-way analysis of variance. Increased feeding
frequency significantly reduced mean increment
width (P < 0.001), although ration level did not (P
> 0.1). The interaction of feeding frequency and
ration level was not significant (P > 0.1).

Widths of otolith increments formed when fish
were fed 4% B.W./24 h and subjected to a 10-min
bout of activity were not significantly different
from widths of increments in fish which received
two feedings equivalent to the 4% B.W./24 h ration
level (t-test, P > 0.05). However, fish fed a ration of
8% B.W./24 h with two feedings produced incre-
ments whose average width was significantly
greater than the latter two treatments (analysis of
variance and the Student-Newman-Keuls test, P
< 0.01). Mean increment widths in fish fed 4%
B.W./24 h and exposed to a constant water-
temperature regime were compared with incre-
ment widths in fish receiving the same ration plus
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FIGURE 4. —Distribution of otolith increment widths under the experimental regimes. Treatments are identified by numbers in the
top-left corners of histograms and correspond to treatments listed in Table 1. The average rate of increment formation every 24 h is

shown in brackets.

8% (warm) » —— 8%{coo0l) » —— 8% (constant)—
\i i
l T > ]
4% (warm) = 4% (cool) - 4% (constant)
l »
2x4% - 2x2% = 4%+ activity
L -

FIGURE 5.—Summary of Student-Newman-Keuls or ¢t-test (o =
0.05) comparisons of mean increment widths in Oncorhynchus
tshawytscha fry held under the various experimental regimes.
Arrow heads pointing left or right signify “less than” and
“greater than” respectively.
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a 10-min period of enforced activity. The mean
increment width associated with the latter treat-
ment was significantly less (¢-test, P < 0.01).
Production of the narrower growth increments
associated with 2 feedings/24 h or 1 feeding and
induced activity did not occur immediately upon
commencement of the experimental regimes. A
period of transition in otolith microstructure was
evident. Figure 6 shows the decrease in increment
widths with time in fish previously provided a
ration of 8% B.W./24 h in one feeding and then
offered the same total ration in 2 feedings/d. For
comparison, data on increment widths in fish fed
8% B.W./24 h are provided (Fig. 6). The slope of the
regression of increment width on date in the latter
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FIGURE 6.—Mean otolith increment widths (0) for Oncorhyn-
chus tshawytscha fry from the 2 X 4% experimental feeding
regime over days 1-40. Prior to day 1, fish were fed once every 24
h. Also shown are mean increment widths (w) of fish from the 8%
(constant) feeding regime, where fish received one feeding only
every 24 h.

treatment did not significantly differ from zero (P
> (.10), whereas the former did (¢-test, P < 0.01).

Starved fry continued to produce one otolith in-
crement every 24 h. However, the growth incre-
ments were faint when observed with a transmit-
ted light microscope. That portion of otolith
growth formed under starvation conditions was
more transparent than the portion of otolith
growth produced when fish were fed. Growth in-
crement diel periodicity was also more pronounced
during the portion of otolith growth corresponding
to that period when fish were fed (Fig. 7).

To confirm that increment widths were propor-
tional to fish growth, we plotted instantaneous
growth in dry weight against average increment
width for all treatments except the starved group
(Fig. 8). The coefficient of determination (r?) as-
sociated with those treatments in which fish
formed 1 growth increment/24 h was 0.735 and the
slope of the regression was significantly different
from zero (P < 0.01). Note that points associated
with treatments in which fish formed more than 1
increment/24 h lie considerably above the regres-
sion. The regression of these data differs signifi-

"\

e

S0pm

FIGURE 7. —Example of otolith microstructure from a starved Oncorhynchus tshawytscha salmon fry when viewed with transmitted
light microscopy. The relatively transparent region near the otolith periphery corresponds to the starvation period.
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FIGURE 8. —Regressions of mean otolith increment width versus instantaneous growth rate (dry weight) for the various
experimental regimes. Solid line represents groups where fish produced one increment every 24 h on average; dashed line
represents treatments where fish produced significantly more than one increment every 24 h.

cantly in both slope and y-intercept (analysis of
covariance and #-test, P < 0.01) from that of fish
fed once per day.

Slopes of arithmetic mean linear regressions of
fish dry weight on experiment day indicated that
the average rate of growth of fish fed 8% B.W./24 h
at the beginning of the warm portion of the diel
temperature cycle was significantly greater than
that of fish fed at the beginning of the cool period of
the diel temperature regime or at the constant
water temperature (6°C) (analysis of covariance
and the Student-Newman-Keuls test, P < 0.01).
Similar analyses among treatments in which fish
were fed 4% B.W./24 h [4% (warm), 4% (cool), 4%
(constant)] or among fish that received two feed-
ings or one feeding coupled with an additional
bout of activity (2 x 4%, 2 X 2%, 4% + activity)
indicated no significant differences in growth rate
(P> 0.05).

To determine whether otolith growth-fish
growth relationships were similar among treat-
ments, we calculated otolith weight-fish dry
weight regressions for data from all experimental
regimes. Analysis of covariance indicated that the
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slopes of the predictive regressions among groups
of fish fed 8% B.W./24 h and exposed to different
temperature regimes did not significantly differ
from each other (P > 0.1). Nor were there signifi-
cant differences among treatments in which fish
were fed twice/24 h or fed once/24 h and exposed to
an enforced 10-min bout of activity. The slope of the
regression representing the otolith weight-fish
weight relationship for those fish receiving a ra-
tion of 4% B.W./24 h on the cool portion of the diel
cycle was significantly greater than the slopes of
regressions representing fish fed 4% B.W./24 h
(warm or constant) (analysis of covariance and the
Student-Newman-Keuls test, P < 0.05). However,
as mentioned earlier, the treatment where fish
received a ration of 4% B.W./24 h on the cool por-
tion of the diel temperature cycle was affected by
an interruption in water supply. Only five fish
survived to day 40 and may not have been repre-
sentative of fish held under those conditions.

DISCUSSION

Under most environmental conditions consid-
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ered during this study and reported by Neilson
and Geen (1982), one otolith growth increment
was formed each day. This supports the hypothesis
that an endogenous rhythm influences growth in-
crement formation. Earlier, Neilson and Geen
(1982) reported that multiple feedings within a
24-h period resulted in the formation of >1
increment/24 h. We suggested that this resulted
from the interaction of an endogenous diel rhythm
of increment production and some regularly re-
curring environmental event. Data presented
here are consistent with that view, as increased
feeding frequency, exposure to a warm/cool tem-
perature cycle twice in 24 h and an enforced in-
crease in fish activity were all associated with an
increased rate of increment formation. The effects
of at least some of these environmental events on
otolith microstructure may be mediated through
activity-induced modification of fish metabolism,
which often follows a circadian rhythm (Matty
1978). If otolith growth increment production fol-
lows a circadian rhythm that is sometimes over-
lain by environmental events, it seems reasonable
to assume that fish may produce one or more
growth increments but not less than one every 24
h. In our studies, O. tshawytscha alevins and fry
produced one or more growth increments every 24
h, a result consistent with most earlier studies.
Even when fish were exposed to light and tempera-
ture stimuli with periods >24 h, Campana and
Neilson (1982) reported that only one increment
was formed every 24 h.

Diel water-temperature fluctuations were not
required for otolith increment production in O.
tshawytscha. However, cyclic changes in tempera-
ture with a 24-h periodicity apparently result in
differences in the appearance of otolith growth
increments (Fig. 2). The deeply etched portion of
the increments is significantly wider in otoliths of
fish taken from a diel water-temperature regime
than those from fish held in water of constant
temperature. Mugiya et al. (1981) concluded that
the deeply etched portions of goldfish, Carassius
auratus, otoliths have a relatively high concentra-
tion of protein relative to calcium carbonate.
Degens et al. (1969) suggested that the deposition
of the organic matrix is not readily modified by
environmental events. If these results are appli-
cable to salmonids, the greater contrast in otoliths
of fish reared under a diel temperature regime
may result from changes in the rate of calcium
carbonate deposition. However, the presumed
change in composition and structure of daily
growth increments produced under various en-

vironmental conditions does not affect the incre-
ment width-fish growth relationship illustrated in
Figure 8.

Interactions between ration level and time of
feeding with respect to the 24-h temperature cycle
affected mean increment width. Ration level as a
single factor influencing increment width was not
significant. However, the interaction between
temperature and ration on increment width was
not significant suggesting higher calcium car-
bonate deposition on the otolith when temper-
atures were elevated at time of feeding. In a
two-way comparison with ration level and feed-
ing frequency (water temperature was constant),
increment width was affected by feeding fre-
quency but not by ration level. This agrees with
the results of Neilson and Geen (1982) who showed
that the rate of increment production is affected by
feeding frequency.

Mean increment width reflected fish growth
under a variety of water-temperature and ration
regimes (Fig. 8). However, different equations de-
scribed increment width-growth relationships
under conditions that produced 1 increment/d or
>1 increment/d (Fig. 8). The extent to which in-
crement width data can be used to predict instan-
taneous growth rates in natural populations re-
mains to be examined. :

Increment widths can provide an indicator of
environmental changes and consequent alteration
of growth rates. However, such changes, at least
under laboratory conditions, did not occur rapidly
(Fig. 6). These data suggest that at least 3 wk
would be required before the change in increment
width would be statistically detectable.

Our data indicate that otolith weight-fish
weight regressions are similar under a range of
experimental conditions suggesting that otolith
growth in salmon fry is closely coupled to fish
growth. Marshall and Parker (1982) also reported
that differences in ration and water temperature
did not significantly affect slopes of otolith size-
fish size regressions among fed sockeye salmon, O.
nerka, fry. Exceptions to the isometric growth re-
lation between fish size and otolith size have only
been observed in recently hatched salmonid ale-
vins (Neilson unpubl. data) and in starved O.
tshawytscha fry. Fry deprived of food for 19 d con-
tinued to form daily growth increments. Assum-
ing fish dry weight did not increase over this
period, then the slope of the otolith weight-fish
weight regression would probably be greater than
for fed fish. Marshall and Parker (1982) also re-
ported continued otolith growth in O. nerka fry
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over a 2-wk starvation period. Evidently con-
tinued otolith growth in starved fish resulted from
the metabolism of stored energy reserves.

Estimates of food consumption indicated that
fish held under diel cyclic temperatures and fed 8%
B.W./24 h consumed significantly more food per
gram of fish when the food was offered during the
warm period (¢-test, P < 0.01). No differences in
food consumption were noted in fish receiving a 4%
B.W./24 h ration on either the warm or cool portion
of the diel water-temperature regime (t-test, P >
0.05). It is likely that fish were not satiated at this
ration under either water-temperature regime.
Under the high ration, fish were satiated even
when the food was offered during the cool period of
the water-temperature cycle. Additional con-
sumption occurred only if food was offered during
the warm portion of the diel temperature cycle.
The additional food consumption was associated
with increased growth rates. It is not clear
whether the increased growth was simply a re-
sponse to differences in food consumption or also
reflected enhanced efficiency of food utilization in
fish exposed to cyclic temperatures similar to that
described by Brett (1979) and Biette and Geen
(1980). Differences in growth rate of fish fed 4%
B.W./24 h strongly suggest more efficient food
utilization in fish exposed to a cyclic temperature
regime. Food consumption did not differ although
growth rates (and increment widths) are signifi-
cantly greater.

Given that water temperature and food con-
sumption are considered the most important fea-
tures of fishes’ environment affecting their growth
(Paloheimo and Dickie 1966), it is not surprising
that water-temperature regimes and ration levels
influence otolith growth increment production.
Our findings and those of English (1981) suggest
that interpretation of prey abundance and feeding
success from otolith microstructure data may be
masked by relatively small changes in water
temperature. Workers attempting to quantify fish
growth with respect to ration size through exami-
nation of otolith microstructure should be aware
of the effects of water temperature documented
here and design studies accordingly.
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USING OBJECTIVE CRITERIA AND MULTIPLE REGRESSION MODELS

FOR AGE DETERMINATION IN FISHES

GEORGE W. BOEHLERT

ABSTRACT

Analysis of the age structure of exploited fish populations is necessary for models upon which manage-
ment decisions are made, but existing aging methodology for many species is hindered by subjective
criteria used in age determination. A new technique is described in which age is estimated using
multiple regression models based upon the measurable parameters otolith weight, otolith length, and
otolith width in the splitnose rockfish, Sebastes diploproa, and the canary rockfish, S. pinniger. Models
were calibrated using ages determined by interpretation of both whole otoliths and otolith sections
which differ within these species, particularly at greater lengths. The models typically explained from
70 to 92% of the variability in age depending upon species, sex, and method of age analysis. In another
sample used to verify the precision of the models, variability associated with model-estimated ages was
generally less than that induced by variability in ages between different agencies. Based upon the
pattern of otolith growth in length, width, and weight in these and other species, it is suggested that
these methods would be applicable to a wide variety of fishes. Implementation of this type of age
determination methodology could result in savings in time and cost for fisheries management agencies

while decreasing variability among age estimates between different laboratories.

Virtually all methods of age determination in
fishes involve a certain degree of subjectivity. De-
ciding whether a mark on an otolith or scale con-
stitutes 1 year’s growth is difficult; precision in fish
aging improves only with experience. Even so, var-
iability between experienced readers may be
great. Sandeman (1969), for example, observed
only 9% agreement between readers for a wide age
range of otoliths of Sebastes marinus and S. men-
tella, and noted greater variability with increas-
ing age of the fish. Kimura et al. (1979) suggested
that bias between readers within a given agency is
likely to be much less than among different agen-
cies. In a situation such as exists on the Pacific
coast, where several management agencies may
routinely determine ages for the same species,
interagency calibrations are necessary but are
rarely achieved. Williams and Bedford (1974)
suggested “...that otolith reading remains, for the
present at least, as much an art as a science, and
that proficiency cannot easily be achieved without
examination of very large numbers of otoliths”
Clearly, objective, repeatable age determination
methodology which will minimize variability is
desirable.

Traditional methodology for age determination

'Oregon State University, College of Oceanography, Marine
Science Center, Newport, Oreg.; present address: Southwest
Fisheries Center Honolulu Laboratory, National Marine
Fisheries Service, NOAA, PO. Box 3830, Honolulu, HI 96812.
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in fishes generally involves some calcified struc-
ture; in Sebastes, Six and Horton (1977) tested 25
different structures. By far the most commonly
used structures, however, are the otolith and
scales. Scales are often best for short-lived, fast-
growing species because annuli become indistinct
near the margin in long-lived, slower growing
species (Power 1978; Maraldo and MacCrimmon
1979). When this is the case, the otolith becomes
the superior structure for age determination; even
in the otolith, however, annuli may become indis-
tinct on the margin as otoliths thicken and become
opaque with age. For this reason several inves-
tigators have used broken or sectioned otoliths to
determine age from internal banding patterns.
While some studies using otolith sections have
provided clear continuation of growth patterns
obvious on whole otoliths from younger specimens,
others have suggested maximum ages which are
double or triple those estimated from whole
otoliths. Power (1978), for example, suggested ages
of >50 yr in Salvelinus namaycush and Coregonus
clupeaformis and provided confirming evidence
based upon population structure. In the redfish,
Sebastes marinus, Sandeman (1961) suggested
that specimens exceeding 50 yr of age were pres-
ent in the population; ages up to 80 yr have since
been estimated (Sandeman?. Similarly, Beamish

2K, J. Sandeman, Biological Station, St. John’s, Newfound-
land, Canada, pers. commun. July 1978.
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(1979b) estimated ages approaching 90 yr in cer-
tain Pacific species of Sebastes, including S.
alutus. In the genus Sebastes, these estimates of
extended longevity have recently been confirmed
by Bennett et al. (1982), who used geochronologi-
cal methods to confirm age in S. diploproa. Under-
standing population structure for such long-lived
species will require a large number of age esti-
mates using otolith sections. Routine sectioning
and interpretation of otoliths, however, is a time-
consuming process, and age structure would need
to be determined frequently for management of an
active fishery. In this paper I suggest a possible
alternative method for age determination.

Otolith growth begins with the initial “focus”
and thereafter by incremental concretions of cal-
cium carbonate in the form of aragonite. Otolith
size increases with increasing size and age of the
fish. Differential addition of crystalline material
to the otolith, however, results in a species-specific
shape (Bingel 1981). In flatfish and certain other
species, Williams and Bedford (1974) observed con-
tinued linear growth of the otolith with growth of
the fish only until maximum size was achieved;
beyond this time, the otolith began to thicken.
This has been observed in several other species
(Blacker 1974a). Linear measurements of the
otolith (i.e., length and width) are directly related
to fish length and show little variability, but
otolith thickness and weight are highly variable
in larger fish (Templeman and Squire 1956;
Beamish 1979a, b).

Templeman and Squire (1956) observed that
length and width of otoliths from slow- and fast-
growing populations of haddock did not differ at
the same fish length, whereas otolith weight was
consistently greater in the slower growing (and
therefore older) populations at a given length. The
same trend appears to exist in some members of
the genus Sebates (G. W. Boehlert unpubl. data).

Beamish (1979a) observed an increase in thick-
ness of the hake otolith with increasing otolith
section age and a nearly linear relationship of
otolith thickness and otolith weight. If otolith
thickness, and therefore weight, is a function of
fish age, then if fish length (or otolith length, since
the two are related) is known, one should be able to
estimate fish age. This was suggested by Brander
(1974) with Irish Sea cod. The objective of this
study is to determine the trends of otolith growth
in terms of thickness, length, width, and weight,
and to determine the potential of these criteria for
estimation of age in splitnose rockfish, S. diplop-
roa, and canary rockfish, S. pinniger.
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MATERIALS AND METHODS
Otolith Collection

Otoliths of S. pinniger and S. diploproa were
collected during the 1980 West Coast Survey con-
ducted by the Northwest and Alaska Fisheries
Center on the FV Pat San Marie and the FV Mary
Lou. Gear and sampling strategy were similar to
that described in Gunderson and Sample (1980).
Otoliths were collected from fish captured in all
hauls until desired numbers of specimens in
specified length categories were obtained. Both
otoliths from each specimen were removed,
cleaned, and stored in individual, labeled vials
containing 50% ethanol. Data taken with each
specimen included vessel, haul (with latitude, lon-
gitude, and bottom depth), sex, and fork length
(to the nearest 0.1 cm). After returning to the
laboratory, otoliths were thoroughly cleaned and
the preservative renewed.

Age Determination

General information on otolith morphology and
whole otolith aging methodology in Sebastes is
described in detail by Kimura et al. (1979). Age
determined from whole otoliths followed the aging
methodology of Boehlert (1980) for S. diploproa
and that of Six and Horton (1977) for S. pinniger.
Ages determined in this manner are referred to as
whole otolith ages.

Otolith sections were prepared for selected
specimens using the left otolith after the
methodology of Nichy® with several modifications.
Specimens were affixed to heavy-duty cardboard
tags with double-faced tape and embedded in
polyester casting resin in preparation for section-
ing. Specimens were mounted in a chuck specifi-
cally designed to accommodate the cardboard tags
and fed onto a pair of thin diamond blades sepa-
rated by acetate spacers on a Buehler? low-speed
Isomet saw. Dorsal-ventral sections through the
focus and perpendicular to the sulcus, about 0.4
mm thick, were removed from the center of the
otolith. Sections were removed from the tag and
attached to labeled microscope slides with his-
tological mounting medium. They were sub-
sequently ground to eliminate surface artifacts,

3F, Nichy, Northeast Fisheries Center Woods Hole Laboratory,
National Marine Fisheries Service, NOAA, Woods Hole, MA
02543.

“Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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first with 400-grit carborundum paper and then
polished with 3 um jeweler’s rouge.

To compare internal otolith section annuli with
surface annuli, 25 whole left otoliths from S. pin-
niger and 50 from S. diploproa were selected.
Sample size was chosen to represent the range of
ages estimated from whole otoliths. I determined
the distance from focus to each annulus on the
whole otolith along the dorsal-ventral axis from
focus to dorsal edge of the otolith using an ocular
micrometer on a dissecting microscope. These
measurements were used to identify the first sev-
eral annuli on corresponding sections. By follow-
ing these identified annuli around to the internal
dorsal surface it was determined that each small
ring in the direction of counting (from focus to
dorsal, interior surface) corresponded to a single
year of growth (Fig. 1).

Sections were initially examined under a dis-
secting microscope at 30x magnification with
either reflected light and a black background or
transmitted light, depending upon the clarity of
the annuli. Discerning and counting the narrow
zones in otoliths from older fish was facilitated by
the use of a compound microscope interfaced with
a video camera and television screen. A more ac-
curate estimate of age was made possible by the
increased magnification and enhanced contrast of
the compound microscope, coupled with the ease of
viewing annuli on an enlarged screen.

Sections were aged by identifying the first
translucent annulus (winter growth zone) and
counting sequential growth zones from the center

to the dorsal edge. Subsequent annuli were fol-
lowed from the dorsal edge to the interior dorsal
quadrant (after Beamish 1979b), and counted to
the internal surface. In this paper, ages deter-
mined by different methods and sources will be
discussed; none of these ages is known with cer-
tainty. For this reason, given ages will be defined
as “standard ages” only for purposes of compari-
son.

Calibration Subsample

To establish models of age based upon otolith
dimension and weight criteria, otoliths from the
entire collection were subsampled. Every fourth
otolith pair of S. diploproa and every third of S.
pinniger were selected to provide roughly equal
sample sizes representative of all sizes and collec-
tion (latitudinal) areas. These subsampled
otoliths were used to develop the multiple regres-
sion models (see section on Data Analysis) and
were treated as described below.

Whole otolith ages were determined by an ex-
perienced otolith reader to whom fish length re-
mained unknown. This practice has been recom-
mended by Williams and Bedford (1974), among
others, to minimize bias in otolith reading.
Otoliths were then dried to a constant weight at
58°C and placed in a dessicator for 8 h. Intact left
otoliths were weighed to the nearest milligram.
Otoliths were measured with dial calipers in the
anteroposterior dimension (length) to the nearest
0.02 mm and in the maximum dorsoventral di-

FIGURE 1.— Dorsal-ventral section of the left otolith of a 305 mm FL female Sebastes diploproa. Whole otolith ages are generally
determined from the focus (F) to the dorsal edge (A), but often extend to the posterior margin (not shown) which may include additional
annuli extending to greater ages (A to B). Section ages are determined from the focus (F) to the internal dorsal surface (C). Note the
additional growth zones on axis F-C which have been deposited after the latest visible zones on axis F-A. The otolith section age of this

specimen is 40 yr.

105



mension (width) to the nearest 0.05 mm. When the
left otolith was chipped or broken, the right one
was substituted for measurements, since no sys-
tematic differences between left and right otolith
measurements were apparent for either species.
The left otolith was subsequently sectioned and
age determined by the same otolith reader. Otolith
thickness, which is too variable to measure on the
whole otolith, was measured on the section from
internal to external surface just dorsal to the sul-
cus (Fig. 1).

Confirmation Subsample

In order to test the precision of the model, sub-
samples of 50 otoliths by sex and species were
drawn randomly from samples not used in the
calibration subsample. These samples were han-
dled in the following way: A second whole otolith
age was determined by reader A to determine
within-reader variability for S. diploproa and
between-reader variability for S. pinniger (reader
B had left this laboratory). The otoliths were sent
to the Northwest and Alaska Fisheries Center
(Seattle, Wash.) for an additional whole otolith age
to determine between-agency variability. The
otolith was dried, weighed, measured, and sec-
tioned as described above; a single otolith section
age for each specimen was determined by reader A
for both species. Model-estimated ages were de-
termined by use of the multiple regression models
described below.

Data Analysis

Generally, data were recorded in a standard
format and stored on the Oregon State University
Cyber 70 computer. Data management and analy-
sis were assisted by use of the Statistical Package
for the Social Sciences (SPSS) (Nie et al. 1975).

From the calibration subsample of otoliths, pre-
dictive regression equations were developed to es-
timate age from otolith morphometrics. Multiple
regression models were fitted in the following
form:

Age=b,X, +b,X, +b;X; +b X +c

where age (years) is determined by conventional
methods, b,’s = regression coefficients, Xn’s = in-
dependent variables, and ¢ = constant. Models
were developed for males and females separately
within each species with both otolith section ages
and whole otolith ages as dependent variables.
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Independent variables included otolith weight,
otolith length, otolith width, the respective square
and cubic terms of each, and the interaction vari-
ables (otolith weight/otolith length and otolith
length/otolith width). With the exception of
otolith weight, where both weight and the cube of
weight were used as independent variables,
square or cubic terms were not used if the raw
values were entered. This decreased problems of
multicollinearity. Models were fitted in a forward
stepwise manner (Nie et al. 1975) with the inclu-
sion -level for independent variables set at
P =0.10.

The 1980 confirmation subsample was used to
verify the models. Direct comparisons between
ages determined for the same otoliths but dif-
ferent reading methods were accomplished by
paired ¢-tests. Since age is not known with cer-
tainty for any otolith, the ages determined by
reader A for S. diploproa and by reader B for S.
pinniger, which were used to calibrate the models
in the calibration subsample, were considered as
“standard age”. To conduct multiple comparisons
of variability, deviations from standard age were
defined as follows: “model-induced variation” is
the difference between the standard age and the
model-predicted age; “within-agency variation” is
the difference between ages determined by reader
Afor S. diploproa and between readers A and B for
S. pinniger; “between-agency variation” is the dif-
ference between the standard age and the age de-
termined by the National Marine Fisheries Ser-
vice (NMFS). A one-way analysis of variance
(ANOVA) was used to compare these deviations.
Multiple range testing was conducted using the
least significance difference method with
a = 0.05. This analysis was conducted only for
whole otoliths since only a single section age was
determined on the 1980 confirmation subsample.

RESULTS
Sebastes diploproa

Locations of the collections of S. diploproa are
shown in Figure 2; this species was taken from lat.
36°49' to 48°47'N and over a depth range of 62 to
338 m. The distribution was similar to that noted
in 1977 (Boehlert 1980). A total of 975 male and
1,145 female specimens were taken during the
survey. The length frequencies show a mode near
23 cm for males and 24 cm for females with sec-
ondary modes at 26 and 27 cm, respectively. Cor-
responding age frequencies (based upon whole
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otoliths) show a clear mode at 7 yr for both males
and females, with whole otolith age ranges from 1
to 46 for males and 0 to 55 for females. Mean
lengths-at-age for males and females are similar
until age 8, after which females grow more rapidly
(Boehlert 1980; Boehlert and Kappenman 1980).
Subsampling every fourth pair of otoliths from
all collections of S. diploproa resulted in 290

CANADA

Columbia River

-45%

UNITED STATES

-a0e.

San Francisco

| 350.

FIGURE 2.— Locations of 1980 West Coast Survey collections
from which otoliths of Sebastes diploproa were taken.

female and 246 male specimens. The subsample
was representative of the latitudinal distribution,
age range, and length range of the whole collec-
tion. Capture, otolith, and age data from these
samples are summarized in Table 1. Otolith sec-
tion ages, as expected, were typically greater than
whole otolith ages (Table 1); this was particularly
true at greater lengths. Correlation matrices of
pertinent otolith and age data (Table 2) show that
otolith weight has the strongest linear association
with otolith section age; both otolith weight and
age are exponential functions of fish length. Plot-
ting otolith length, fish length, and otolith weight
against otolith section age demonstrates the pat-
tern of otolith growth (Fig. 3). Past an age of about
25 yr, both otolith length and fork length reach
approximate asymptotes, whereas otolith weight
continues to increase. The wide fluctuations in
otolith weight apparent at older ages correlate
closely with changes in fork length (Fig. 3); for this
reason, otolith weight alone is a relatively poor
predictor of fish age at greater ages where fork
length is highly variable. Addition of otolith
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FIGURE 3.—Otolith characteristics of male Sebastes diploproa
from the calibration subsample as related to fish length and
age. N = 246. Note the covariation among the three curves,
particularly at older ages.

TABLE.1.—Summary of biological and otolith data from the subsampled groups of Sebastes diploproa
used in developing the age models.

Females (N = 290) Males (N = 246)
Variable Minimum  Maximum Mean SD Minimum  Maximum Mean sD

Depth of capture (fathoms) 34 185 137 29.36 53 185 136 28.45
Fork length (mm) 130 378 264 56.16 94 364 246 48.19
Otolith length (mm) 7.7 18.02 12.49 235 5.47 17.03 11.82 2.14
Otoilith width (mm) 5.08 11.25 7.97 1.31 3.59 10.32 7.87 1.14
Otolith thickness (mm) 0.83 2.97 1.41 0.44 0.73 284 1.35 0.39
Otolith dry weight (mg) 59 724 244.6 150.4 25 659 208 117.4

Whole otolith age (yr) 1 56 15.2 11.97 1 40 135 9.78
Otolith section age (yr) 2 66 17.2 15.68 1 74 16.9 16.41
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TABLE 2.— Correlation matrix for selected otolith morphometric, weight, and age data
for the calibration subsample of Sebastes diploproa.

Whole Otolith
Otolith Otolith Otolith Otolith otolith section
weight length width thickness age age
Females (N = 290)
Fork length 0.912 0.969 0.956 0.766 0.862 0.819
Otolith section age 0.947 0.859 0.788 0.938 0.917
Whole otolith age 0.925 0.893 0.837 0.901
Otolith thickness 0.930 0.843 0.778
Otolith width 0.893 0.948
Otolith length 0.940
Males (N = 246)
Fork length 0.895 0.971 0.959 0.815 0.835 0.769
Otolith section age 0.938 0.807 0.710 0.905 0.907
Whole otolith age 0.923 0.885 0.778 0.846
Otolith thickness 0.903 0.778 0.725
Otolith width 0.857 0.778
Otolith length 0.922

length and the interaction variables compensate
for these changes in the pattern of otolith weight
in the multiple regression models of fish age.

The multiple regression models relating fish age
with otolith data were fitted with both whole
otolith age and otolith section age as dependent
variables. Independent variables included in the
whole otolith age models, their coefficients, and
significance levels are presented in Table 3. All
coefficients were highly significant and the models
explain 88.1% of the variation in age for females
and 92.0% for males, as measured by the coeffi-
cient of determination, R®. Residuals from the
models by age category show no trend up to age 35
for females and age 30 for males, after which there
is a trend of increasing positive deviation with
increasing age. The ages included in this part of
the model, however, represented only 7.7% of
female and 8.6% of male S. diploproa and are
therefore not of great concern. These deviations
are positive, however, suggesting that the model
predictions may relate to otolith growth patterns
which are more indicative of otolith section ages.

Variables included in the otolith section age
models, their coefficients, standard errors, and
significance levels are presented in Table 4. Again,
all coefficients are highly significant, but the co-
efficients of determination are slightly less, ex-
plaining 86.1% of the variation in age for females
and 85.0% for males. Mean residuals for the dif-
ferent age categories show no significant trend
with age.

The model based upon whole otolith ages suffers
from inaccuracies in the older ages, where otolith
section ages are much greater than whole otolith
ages. This is demonstrated in the trend of increas-
ing residuals with increasing age. The model
based upon otolith section age, however, is charac-
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TABLE 3.—Regression coefficients and associated statistics on
the multiple regression models of whole otolith age for Sebastes
diploproa.

Variable Coefficient SE P
Females (N = 290}
Otolith weight 0.1343 0.0091 <0.001
{Otolith weight)? ~0.107 x 10—¢ 0.14 x 10~7  <0.001
Otolith width —2.558 0.571 <0.001
Constant (a) - 6.4303 3.004 0.033
SD = 4.15
Multiple correlation, R = 0.939
Males (N = 246)
Otolith weight 0.2179 0.0145 <0.001
{Otolith weight)? ~0.1945 x 10— 0.14 x 107 <0.001
Otolith width —3.4542 0.3942 <0.001
Otolith weight/length —1.0997 0.2402 <0.001
Constant {a) 16.2572 2.2186 <0.001

8D =2.797
Multiple correlation, R = 0.959

TABLE 4.— Regression coefficients and associated statis-
tics on the multiple regression models of otolith section
age for Sebastes diploproa.

Variable Coefficient SE P
Females (N = 290)
Otolith weight 0.2270 0.0137 <0.001
(Otolith width)? —-0.3288 0.0377 <0.001
(Otolith weight)? —0.1134 x 10-¢  0.155 x 10~7 <0.001
(Otolith length)? —0.1114 0.0205 <0.001
Constant (a) 5.0243 1.2982 <0.001

SD = 4.232
Multiple correlation, R = 0.928

Males (N = 246)

Otolith weight 0.2496 0.0158 <0.001
Otolith width?® -5.7233 0.6949 <0.001
(Otolith weight)? —0.1315 x 10—¢  0.266 x 10—7 <0.001
(Otolith length)? —0.0882 0.0256 <0.001
Constant (a) 23.540 3.3823 <0.001

SD = 4.620
Multiple correlation, R = 0.922

terized by slightly lower muiltiple correlation co-
efficients (Table 4). This may be a result of inac-
curacies in estimates of otolith section age of
younger fish, where greater difficulty in age de-
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termination exists with sections. For this reason, I
also constructed a hybrid multiple regression
model based upon a combination of otolith section
and whole otolith ages. The decision on which age
to use was arbitrary in the following way: If the
difference (otolith section age minus whole otolith
age) was = 5 yr, whole otolith age was chosen; if the
difference was >5 yr, otolith section age was cho-
sen. The resulting models are described in Table 5.
Independent variables similar to those in the
other two models were chosen, and the multiple
correlation coefficients were greater in each case.

To analyze the precision of the models, subsam-
ples of 50 male and 50 female S. diploproa were
taken from the remaining samples not used in the
calibration subsample. Lengths and ages were
representative of the respective ranges in the
overall collection. Ranges of whole otolith age,
NMFS age (that from the other agency), and
otolith section age in these samples were 2-50,
3-49, and 2-75 for females and 3-34, 4-25, and 3-84
for males, respectively.

Whole otolith age was predicted based upon the
appropriate whole otolith age models. Values of
estimated age, whole otolith age, and NMFS age
as a function of length are plotted in Figure 4. The
deviation of NMFS age from whole otolith age
increases with increasing length for both males
and females. Deviations from the first whole
otolith age are presented in Figure 5. Model-
induced variability is the difference between es-
timated whole otolith age and whole otolith age;
between-agency variability is whole otolith age
minus NMFS age; within-agency variability is the
difference of two successive age determinations by

TABLE 5.—Regression coefficients and associated statis-
tics on the multiple regression models of age in Sebastes
diploproa. The ages used for the calibration of these mod-
els are based upon either whole otoliths or otolith sec-
tions as described in the text.

Variable Coefficient SE P
Females (N = 280)

Otolith weight 0.2233 0.0135 <0.001
{Otolith width)? —0.2983 0.0403 <0.001
(Otolith weight)® ~0.1244 x 10—% 0.1685 x 10—7 <0.001
Otolith length —2.495 0.5084 <0.001
Constant (a) 17.7993 3.7339 <0.001
SD = 4.3967

Multiple correlation, R = 0.962
Males (N = 246)

Otolith weight 0.2504 0.0157 <0.001
(Otolith width)? —-0.3598 0.0549 <0.001
(Otolith weight)3 -0.1272 x 10—%  0.2800 x 10~7 <0.001
Otolith length -2.4123 0.6071 <0.001
Constant (a) 16.6069 3.9145 <0.001
SD =4.7479

Muitiple correlation, A = 0.958

the same reader. Mean values of these sources of
variation are presented in Table 6 for females and
Table 7 for males. In both cases, the mean
between-agency variability is greater than either
model-induced or within-agency variability.
One-way ANOVA demonstrates a significant dif-
ference among the three sources (Tables 6, 7). Mul-
tiple range testing (least significant difference,
a = 0.05), moreover, demonstrates that the means
are significantly different for both females and
males; the range tests suggest that within-agency
and model-induced variability are equal and are
both significantly less than the between-agency
variability.

Only a single otolith section age was determined
for specimens from the 1980 confirmation subsam-
ple. Ages were estimated from the multiple re-
gression model of section age (Table 4) and com-
pared with conventionally determined section age
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FIGURE 4.— Comparisons of mean whole otolith ages at length
for the confirmation subsample of Sebastes diploproa. Trian-
gles represent age from reader A, circles the age estimated by the
model, and squares the age determined by another laboratory.
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TABLE 6.—Results of one-way analysis of variance and multiple
range tests comparing deviations of age from the standard age in
Sebastes diploproa females. Group 1 = between-agency variabil-
ity; group 2 = model-induced variability; group 3 = within-

agency, within reader variability.

Sum of Mean
Source df squares squares F P

Analysis of variance

Between groups 2 707.77 353.89 23.14 <0.001

Within groups 147 2,247.93 15.29

Total 149 2,955.70

Group n Mean SD

1 50 4.000 4.686

2 50 —-0.51 4.134

3 50 -0.700 2.613

Multiple range test (least significant difference, « = 0.05)
Group 3 = Group 2 < Group 1 ,

TABLE 7.—Results of one-way analysis of variance and multiple
range tests comparing deviations of age from the standard age in
Sebastes diploproa males. Group 1 = between-agency variabil-
ity; group 2 = model-induced variability; group 3 = within-
agency, within reader variability.

Sum of Mean
Source df squares squares F P

Analysis of variance

Between groups 2 207.30 103.65 13.62 <0.001

Within groups 147 1,118.30 7.61

Total 149 1,325.60

Group~ n Mean SD

1 50 2.360 3.306

2 50 0.108 2.294

3 50 -0.320 2.575

Muitiple range test (least significant difference, o = 0.05)
Group 3 = Group 2 < Group 1

(Fig. 6). Ages were close to those predicted from
the model with the notable exception of the
maximum age for both males and females. In each
instance, the maximum ages were greater than
the maximum otolith section age in the calibra-
tion subsample; the estimated section age is there-
fore an extrapolation from the model. For the
overall subsample, however, the estimated section
ages were not significantly different from those
determined by conventional methods (paired
t-test, o = 0.05). The observed and predicted ages
comparing the confirmation subsample with the
predicted ages from the hybrid model are not pre-
sented graphically, but the form of the curves for
both males and females is virtually identical to
that for the section age model (Fig. 6).

Sebastes pinniger

Sebastes pinniger were collected from lat. 43°11’
to 49°26'N at depths from 58 to 375 m (Fig. 7).
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Pairs of otoliths from a total of 519 male and 369
female specimens were taken from the survey.
Length frequencies for S. pinniger show a mode at
50 cm for males and 52 cm for females. Age fre-
quencies of the entire sample (based upon whole
otoliths) demonstrate a mode for both males and
females at 12 to 13 yr. Whole otolith ages from the
collections ranged from 2 to 25 for males and 2 to
22 for females.

Subsampling every third pair of otoliths from
the whole collection resulted in 171 male and 121
female specimens of S. pinniger. Again, this sub-
sample was representative of the latitudinal dis-
tribution, age range, and length range of the
whole sample. Capture, otolith, and age data from
these specimens are summarized in Table 8.
Otolith section ages in larger fish are generally
greater than whole otolith ages, but not to the
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TABLE 8. —Summary of biological and otolith data from the subsampled groups of Sebastes pinniger

used in developing the age models.

Females (N = 121)

Males (N = 171)

Variable Minimum  Maximum Mean SD Minimum  Maximum Mean sD
Depth of capture {tathoms) 32 100 69.8 12.66 37 103 733 14.39
Fork length (mm) 152 610 497.8 69.25 170 579 481.64 64.20
Otolith length (mm) 8.00 23.40 19.62 227 8.59 22.89 19.56 2.31
Otolith width (mm) 4.45 12.02 9.60 1.06 4.69 11.07 9.46 1.01
Otoiith thickness (mm) 083 . 20 1.54 0.18 0.79 2.41 1.64 0.29
Otolith dry weight (mg) 53 821 486.7 135.5 58 867 517.0 160.69
Whole otolith age (yr) 2 19 124 3.16 2 25 13.2 3.79
Otolith section age (yr) 2 33 14.83 5.09 2 54 20.02 9.77

extent seen for S. diploproa. Otolith weight is
again an exponential function of length, particu-
larly for males. For females, however, this rela-
tionship was nearly linear. Of the ages determined
in the calibration subsample, otolith weight has
the strongest linear association with whole otolith

age for females and whole otolith age and section
age for males (Table 9).

The multiple regression models constructed to
predict whole otolith age were based upon fewer
variables than for S. diploproa, but included vari-
ables were highly significant (Table 10). The coeffi-
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TABLE 9. —Correlation matrix for selected otolith morphometric, weight, and age data
for the calibration subsample of Sebastes pinniger.

Whole Otolith
Otolith Otolith Otolith Otolith otolith section
weight length width thickness age age
Females (N = 121)
Fork length 0.915 0.948 0.923 0.779 0.895 0.755
Otolith section age 0.825 0.735 0.757 0.718 0.795
Whole otolith age 0.890 0.887 0.851 0.756
Otolith thickness 0.826 0.765 0.756
Otolith width 0.920 0.902
Otolith length 0.917
Males (N = 171)
Fork length 0.844 0.940 0.909 0.754 0.847 0.682
Otolith section age 0.898 0.694 0.696 0.883 0.809
Whole otolith age 0.892 0.837 0.815 0.830
Otolith thickness 0.910 0.769 0.750
Otolith width 0.869 0.901
Otolith length 0.879

TABLE 10.—Regression coefficients and associated
statistics on the multiple regression models of whole
otolith age for Sebastes pinniger.

Variable Coefficient SE P
Females (N = 121)
(Otolith length)? 0.00095 0.00011 <0.001
(Otolith width)?2 0.0448 0.0126 0.001
SD =1.30
Multiple correlation, A = 0.913
Males (N = 171)
Otolith weight 0.0280 0.00214 <0.001
(Otolith weight)3 —0.845 x 10—%  0.241 x 10—8  0.001
SD = 1.665

Multiple correlation, R = 0.900

cient of determination (R”) suggests that the mod-
els of whole otolith age explain 83.4% of the varia-
tion in age for females and 81.0% for males. For
both males and females, the constant in the re-
gression was not significantly different from zero
and was not included in the models. The residuals
from the models show no distinct trend with the
exception of a slight increase at ages >17 yr for
males; this included 11.1% of the sample.

The variables included in the otolith section age
models, their coefficients, standard errors, and
significance levels are presented in Table 11. Asin
the whole otolith age models, there are fewer vari-
ables included than for S. diploproa; for the male
section age model, for example, there is only one
variable and the constant included for prediction
of age. All variables are highly significant and the
coefficients of determination suggest that the
otolith section models explain 70.2% of the varia-
tion in age for females and 84.6% for males. Mean
residuals show a strong trend of increase at ages
past 26 yr for male otolith section age models; this
represented 23% of the sample.

A model incorporating both otolith section age
and whole otolith age was developed using the
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same criteria for age as in S. diploproa. These
models were based upon more independent vari-
ables but were not significantly better (as based
upon the coefficient of determination) than the
otolith section models (Table 12). Based upon the
multiple correlation coefficients, the best models
for S. pinniger would be the hybrid model for
males and the whole otolith model for females.
For analyzing the precision of the models, sub-

TABLE 11.—Regression coefficients and associated
statistics on the multiple regression models of otolith
section age for Sebastes pinniger.

Variable Coefficient SE P
Females (N = 121)
(Otolith weight)2 0.272 x 10— 0.382 x 10—5  <0.001
Otolith width 0.8368 0.4586 0.071
SD =2.80
Muitiple correlation, R = 0.838
Males (N = 171)
(Otolith weight)2 0.546 x 10— 0.179 x 10—5  <0.001
Constant (a) 4.0297 0.6022 <0.001

SD =385
Multiple correlation, R = 0.920

TABLE 12.—Regression coefficients and associated statistics on
the multiple regression models of age in Sebastes pinniger. The
ages used for the calibration of these models are based upon
either whole otoliths or otolith sections as described in the text.

Variable Coefficient SE P
Females (N = 121)
(Otolith weight)2 0.2621 x 10—* 0.4518 x 10—% 0.001

(Otolith width)® 0.4038 x 102 0.2186 x 10—2 0.067
Constant (a) 3.2137 1.1296 0.005
SD = 2.8239

Multiple correlation, R = 0.840

Males (N = 171)

(Otolith weight)2 0.1306 x 103 0.2359 x 10—4 <0.001
(Otolith length)? —0.2044 x 102 0.5456 x 10—  <0.001
(Otolith weight)® ~0.6026 x 107 0.2197 x 10—7 0.007
Otolith length/width 9.7349 4.1381 0.020
Constant (a) —12.8239 7.4064 0.085

SD = 3.9989
Multiple correlation, R = 0.924
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samples of 50 male and 50 female S. pinniger were
taken from the remaining 1980 samples not used
in the calibration subsample. These subsamples
were representative of the length and age ranges
in the overall collection. Ranges of whole otolith
age, NMFS age, and otolith section age in these
subsamples were 4-26, 4-25, and 4-29 for females
and 7-35, 7-32, and 8-45 for males, respectively.
Whole otolith age was estimated from the ap-
propriate whole otolith age model for males and
females. Values of model estimated age, whole
otolith age, and NMFS age as a function of length
are plotted in Figure 8. Female S. pinniger ages
are similar for all three age determination
methods. For males, model-estimated age is simi-
lar to the whole otolith age but both are less than
the NMFS age (Fig. 8). Deviations from the whole
otolith age by the otolith reader whose ages were
used to calibrate the model are shown in Figure 9.
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FIGURE 8.—Comparisons of mean whole otolith ages at length
from the confirmation subsample of Sebastes pinniger. Trian-
gles represent age from reader B, circles the age estimated by the
model, squares the age determined by another laboratory.
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sent model-induced variability, circles within-agency variabil-
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The explanation of these deviations is the same as
for S. diploproa with the exception that the within-
agency variability is a between-reader rather than a
within-reader variability. One-way ANOVA within
these deviations shows significant differences among
the groups for both females (Table 13) and males
(Table 14). Multiple range testing (least significant
difference, « = 0.05) demonstrates that for females,
mean between-agency variability and model-induced
variability are equal but are both less than within-
agency variability (for S. pinniger this was based
upon two different readers). For males, between-
agency variability is less than model-induced vari-
ability which is less than within-agency variability.
For the purposes of this comparison, however, the
model-induced variability is significantly closer to
zero than either of the other sources of variability
(Table 14).

In the confirmation subsample, section ages
estimated from the multiple regression model are
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TABLE 13.—Results of one-way analysis of variance and multi-
ple range tests comparing deviations of age from the standard
age in Sebastes pinniger females. Group 1 = between-agency
variability; group 2 = model-induced variability; group
3 = within-agency, between reader variability.

Sum of Mean
Source df squares squares F P

Analysis of variance

Between groups 2 88.69 44.34 8.67 <0.001

Within groups 147 751.84 511

Total 149 840.53

Group n Mean SD

1 50 -0.320 2.817

2 50 —0.021 1.516

3 50 1.44 2.260

Multiple range test (least significant difference, « = 0.05)
Group 1 = Group 2 < Group 3

TABLE 14.—Results of one-way analysis of variance and multi-
ple range tests comparing deviations of age from the standard
age in Sebastes pinniger males. Group 1 = between-agency var-
iability; group 2 = model-induced variability; group
3 = within-agency, between reader variability.

Sum of Mean
Source df squares squares F P

Analysis of variance

Between groups 2 1,840.42 920.21 67.43 <0.001

Within groups 147 2,006.21 13.65

Total 149 3,846.63

Group n Mean SD

1 50 —4.,280 4.427

2 50 -0.111 2107

3 50 4.300 4112

Muitiple range test (least significant difference, « = 0.05)
Group 1 < Group 2 < Group 3

compared with conventional section ages in Fig-
ure 10. The two ages are similar and as a whole are
not significantly different for females but are sig-
nificantly different for males (paired ¢-test,
a = 0.05). This is presumably a result of the con-
sistently overestimated otolith section age for S.
pinniger males. The ages estimated from the hy-
brid model (Fig. 11) are not significantly different
from those determined by the appropriate conven-
tional age (paired ¢-test, « = 0.05).

DISCUSSION

The results of this research demonstrate the
potential for using objective criteria and mul-
tivariate models to determine age in fast- and
slow-growing members of the genus Sebastes. Past
studies have used weight of the eye lens for esti-
mates of age in fishes, amphibians, and certain
mammals (Crivelli 1980; Malcolm and Brooks
1981). In fishes, however, this technique is only

114

FISHERY BULLETIN: VOL. 83, NO. 2

good for fast-growing species and provides poor
estimates of age after several years when length at
age becomes highly variable (Crivelli 1980); the
same problems exist in estimating age from modal
lengths. Growth of most body parts, including the
eye lens, is allometric with length rather than age.
Growth of the otolith, however, as described above,
isa complex function of age as well as length. After
a certain size is reached, the fish otolith does not
increase in length or width, but continues to in-
crease in thickness, and therefore weight, with
age (Fig. 3). The increasing thickness is a function
of addition of aragonite crystals only on the inter-
nal surface of the otolith (Fig. 1).

Similar patterns of otolith growth in length,
width, thickness, and weight have been observed
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FIGURE 10.— Comparisons of mean otolith section agesatlength
from the confirmation subsample of Sebastes pinniger. Trian-
gles represent otolith section age and circles the model esti-
mated section age.
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in other species of fish, but the information has not
been applied to the estimation of age, with the
exception of preliminary tests using discriminant
techniques by Brander (1974). Templeman and
Squire (1956), however, noted the importance of
this information: “In many fishes, in which accu-
rate age reading is doubtful, otolith weights,
which are more factual, may offer a better separa-
tion of fish populations than growth rates which
are dependent on the judgement of the scale- or
otolith-reader” Weight and otolith measurements
are valid criteria for age determination based
upon the models (Tables 3-5, 10-12) and provide
good estimates of age compared with other reading
methods (Tables 6, 7, 13, 14; Figs. 4-6, 8-11). Based
upon published patterns of otolith growth, these
techniques should work for other species of
Sebastes (Sandeman 1961; Beamish 1979b), Pacific
hake (Beamish 1979a), haddock (Templeman and
Squire 1956), plaice, sole, turbot, and horse
mackerel (Blacker 1974a), and cod (Trout 1954;
Blacker 1974a), among others. This technique
may therefore be amenable to a wide variety of
species of fishes.

Ages determined by scale or otolith readers are
generally based on subjective decisions by the age
reader, who reads annuli but must distinguish
from “false checks”, “metamorphic checks”, and
“spawning checks” (Trout 1961; Bailey et al. 1977).
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FIGURE 11.— Comparison of ages determined from otoliths and
those predicted by the hybrid regression model for Sebastes pin-
niger males. Otolith ages were based upon whole otolith ages if
the difference between section and whole otolith ages were =5;
otherwise, otolith sections were used. Triangles represent
whole otolith or section age and squares the model estimated age.

With experience comes reduced individual vari-
ability, but aging variability among different
otolith readers and especially among different
agencies is great; such variability can have impor-
tant effects upon the estimates of growth
parameters important for fisheries management
(Sandeman 1961; Brander 1974; Hirschhorn 1974;
Kimura et al. 1979). While otolith or scale ex-
changes are occasionally made between agencies
for calibration purposes, this represents addi-
tional time spent for gaining greater consistency
in ages (Westrheim and Harling 1973; Blacker
1974b), and difficulties may remain if disagree-
ment in aging techniques cannot be resolved.
Blacker (1974a) noted that “Recent progress in the
use of otoliths for age determination has been lim-
ited mainly to the development of new techniques
for preparing otoliths for reading and for photog-
raphy so that aging methods can be readily com-
pared” The techniques described in the present

_ study represent a new approach to the systematic

and repeated age determination in species for
which continued age determination is necessary;
once calibrated and implemented, the models
would reduce between-reader and between-agency
variability in age determination. Further re-
search, however, should be conducted on varia-
tions in the models over seasons, regions, and dif-
ferent years to determine to what extent repeated
calibration is necessary.

Ancillary benefits of the proposed methodology
include its simplicity. Reliable, repeatable esti-
mates of age require a great deal of experience on
the part of an otolith or scale reader using conven-
tional aging methodology (Blacker 1974a). It is
often difficult to maintain a staff of trained otolith
readers and retraining may require a large time
commitment. The techniques described here re-
quire no special training, since the criteria (otolith
length, otolith width, and otolith dry weight) are
objective and can be measured with simple dial
calipers and balance. Time expended for age de- -
termination by different methods is as follows: An
experienced otolith reader averages about 17
ages/h on whole otoliths, but only 6 to 8 ages’h
when otolith sections are used due to the addi-
tional preparation necessary. An untrained tech-
nician, however, can determine the measurements
necessary for the model-based age estimates at a
rate of about 40 otoliths/h on a long-term basis.
Since the criteria for age are measurable, the
techniques will be amenable to automation. Sev-
eral attempts have been made in the past to auto-
mate or semiautomate age analysis using imaging
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systems based upon differential light transmis-
sion (Fawell 1974; Mason 1974). These techniques
have generally not been implemented, however,
due to the subjective and variable nature of the
criteria. Implementation of these techniques with
automated systems could result in even further
savings of time.

Since estimating the age distribution of
exploited fish populations remains an important
part of fishery biology, new and improved
techniques of age determination are desirable. For
shorter lived species, length-based methods are
proving important (Pauly and David 1981). Age-
length keys are also used quite extensively. Sam-
ple sizes necessary for accurate age-length keys,
however, must be quite large, particularly for
long-lived species such as Sebastes. In my rela-
tively small calibration subsamples, for example,
there are up to 15 age classes in a single 1 cm
length interval (Table 15). Considering the

TABLE 15.—Number of age classes within single 1 cm length
intervals from the calibration subsample. N = number of
Sebastes specimens in the subsample.

Whole Otolith

otolith section
Species Sex N age age
S. diploproa Female 290 14 14
Male 246 12 14
S. pinniger Female 121 6 1
Male 171 9 15

maximum age of S. diploproa (Bennett et al. 1982),
there could potentially be up to 50 age classes in a
single length interval if a sufficient sample size
were taken. For such species, age-length keys will
be difficult to extrapolate meaningfully to the en-
tire population without very large sample sizes,
which must accordingly be aged. Similar, but more
severe, problems will apply to techniques which
attempt to extract growth parameters from
length-frequency data for such long-lived species.
The techniques developed by Pauly and David
(1981) for faster growing species would be com-
plemented by the current technique for slow-
growing, difficult-to-age species. Otoliths could be
collected by station, sex, and species without re-
gard to size. From each otolith, after calibration of
an age model, the available information could in-
clude both fish length and age. This approach to
length data collection is not new and has been used
by the International Pacific Halibut Commission
for several years to estimate length (Southward
1962; Quinn et al. 1983). These techniques could
therefore streamline not only the collection of
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otoliths at sea but also the analysis of age in the
laboratory.

The difficulty in age determination described
above and the resulting variability between
laboratories may have a negative impact upon ac-
curacy of fishery models, particularly those using
cohort or virtual population analysis (Brander
1974; Alverson and Carney 1975). The new
methodology can provide significant time and cost
savings over conventional methods and also de-
Crease variability in age estimates. Implementa-
tion of these aging techniques, however, will re-
quire careful calibration with ages determined by
a consensus of expert otolith readers from all
management agencies with an interest in each
species for which a model is developed.
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RATES OF ATRESIA IN THE OVARY OF CAPTIVE AND WILD
NORTHERN ANCHOVY, ENGRAULIS MORDAX

J. ROE HUNTER AND BEVERLY J. MACEWICZ!

ABSTRACT

The process of ovarian atresia was described for northern anchovy using a laboratory group in which
atresia was induced by starvation. Atretic characteristics of the ovary were described and illustrated,
atretic ovarian states defined, and the rate that the ovary passed from one atretic stage to another was
measured. The ovaries of starved females regressed rapidly; 3 days after the onset of starvation the
ovaries of about half of the females contained yolked oocytes undergoing resorption of yolk (alpha stage
of oocyte atresia) and by 23 days after the onset of starvation no yolk remained in the ovaries of any of
the females. Gamma+delta stages of atretic follicles persisted in the ovary for over a month, but their
decline in abundance indicated that eventually all signs of past reproductive activity would be lost in
regressed ovaries.

In the natural population, rates of ovarian atresia increased seasonally from only a few percent of the
females showing some atresia in peak spawning months to over 50% near the end of the season.
Females with low levels of alpha stage atresia (<50% yolked oocytes affected) spawned about half as
frequently as did those with no alpha stage atresia. Spawning was rare (1% of the females) or absent in
females with high levels of alpha stage atresia (= 50% yolked oocytes affected). Late in the spawning
season, it may be possible to forecast the end of spawning in the populations using the frequency of
females in the populations with high levels of alpha stage oocyte atresia. Throughout the spawning
season atretic rates were higher in small females (standard length <10 cm) than in larger ones
indicating that 1-year-old females spawning for the first time have a much shorter spawning season

than do older females.

Four approaches commonly used to determine the
reproductive state of female fishes are 1) staging
of ovaries using gross anatomical criteria such as
the international Hjort scale (Bowers and Holli-
day 1961); 2) calculation of the gonosomatic index
(GSI), i.e., gonad weight divided by female weight
or the equivalent (de Vlaming et al. 1982); 3) es-
timating the mean diameter of the oocytes in the
most advanced mode of oocytes (Hunter and
Goldberg 1980; Hunter and Leong 1981); and 4)
classifying ovaries histologically. Histological
classification is superior to all other methods. Two
of its great strengths are that the frequency of
spawning of multiple spawning fish populations
can be accurately estimated using the presence of
postovulatory follicles (Hunter and Goldberg
1980) and that regressing ovaries can be distin-
guished from immature and from postovulatory
ovaries. The histological criteria used to identify
regressing ovaries is the presence of many oocytes
and follicles undergoing resorption, a process
known as atresia.

tSouthwest Fisheries Center La Jolla Laboratory, National
Marine Fisheries Service, NOAA, PO. Box 271, La Jolla, CA
92038.
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The interpretive power of histological analysis

could be enhanced if the process of ovarian atresia
were better documented. Specifically, ovarian
atretic stages need to be defined, rates of atresia
and duration of stages estimated, and the relation
between ovarian atretic state and the probability
of spawning determined. Such information would
facilitate process oriented field studies on re-
productive biology, and increase the accuracy of
estimates of size at first maturity and size- or
age-specific duration of the annual spawning sea-
son.
This study provides the laboratory and field
calibration necessary for the assessment of the
reproductive state of northern anchovy, Engraulis
mordax, using the atretic condition of the ovary.
We identify a range of ovarian atretic characteris-
tics that define the atretic condition of the ovary,
estimate rates of atresia, and estimate the dura-
tion that atreticcharacters persist in the ovaries of
starving females in the laboratory. We use this
information to classify ovaries of sea-caught
females and estimate the probability of spawn-
ing for females with various levels of ovarian atre-
sia.

We know of no similar work. A large descriptive
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literature exists on follicular atresia in fishes (re-
viewed by Saidapur 1978) and stages of atretic
oocytes and follicles have been defined
(Bretschneider and Duyvene de Wit 1947; Lambert
1970a), but only the atretic rates in the guppy have
been measured (Lambert 1970a). Considerable at-
tention has been devoted to stages of atretic folli-
cles (corpora atretica or “preovulatory corpora
lutea”) because of a presumed endocrine function
(see reviews by Hoar 1965; Byskov 1978). The sea-
sonal occurrence of atretic oocytes and follicles is
often discussed as part of a general description of
seasonal changes in the ovary of marine fish; see,
for example, cycles described for the gobiid, Gil-
lichthys mirabilis (de Vlaming 1972); plaice,
Pleuronectes platessa (Barr 1963); Paracentropris-
tis cabrilla (Zanuy 1977); and three species of
Epinephelus (Bouain and Siau 1983). The propor-
tion of females with atretic ovaries or the numbers
of atretic oocytes within the ovary is given less
often, but a few reports exist. For example, atresia
ranged from O to 6% of the oocytes in female had-
dock, Melanogrammus aeglefinus (L.) (Robb
1982); corpora atretica increased to about 3% of the
oocytes during the postspawning period of the dab,
Limanda limanda (L.) (Htun-Han 1978); and atre-
tic oocytes varied from 13% of yolked oocytes dur-
ing the prespawning period to 100% during the
postspawning period of the snapper, Chrysophrys
auratus (F.) (Crossland 1977). Some attention has
been given to the issue of whether or not atretic
rates can account for differences in fecundity
among females fed high and low rations. It ap-
pears that ration-related differences in fecundity
are more closely tied to production rates of oocytes
rather than atretic rates (Tyler and Dunn 1976;
Wootton 1979). In summary, our literature review
indicates that ovarian atresia has yet to be used for
quantitative estimation of any reproductive pro-
cesses in marine fish populations, although it has
been used in general descriptions of the seasonal-
ity of reproduction for many years.

METHODS

Laboratory Experiment

Adult northern anchovy captured by commer-
cial bait fishermen on 23 February 1982 were kept
in a live car in San Diego Bay. Three days later
about 1,000 fish averaging 104 mm SL (9.50 g)
were taken to the laboratory and held in a 4.6 m
diameter pool (1 m deep) at which time the first fish
sample was taken. Over the first 34 d in captivity,
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samples of 18-24 females were taken at 3-4 d inter-
vals with the final sample taken after 62 d in
captivity. The temperature of the seawater ranged
from 15.5° to 16.5°C.

The fish were not fed during the first 27 d in
captivity because starvation was used to trigger
the resorption of the ovary; thereafter they were
fed daily. On the 27th day of starvation the ovaries
had regressed from 4% of female body weight to
0.8% and feeding was resumed because we wished
to learn how long the atretic characters would last
once the fish began to feed.

In our calculations of atretic rates of laboratory
females, we assumed that all the females at the
time of capture had active ovaries without atresia,
although no samples were taken until 3 d after the
fish were captured. Only 3% of the 1,680 females
taken in a survey conducted at the same time (28
January-8 March 1982) had atretic ovaries, and it
was prominent in only 0.1% of the females (50% or
more of yolked oocytes were affected). Ninety-six
percent of the females in our first sample (taken 3
d after capture) had yolked eggs, and half of them
had no atresia.

All females sampled during the course of the
laboratory experiment were weighed and mea-
sured, and the ovary removed, weighed, and a sec-
tion removed for histological analysis. Ovaries
were fixed in 10% neutral buffered Formalin2? and
embedded in Paraplast. Histological sections were
cut at 6 um and stained with Harris hematoxylin
followed by eosin counterstain.

Sea Data

The ovaries of northern anchovy taken in trawl
surveys used for biomass estimation (Stauffer and
Picquelle®) and various other collections from
commercial seiners and midwater trawls were his-
tologically examined. The number of females
examined per catch (trawl, purse seine, or lam-
para net) has varied from 10 to 20. Some collec-
tions were quite small, especially those taken out-
side the main spawning season in the Southern
California Bight; these small collections may con-
sist of only two catches, whereas those taken dur-
ing the main spawning months (February-March)

*Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.

3Stauffer, G., and S. Picquelle. The 1980 and 1981 egg produc-
tion estimates of anchovy spawning biomass. Unpubl. manu-
scr. Southwest Fisheries Center La Jolla Laboratory, National
Marine Fisheries Service, NOAA, PO. Box 271, La Jolla, CA
92038.
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were large, often consisting of 100 or more catches
of 10-20 females each. In all collections ovaries
were classed according to atretic characteristics as
well as on the basis of the presence of postovula-
tory follicles (age 0 and age 1 d) and hydrated eggs
according to the method described by Hunter and
Goldberg (1980). All but two of the collections were
from the Southern California Bight or northern
Baja California, the region where the Central
subpopulation of the northern anchovy is concen-
trated (Vrooman et al. 1981). Two collections were
from the vicinity of Monterey and San Francisco
Bays. Fish from these areas appear to have a dif-
ferent spawning season from those of fish to the
south so they are listed separately in our seasonal
tabulations. All collections were classified using
histological criteria to determine the incidence of
ovarian atretic states as a function of female size,
season, and reproductive state.

Histological Characteristics

We describe below the histological characteris-
tics of four oocyte classes and four stages of atresia
in the northern anchovy. These stages and classes
are subsequently used to define various ovarian
atretic states in laboratory and sea-caught female
anchovy.

Oocyte Classes

The northern anchovy is a multiple spawning
fish (Hunter and Goldberg 1980) with asynchro-
nous oocyte development (oocytes in many stages
of development occurring simultaneously in re-
productively active ovaries; Wallace and Selman
1981). During the spawning season oocyte devel-
opment is a continuous process involving all
stages with a new spawning batch maturing every
week to 10 d (Hunter and Leong 1981). Oocyte
development and maturation in teleosts, reviewed
recently by Wallace and Selman (1981), has fre-
quently been subdivided into many stages (An-
drews 1931% Yamamoto 1956; Lambert 1970b), but
our work required a simpler histological classifi-
cation system. We have combined the stages of
past authors into four oocyte classes (unyolked
oocytes, partially yolked oocytes, yolked oocytes,
and hydrated oocytes), and we describe the his-
tological characteristics of each class below.

4Andrews, C. B. 1931. The development of the ova of the
California sardine (Sardina caerulea). Unpubl. manuscr., 88
p. Stanford Univ, Stanford, CA 94305.

1) Unyolked Oocytes—This class includes all
oocytes without yolk that are about 0.04 mm or
larger and range upward in size to about 0.35 mm
(U, Fig. 1a, b). Oocytes <0.04 mm are excluded
because they consist mostly of “oogonium nests”,
do not have a true follicle layer, and do not seem to
undergo degeneration (o, Fig. 1b). The smaller
oocytes within this class (0.04-0.15 mm) are spher-
ical, have a large nucleus with a narrow homoge-
nous very densely staining cytoplasm (Fig. 1b). A
very thin single layer of elongated, spindlelike
cells (the beginning of the granulosa layer) sur-
rounds these small oocytes. The large oocytes in
this class are oval, the cytoplasm stains faintly
with hematoxylin and has a cloudy, mottled ap-
pearance (Fig. 1d). The oval nucleus of these 0o-
cytes contains several nucleoli and is surrounded
by a granular perinuclear zone. In these larger
oocytes a thin, definite, faintly eosinophilic stain-
ing, hyaline membrane (precursor of the zona
radiata) appears between the oocyte and the grow-
ing follicle. The follicle consists of a narrow single
inner layer of cuboidal granulosa cells and a single
outer layer of flat elongated thecal cells with some
blood capillaries. The larger oocytes alsomay have
some small vesicles in the periphery of the cyto-
plasm. These vesicles are at times difficult to dis-
tinguish and they seem to disappear in yolked
oocytes. No oil vacuoles exist as northern anchovy
eggs do not contain oil droplets.

2) Partially Yolked Qocytes—Oocytes in this
class are in the early stages of yolk deposition
(vitellogenesis) and range in size from 0.3 to 0.5
mm (major axis) (P, Fig. 1d, g). The class includes
oocytes in the initial stage of yolk deposition up to
and including those in which yolk granules or
spherules extend three-fourths of the distance
from the periphery to the perinuclear zone. Yolk
deposition starts at the periphery of the oocyte
cytoplasm as small eosinophilic staining granules
and then subsequently spreads internally until
they nearly reach the finely granular perinuclear
zone. Usually by this time the granules have be-
come small spherules. The oval-shaped nucleus of
oocytes in this class contains several nucleoli.
Delicate striations appear on the hyaline mem-
brane between the oocyte and follicle layer at the
time yolk appears in the oocyte. As maturation
proceeds, the follicle layer becomes wider due toan
increase in the width and proliferation of
granulosa cells. The thecal cells do not increase in
size but remain elongated, flat cells with occa-
sional blood capillaries and form a thin outer cov-
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FIGURE 1.—Development of northern anchovy ovary at various magnifications (stain = H & E,bar = 0.1 mm). a)Immature ovary
consisting of unyolked oocytes and noatresia. b) Enlargement of (a) showing small spherical unyolked oocytes (U) with a large central
nucleus and “oogonium nests” (0). ¢) Normal mature ovary with many fully yolked oocytes (Y). &) All stages of oocytes: unyolked (U),
partial yolked (P), and yolked (Y), are present in normal mature ovaries. (g = granulosa cell layer, z = zona radiata, n = nucleus, y =
yolked globules.) e) Prespawning ovary showing migration of nucleus to the animal pole. f) Enlargement of a migratory nucleus
oocyte (M). (n = nucleus, y = yolk globules.) g) Imminent (<12 h) spawning ovary with hydrated oocytes (H) still within the follicle
layer. (U = unyolked, P = partial yolked.) h)Enlargement of a hydrated oocyte. Note that the yolk globules have fused into yolk plates
(yp) and there is no prominent nucleus due to disintegration of the nuclear membrane.
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ering to the follicle. The thecal cells do not change
until hydration when they become even flatter and
have a stringy appearance.

3) Yolked Oocytes-—Oocytes in this class range
from 0.45 to 0.80 mm (major axis), and all contain
yolk spherules or globules throughout the region
between the periphery of the oocyte and the
perinuclear zone (Y, Fig. 1c, d). As vitellogenesis
continues, the yolk varies from spherules in the
smaller oocytes to large globules in the larger
ones. Just prior to spawning (<24 h) the globules
fuse to form yolk plates (Fig. 1h). Such oocytes are
excluded from this oocyte class, this characteristic
being diagnostic of the last class (hydrated oo-
cytes). The nucleus of oocytes in the yolked oocyte
class is oval with numerous nucleoli. The
granulosa cells have a wide rectangular shape in
cross section and a large oval nucleus; their walls
are clearly evident in sagittal section where they
form polyhedrons. The zona radiata is a wide,
striated, eosinophilic band until hydration when it
stretches thin and the striations disappear.

4) Hydrated Oocytes—These oocytes range in
size from 0.75 to 1.2 mm (major axis) (H, Fig. 1g, h).
Hydration (rapid uptake of fluid by the follicle,
Fulton 1898) begins when the nucleus has mi-
grated to the animal pole (M, Fig. le, f) and yolk
globules first fuse to form yolk plates, and it ends
when the hydrated oocyte is ovulated. The nucleus
of hydrated oocytes is not visible except in the
earliest phase because after the nucleus migrates,
the nuclear membrane disintegrates dispersing
its contents into the cytoplasm. During hydration
all yolk globules fuse into plates and the oocyte
expands greatly, stretching the granulosa and
thecal cell layers. At this time, the granulosa cells
in cross section appear as long, thin rectangles, the

thecal cells are extremely flat and have a’

stringlike appearance, and the zona radiata is
very thin and lacks striations. Hydrated oocytes
are the most ephemeral of all oocyte classes since
this stage lasts for less than a day, whereas the
other stages are always present in reproductively
active anchovy ovaries. Migratory nuclei may be
seen as early as 24 h before ovulation, but hy-
drated oocytes in which all globulues are fused to
form yolk plates do not occur earlier than 12 h
before spawning. We have never observed atre-
sia in hydrated oocytes; apparently, in northern
anchovy, nearly all hydrated oocytes are ovu-
lated.

Atretic Stages

The nomenclature and general characteristics
used for the four atretic stages given below follow
those of Bretschneider and Duyvene de Wit (1947)
and Lambert (1970a). In the initial stage of the
atretic process (alpha (), the entire oocyte is
resorbed including the yolk, if present, by the
hypertrophying granulosa cells of the follicle. In
the next stage (beta (8)), the major degeneration
and resorption of the follicle (granulosa and thecal
cells) occurs. In the third (zamma (y)) and fourth
(delta (8)) atretic stages, regression of the theca
and granulosa cells continues, greatly reducing
the size of the follicle, and a yellow-brown pigment
appears. The histological characteristics used to
identify these stages are outlined below.

1) Alpha (a) Stage Atresia—In the alpha stage
of atresia the oocyte is resorbing leaving only the
follicular layers. The early phase of alpha stage
atresia is characterized by the disintegration of
the nucleus, evident by an irregular shape, and a
granular, dark basophilic staining, and the disin-
tegration of some of the yolk globules, indicated by
less refractive globules, fused globules, or globules
expanded and of less regular shape (Fig. 2a, b, ¢).
The zona radiata slowly dissolves as indicated by
the loss of striations and uneven diameter (Fig.
2b). In subsequent phases of alpha atresia,
granulosa cells enlarge and, upon rupture of the
zona radiata, invade the degenerating oocyte (Fig.
2d). Yolk adjacent to the invading granulosa cells
liquifies (loses all structural integrity and appears
as a homogeneous eosinophilic area) and becomes
phagocytized by the granulosa cells as indicated
by the presence of yolk in the vacuoles of these
cells. The basophilic staining cytoplasm is also
resorbed by the granulosa cells. In the alpha stage
of atresia, blood capillaries and vessels are numer-
ous in the thecal connective layer which does not
proliferate or invade the oocyte but remains as a
thin layer covering the granulosa cells. The alpha
stage ends when resorption of the oocyte is com-
plete (all cytoplasm and yolk are gone). The result-
ing structure (beta stage) is usually much smaller
than the original oocyte. The subsequent atretic
stages (beta-delta) are steps in the resorption of
the remaining follicle and the structure at this
point is called an atretic follicle, the term atretic
oocyte being reserved for only the alpha stage of
atresia.

In unyolked oocytes the alpha stage process is
similar but without yolk (Fig. 2e, f). The nucleus
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FIGURE 2. —Alpha (a) stage atresia in yolked (Y) and unyolked (U) oocytes (bar = 0.1 mm). a) and b) Yolked oocyte undergoing alpha
atresia (Ya). Notice dark irregular nucleus (n), uneven dissolving zona radiata (z), and hypertrophic granulosa cells (g); (Ux = alpha
atresia of a large unyolked oocyte). ¢) and d) Only remnants of yolk (y) remain among the invasive phagocytizing granulosa cells in
thislate phase of alpha atresia (1a). Note also the thecal layer (t) and the closely associated red blood cells (b). e) and f) Unyolked oocytes
in the alpha stage of atresia (Ua), note enlargement of granulosa (g) and disintegration of nucleus (n). (Ya = alpha yolked atretic oocyte,
B = beta atresia.)
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disintegrates, the thin prezona radiata (if present)
dissolves and the granulosa cells enlarge, and,
with only a slight proliferation, phagocytize the
unyolked oocyte. When resorption is complete, all
that remains is the follicle.

2) Beta (B8) Stage Atresia—Initially the beta
stage atretic follicle is a compact structure com-
posed of numerous disorganized granulosa cells
surrounded by a thin thecal and blood vessel layer.
The nucleus of some of the granulosa cells is pyc-
notic and many of the cells contain a large in-
tracellular vacuole that may be empty or contain
amorphous particles. Occasionally one or more
large intercellular cavities may exist among the
granulosa cells (Fig. 3b, d). Preovulatory beta
stage atretic follicles containing such cavities may
easily be confused with postovulatory follicles
(older than 48 h) and, as a consequence, we do not
age postovulatory follicles older than 48 h (Hunter
and Goldberg 1980). In addition, small (older) beta
stage atretic follicles from yolked oocytes (Fig. 3¢,
d) are indistinguishable from beta stage atretic
follicles from unyolked oocytes. Thus, we do not
identify the original oocyte type undergoing at-
resia in beta or subsequent atretic stages; such
distinctions are made only for alpha stage atretic
oocytes.

Three different patterns of atresia may occur at
the conclusion of the beta stage: 1) The follicle
may follow the classic pattern outlined by
Bretschneider and Duyvene de Wit (1947) and pass
through subsequent gamma and delta stages (both
characterized by increased pigmentation, see be-
low); 2)the follicle may be completely resorbed
during the beta stage leaving no histological
characteristics that can be identified; and 3) the
follicle may pass directly from a beta stage struc-
ture to a delta stage structure without passing
through the intervening gamma stage. In north-
ern anchovy, either the duration of the gamma
stage is very short or few follicles pass through the
gamma stage into the delta stage, because in re-
gressing ovaries the incidence of gamma stages is
very low compared with those of either beta or
delta stages.

3) Gamma (y) Stage Atresia—The gamma
stage atretic follicle is usually much smaller than
the typical beta stage follicle (Fig. 3e). The
granulosa cells contain flocculent material of
light-yellow hue and have nuclei of very irregular
shape. The granulosa cells are surrounded by
many fewer thecal cells and blood vessels than

occur in the beta stage atretic follicles. Occasion-
ally we see an atretic follicle of quite different
appearance in anchovy ovaries which we classify
as a gamma stage atretic follicle; they are included
in the gamma stage because they also contain
flocculent material of light-yellow hue. In this
case, the flocculent yellow material is extracellu-
lar rather than intracellular, and the material is
encapsulated by a layer of granulosa and thecal
cells. It is possible that the extracellular flocculent
material is produced by the disintegration of
granulosa cells.

4) Delta (5) Stage Atresia—The diagnostic
characteristic of this stage is the presence of adark
yellow-brown, finely granular pigment in the
granulosa cells (Fig. 3f). The delta stage atretic
follicles are normally very small structures typi-
cally composed usually of 2-20 granulosa cells in
the ovarian connective tissue stroma. Thecal cells
and blood vessels no longer encompass the
granulosa cells.

In our laboratory work 3-4 levels of abundance
were recorded for each of three atretic classes seen
in anchovy ovaries (alpha, beta, and gamma+
delta stages). The gamma and delta stages were
combined since gamma stages were rare. In addi-
tion, the alpha stage atretic class was further sub-
divided into three groups depending on the type of
oocyte undergoing atresia (unyolked, partially
yolked, and yolked oocytes). In the discussion that
follows we have combined some of the abundance
levels and have considered only what we believe to
be the most diagnostic atretic characteristics, al-
though all atretic characteristics as originally
tabulated are given in Tables 1 and 2. The system
of atretic classifications was further simplified in
our presentation of the analysis of sea-caught
specimens, but that will be discussed sub-
sequently.

RESULTS

Rates of Atresia in the Laboratory

The speed at which yolked oocytes were resorbed
was striking. In the first sample (elapsed time
from onset of starvation = 3 d) the ovaries of 11 of
the 24 females (46%) had yolked oocytes in the
alpha stage of atresia (Table 1). By the 13th day,
half of the females no longer had yolked oocytes,
and in the rest of the females 50% or more of their
yolked oocytes were in the alpha stage of oocyte
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FIGURE 3.—Stages of atresia following after complete yolk absorption (bar = 0.1mm). a)and b) Typical beta (B) stage atresia. Note the
disorganized granulosa celis with some pycnotic nuclei (p) or intracellular vacuoles (v) (t = outer layer of thecal cells, ¢ = intercellular
cavities). ¢) and d) Disintegration of granulosa continues in these older beta (8) stage atresia. Note the large intercellular cavity (c)
and the prominent, contracted thecal cell layer (t). Also present is an unyolked oocyte in early alpha (Ua) stage and several delta (5)
stage atresia cells. e) Two types of gamma (y) atresia seen in northern anchovy ovaries. Note flocculent material (f) and the thecal
layer (t). f) Delta (8) stage atresia characterized by dark yellow fine granular pigment and an irregular nucleus (n).
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TABLE 1.— Percentage of northern anchovy females with ovaries containing various levels of alpha stage atresia
during starvation and after the resumption of feeding.!

Percentage of ovaries with levels of alpha stage atresia

Feeding Partially yolked
Elapsed time condition Unyolked oocytes? oocytes? Yolked oocytes®
from capture
(d) Starved  Fed N None N =5 N >5 None N =5 N >5 None F =50% F =50-90% F 291%
3 X 24 79 13 8 46 29 25 50 33 o} 13
6 X 21 19 14 67 14 14 62 5 10 19 48
9 X 24 12 17 ral 0 58 34 0 8 17 42
13 X 20 10 15 75 20 15 20 o} 0 5 40
16 X 24 o} 12 88 4 17 17 0 0 0 8
20 X 22 0 36 64 0 0 4 0 o} 0 4
23 X 23 9 39 52 0 4 13 o} [ 0 0
27 X 23 4 57 39 0 0 0 0 0 0 0
34 X 23 70 17 13 4 0 0 0 0 0 0
41 X 18 83 17 0 17 0 0 17 0 0 o}
62 X 22 90 5 5 64 9 9 36 23 0 0

1Feeding begins on the 28th day.
2N = mean number of atretic oocytes per 6 wm section.
3F = mean percentage of atretic oocytes per 6 um section.

TABLE 2.— Percentage of northern anchovy females with ovaries containing various levels of beta and gamma-+delta
stage atresia and yolked oocytes during starvation and after the resumption of feeding.!

Percentage of ovaries with levels of atresia

Beta stage atresia Oocyte types
Feeding with no yolked Gamma +delta
Elapsed time condition Beta stage atresia? oocytes? stage atresia? Yolked Only partial
from capture oocytes  and unyolked
(d) Starved  Fed N None N =5 N >5 None N =5 N >5 None N =5 N >5 present oocytes present
3 X 24 71 21 8 0 4 0 92 4 4 96 4
6 X 21 24 24 52 0 5 14 71 24 5 81 19
9 X 24 4 8 88 0 ] 33 88 8 4 87 33
13 X 20 0 15 85 [ 10 45 60 25 15 45 55
16 X 24 0 12 88 0 12 79 16 46 38 8 92
20 X 22 0 9 91 0 ] 86 9 36 55 4 96
23 X 23 0 17 83 0 17 83 13 26 61 0 100
27 X 23 0 44 56 0 44 56 26 35 39 0 100
34 X 23 35 48 17 35 48 17 4 13 83 0 100
41 X 18 88 6 6 78 0 6 0 28 72 17 83
62 X 22 82 18 0 35 5 0 0 50 50 59 41

Feeding begins on the 28th day.
2N = mean number of atretic follicles per 6 wm section.

resorption (Fig. 4). None of the females sampled on
the 23d day had yolked oocytes, indicating that all
yolked oocytes had passed through the alpha stage
of atresia by this time.

The resorption of unyolked and partially yolked
oocytes began just as rapidly as did the resorption
of yolked oocytes. The percentage of females with
atretic unyolked oocytes in the alpha stage in-
creased sharply from 21% on the 3d day of starva-
tion to 90% on the 13th day. Throughout the rest of
the 27-d starvation period nearly all of the females
(90-100%) had some unyolked oocytes in the alpha
stage of atresia, indicating a continual recruit-
ment of atretic follicles from the unyolked and
partially yolked oocyte classes. Thus, alpha stage
unyolked and partially yolked oocytes are present
in regressing ovaries for a much longer period
than is the alpha stage of yolked oocytes. This
difference probably is due to the greater number of

unyolked and partially yolked oocytes in mature
ovaries. Yolked oocytes constitute <1% of the total
number of oocytes present in mature ovaries.

The incidence of beta stage atretic follicles also
increased sharply over the first 9 d of the starva-
tion period and followed a pattern similar to that
described for the incidence of alpha atresia from
unyolked eggs (Fig. 4). After attaining a high
value on the ninth day the incidence of beta
atresia remained high until the end of the starva-
tion period as atretic follicles from yolked and un-
yolked oocytes degraded from the alpha to the beta
stage of atresia. Incidence of gamma-+delta stages
(the third and fourth stages of follicle degenera-
tion) increased later than did alpha and beta
stages and remained high after the onset of
feeding.

Once feeding resumed (day 28), rapid resorption
of yolked and unyolked follicles ceased and the
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FIGURE 4.—Percentages of captive female northern anchovy
with ovaries having various atretic characteristics during a 27-d
starvation period and after the onset of feeding. Each percentage
is calculated from a sample of 18-24 females (see Tables 1 and 2);
alpha, beta, and gamma through delta stages of atretic follicles
are those defined by Bretschneider and Duyvene de Wit (1941).

dominant process became maturation rather than
resorption. This was indicated by sharp declines in
the percentages of females with alpha stage atre-
sia of unyolked oocytes and beta stage atretic folli-
cles, and the reappearance of yolked oocytes (day
41). After only 1 wk of feeding the percentage of
females with alpha stage atresia from partially
unyolked oocytes dropped from 96 to 30%.

Some inferences can be drawn from these data
regarding the duration of atretic stages. The sharp
and simultaneous decline in beta stage atretic fol-
licles and alpha stage atresia of unyolked oocytes
(following the onset of feeding) indicates that
alpha and beta stages must have a short and simi-
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lar duration. The duration of alpha and beta atre-
sia probably is <2 wk, since the incidence of
these two stages dropped to very low levels 2 wk
after the onset of feeding;.a lag of about 1 wk
existed between the first high incidence of females
with beta atresia (9 d) and that for gamma+delta
(16 d), indicating that the duration of the beta
stage may be about 1 wk. The continued high inci-
dence of gamma+delta stages of atretic follicles
long after the onset of feeding indicates that these
late atretic stages must persist in the ovary for
much longer periods than alpha or beta stages.
Although gamma-+delta stages were present in all
ovaries on the last day of the experiment their
abundance within an ovary had decreased indicat-
ing that even the delta stage would eventually
disappear, eliminating the last histological sign of
past reproductive activity. We conclude from these
inferences that the alpha and beta stages persist
in the ovary for 1 wk or less whereas gamma-+
delta stages persist for over a month, but eventu-
ally all signs of past reproductive activity are lost.

The occurrence of alpha stage atresia of yolked
oocytes is the best characteristic to use to back-
calculate the time of past reproductive activity in
field-caught specimens because the stage is of
relatively short duration and the time required to
resorb all yolked oocytes is relatively short. On the
other hand, alpha stage atresia of unyolked oo-
cytes, and beta and gamma+delta stages are less
useful for back-calculations because these stages
may occur in an ovary for extended periods while
atretic oocytes are recruited from the large reser-
voir of unyolked oocytes in the ovary. In addition,
estimates of the time since the onset of atresia in
ovaries without yolked oocytes (using the inci-
dence of beta or gamma+delta atretic stages) will
always be uncertain because atresia of unyolked
oocytes may occur at low levels in immature or
developing ovaries as well as in regressing
ovaries.

For the laboratory specimens, we calculated the
average elapsed time from the onset of ovary re-
sorption using various classes of alpha stage atre-
sia of yolked oocytes and beta atresia in ovaries
without yolked oocytes (Table 3). We prefer the
criteria of 50% or more of the yolked oocytes with
alpha stage atresia because it is likely that no
spawning will occur in such females. The average
duration of this stage (alpha, yolked, =50%) in the
starving laboratory females was about 9 d and
ranged from <3 to 20 d from the onset of starva-
tion.

Starvation may have induced a higher rate of
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TABLE 3.—Mean and maximum duration of various Atretic state 3-——ovaries with no yolked oocytes
atretic characteristics of the ovaries of starved northern present and beta stage atresia present (Fig. 5¢).
anchovy. .
M Maxil iy . ol
duration  duration. In addition to the atretic condition of the ovary,
Atretic characteristics (d) (d)

we also include histological evidence of recent or

Alpha atresia of yolked 3 3 s :

ocyies prosent 80 20 imminent spawning using the system of Hunter
Alpha stage atresia in:

<50% of yolked oocytes 4.5 -9

50-90% of yolked oocytes 8.1 13

91% or more of yolked oocytes 93 20

50% or more of yolked cocytes 9.0 20
No yolked oocytes present and

beta atresia present >16 >27

oocyte resorption than usually occurs under
natural conditions. Variation in the female nutri-
tional state, food ration, water temperature, day
length, and a host of other variables may affect
rates of atresia. In addition, field data indicate (see
next section) that some spawning may occur in
females with low to moderate levels of alpha
(yolked) atresia, indicating that such stages may
persist under natural conditions for extended
periods. Despite these uncertainties we believe
that our laboratory estimates of atretic rates are
useful for making a rough estimate of the mini-
mum time elapsed since the end of the spawning
season in sea-caught females.

Natural Rates of Atresia

In this section we analyze sea data taken since
1977 for the occurrence of four ovarian atretic
states in a northern anchovy population:

Atretic state 0—no alpha atresia of yolked oo-
cytes (yolked oocytes present).

Atretic state 1—alpha atresia of yolked oo-
cytes where <50% of the yolked oocytes are af-
fected. ’

Atretic state 2—alpha atresia of yolked oocytes
where 50% or more of the yolked ooctyes are af-
fected (Fig. 5a, b).

FIGURE 5.—Northern anchovy ovaries with increasing atresia
states (bar = 0.1 mm). a) 50% of all yolked oocytes (Y) are in an
alpha (a) stage of atresia (both early and late are counted). This
is the division point between atretic state 1 and atretic state
2. b) 100% (all) yolked oocytes are in an alpha stage of atresia
(Ya). Also present are a few unyolked alpha atretic oocytes and
several beta (B) stage atretic follicles. This is still in atretic
state 2. ¢) All yolk has been resorbed leaving only unyolked
oocytes (U) and many beta (8) stage atretic follicles. This is
atretic state 3
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and Goldberg (1980), i.e., presence of hydrated
eggs (imminent spawning), day Osor new post-
ovulatory follicles (spawning on the night of cap-
ture), and 1-d-old postovulatory follicles (spawn-
ing on the night before capture). We also include
the number of females judged to have inactive or
immature ovaries with no evidence of atresia. All
data on the incidence of reproductive states are
given in Table 4. In the discussion that follows we
select and regroup these data in various fashions
to test hypotheses and document trends.

Incidence of Spawning in Atretic Females

An important assumption underlying interpre-
tation of ovarian atresia is that the spawning sea-
son has or is going to cease, in other words, the
probability of spawning in females with atretic

FISHERY BULLETIN: VOL. 83, NO. 2

ovaries would be expected to be low. To test this
assumption we selected from Table 4 the females
which had alpha stage atresia of yolked oocytes
(atretic states 1 and 2) or yolked oocytes without
alpha atresia (atresia state 0) and calculated the
percentage of these females that had hydrated
oocytes, new (day 0) postovulatory follicles, and
1-d-old postovulatory follicles. Of the females
classed in atretic state 1 (females with <50% of the
yolked oocytes in alpha stage of atresia), 14%
showed evidence of recent or imminent spawning
(postovulatory follicles or hydrated oocytes); 29%
of the females without atresia showed evidence of
spawning (Table 5). Only 1% of those in atretic
state 2 (females 50% or more atretic yolked oo-
cytes) had recently been reproductively active.
That 1.8% of females in atretic state 1 had hy-
drated eggs and 3.7% had age 0 d postovulatory

TABLE 4.—Numbers of female northern anchovy in various atretic and reproductive states

northern California

Postovulatory

Collection dates follicles No Immature
number of mature  Atretic Hydrated Yolked yolked no

females/collection ~ state? cocytes O day? 1day® oocytes oocytes histology*  Total
1977 0 1 2 13 4 20
09/08-09/10 1 0
2 o]
(10) 3 3 3
X 1 2 0 13 7 0 23
1978 0 1 1
05/07-05/11 1 1 5 6
2 4 4
(10) 3 6 6
X 0 0 1 10 6 [¢] 17
1979 0 39 44 52 279 89 110 613
01/26-02/16 1 1 1
2 1 1
(10) 3 2 2
b3 39 44 53 280 91 110 617
1979 0 16 51 45 284 27 18 441
03/22-04/14 1 1 5 36 42
2 6 6
(10) 3 16 16
b3 16 52 50 326 43 18 505
1979 0 1 8 4 13
06/09-06/19 1 3 3
2 1 1
(12) 3 16 16
X 0 [ 1 12 20 0 33
1979 0 31 40
09/19-09/23 1 0
2 5 5
(10) 3 25 25
X 0 (] 0 14 56 0 70
1980 0 25 72 52 241 390
03/20-04/10 1 9 9
2 1 1
(20) 3 2 2
x 25 72 52 251 2 0 402
1980 0 4 9 63 8 6 S0
04/24-04/27 1 11 1
2 14 14
(20) 3 63 63
X 0 4 9 88 71 6 178

1Atretic state 0 = no alpha stage atresia of yolked oocytes.
state 1 = alpha stage atresia of yolked oocytes present but <50% oocytes affected.
state 2 = alpha stage atresia of yolked oocytes present, 50% or more oocytes affected.
state 3 = no yolked oocytes present and beta stage atresia present.
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follicles indicate that some of the females in atretic
state 1 spawn despite the atretic condition of their
ovaries. On the other hand, only two females
classed in atretic state 2 had a recent history of
spawning. These two females had few yolked
oocytes remaining, all but one was in alpha
atresia. This atresia may have increased or even
started during the time elapsed between hydra-
tion and capture. In short, the females in atretic
state 2 probably did not spawn in the highly
atretic state in which they were captured. No
doubt exists that females with moderate levels of
ovarian atresia are capable of spawning because
they often are hormonally induced to do so in the
laboratory. In summary these data indicate that
significant numbers of females in atretic state 1
may continue to spawn under natural conditions,
although the probability of spawning appears to

be about half that of fish without ovarian atresia.
Few or none of the females in atretic state 2 con-
tinue to spawn indicating that this stage is proba-
bly the best one to use to calculate cessation of
spawning in the population.

Forcasting the end of Spawning
Using Ovarian Atretic States

In our laboratory study atretic state 1 had an
average duration of about 5 d and atretic state 2,9
d; state 3 was in excess of 16 d and probably per-
sists for 30 or more days (Table 3). In the sea,
linear projections of the end of the spawning sea-
son from early incidence of atresia is not realistic
since the numbers of females with regressing
ovaries would be expected to increase sharply at
the end of the season.

listed in order of collection dates for southern and Baja California (1977-82) and for

(1979, 1982).

Postovulatory

Collection dates follicles No Immature
number of mature  Atretic Hydrated Yolked yolked no

females/collection  state’ oocytes 0 day? 1day® oocytes oocytes histology*  Total
1980 0 3 32 1 46
05/15-05/28 1 1 5 <]
2 2 2
(20) 3 16 16
X 0 1 3 39 27 0 70
1981 0 118 122 148 862 58 1,309
02/05-03/06 1 2 1 19 22
2 3 3
(15) 3 10 10
X 119 124 149 884 68 0 1,344
1981 0 77 96 13 559 7 852
04/01-04/19 1 3 2 57 62
2 1 45 46
(15) 3 19 19
X 77 100 115 661 26 0 979
1981 0 2 1 7 10
04/15-04/30 1 5 5
2 8 8
(15) 3 7 7
X ] 2 1 20 7 0 30
1982 0 104 101 189 1,172 52 8 1,626
01/28-03/08 1 2 2 10 32 46
2 2 2
{15) 3 6 6
X 106 103 199 1,206 58 8 1,680
19795 [ 1 42 43
03/20-03/22 1 1 40 41
2 41 41
(30) 3 25 25
X 0 2 0 123 25 0 150
19825 0 2 27 2 11 42
01/22-01/25 1 3 2 14 19
2 1 5 6
(15) 3 13 13
X 5 0 3 45 16 11 80

2New postovulatory follicles <24 h old.
3Postovulatory follicles about 24 h old.
4Female not examined histologically, ovary <1% of body weight.

sFemale northern anchovy from northern California; rest of females were from southern and Baja California.
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TABLE 5. —Percentage of northern anchovy females taken from 1977 to 19821 that were
classed in three atretic states that occurred in each of five reproductive classes.

Reproductive state

Postovulatory

Percent yolked follictes Spawning No evidence
oocytes Hydrated recent or of recent Total
Atretic  with alpha stage oocytes 0 day 1day imminent2 spawning® number
state atresia (%) {%) (%) (%) (%) of females
0 0 7.5 9.7 12.0 29.3 707 5,090
1 <50 1.8 37 8.1 13.6 86.4 273
2 =50 0 0.7 0.7 14 98.6 140

'Calculated from data given in Table 4; only females with yolked oocytes are considered.
2Females with either hydrated oocytes or postovulatory foliicles ages 0 or 1 d (the sum of the first three

columns).

3Females with yolked oocytes but without hydrated oocytes or postovulatory follicles.

This nonlinearity becomes obvious when the
end of the spawning season is extrapolated from
numbers of females classed in atretic state 2. For
example, of the 1,620 mature females taken dur-
ing the peak of spawning (28 January-18 March
1982) in southern California (Table 4), only two
were in atretic state 2 and 1,612 had yet to pass
through state 2. Since laboratory data indicate
that about 9 d are required to pass through atretic
state 2, it would require (1,612/2) X 9, or over
7,000 d for the entire population to become atretic
at the rates of atresia observed in February, which,
of course, is nonsense. Projections of the end of the
spawning season using higher rates of atresia
taken in April in southern California (24-27 April
1980) give a more realistic projection ((87/
14) x 9 = 56 d). Such an arithmetic projection
may be inappropriate for collections which have a
very high rate of atresia such as those taken in
Monterey in March 1979 ((84/41) x 9 = 18 d), and
a geometric model might be preferable. The point
we wish to emphasize is that atretic rates are

--nenlinear over the season with the rate increasing
markedly as the season closes. Thus only samples
taken near the close of the spawning season are of
value for forecasting the end of spawning for the
population.

Seasonal Changes in Atresia
Among Females of Different Lengths

To evaluate how atretic rates change among
females of different lengths, we segregated our
data into two length classes (females =10 cm SL
and those >10 cm SL) and calculated the percent-
age of mature females that had atretic ovaries
(atretic states 1-3 combined). Mature is defined
here as all females except those which have yet to
reach first maturity (small females with small
immature non-atretic ovaries). We also calculated
the fraction of females in each length class with
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1-d-old postovulatory follicles, a measure of the
percentage of females spawning daily (Hunter and
Goldberg 1980).

In every case, regardless of cruise or season,
small females (=10 cm SL) consistently had a
higher rate of ovarian atresia than did larger ones
(>10 cm SL) (Table 6). This is a strong trend as the
probability of such an event (9 pairs of the same
sign) is (1/2)°. In addition, the difference between
pairs was statistically significant (chi-square test)
even when the levels of atresia were quite low. For
example, in February-March 1981, only 4.1% of the
small females and 1.9% of the large females were
atretic, yet this difference was significant at P <
0.05 using the chi-square test. As would be ex-
pected, the percentage of females with atretic
ovaries increased in both length classes as the
season progressed from January through June.

The consistency of the differences in the inci-
dence of atresia between large and small females
indicates that the smaller ones must have a much
shorter spawning season than larger ones.
Females <10 cm long are typically about 1-yr-old
and are in their first spawning season whereas
those longer than 10 cm are predominantly 2-3 yr
old and have spawned during the previous sea-
sons. These data indicate that the first spawning
season of females may be quite short with signifi-
cant numbers of females leaving the spawning
population in early April, while the older fish con-
tinue to spawn. That the rates of atresia in young
fish were always higher even in the peak months of
spawning such as February and March indicates
that a small percentage of small females may only
spawn a few times during the season in contrast to
the older females which appear to be spawning at
about weekly intervals for months. The fraction of
small females spawning per day would be expected
to be less than larger females since the small
femaleshave a higher incidence of ovarian atresia.
We calculated the fraction of females spawning per
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TABLE 6.— Percentage of mature northern anchovy females in two length classes with
atretic ovaries. Females from north of Point Conception and groups with fewer than nine

females per length class excluded.

Percent of Fraction mature

Number of mature females females spawning
Cruise period mature females’ with atretic ovaries? per day percent®

From to year =10 cm >10cm =10cm >10cm =10¢cm >10 cm
01/26 —»02/16 1979 121 297 1.7 07 8.0 159
01/28 —03/18 1982 97 1,523 14.6 26 14.1 12.2
02/05 —>03/06 1981 462 824 4.1 1.9 10.2 13.7
03/20—04/10 1980 68 334 8.8 1.8 11.7 15.2
03/22—04/14 1979 30 430 233 . 13.3 3.8 11.8
04/01 —04/19 1981 102 870 39.2 10.0 10.5 12.9
04/24—-04/27 1980 64 100 96.9 26.0 0 8.6
04/15—-04/30 1981 10 20 80.0 60.0 [ 53
05/15—05/28 1980 15 44 733 29.5 6.2 44

1Al females given in Table 4 except those with immature ovaries and those not examined histologically.

21l females in atretic states, 1, 2, and 3 combined.

3Fraction of females spawning = £, where F =

2m,. +m
n

M4

i i

m i = mature nonspawning females, and my = females with 1-d-old postovulatory follicles.

day for the two length classes to test this assump-
tion. We used the Stauffer and Picquelle (footnote
3) method for estimating spawning fraction as it
corrects for biases in the numbers of females with
hydrated eggs, i.e.,

Mli

F=—-
2M1i + mni
where F = fraction of females spawning per day,
M|, = number of females with 1-d-old postovula-
tory follicles, andm . = number of mature females
with no recent spawning history (females with
postovulatory follicles or hydrated eggs are
excluded). Examination of Table 6 indicates that
differences in spawning fraction between the two
size classes of females were much less distinct
than were the differences in ovarian atresia.
Using only the 8 cruises in which the numbers of
females in each of the two length classes exceeded
10, the mean difference in spawning fraction (frac-
tion for large females — fraction for small females)
for the set of 8 cruises was +3.76% with 95% C.L
+3.50% indicating a small difference in spawning
frequency between the two length classes that is
just barely significant at the 5% level. We believe
the reason that differences in atretic fraction be-
tween large and small females are much more
consistent than those in spawning fraction is that
spawning fraction has a greater variability and a
much more limited dynamic range than does the
atretic fraction. Spawning fraction varies from 0 to
about 16% and may be affected by time of day and
schooling behavior (Hunter and Goldberg 1980).
Atretic fraction varies from O to nearly 100%,

is not linked to reproductive behavior, and conse-
quently, is probably not affected by time of day or
schooling.

DISCUSSION

Evaluation of Atretic Classification

Our objective was to evaluate the use of ovarian
atretic states to characterize the reproductive bi-
ology of northern anchovy populations. We in-
cluded in our analysis of laboratory data many
atretic characteristics not used to construct the
three atretic states utilized in the analysis of sea
data. These additional characters could be used to
create additional states or to more precisely de-
limit the existing ones. Our selection of charac-
teristics was based in part on ease of identification
since for population work thousands of histologi-
cal sections were examined. Other considerations
include the fact that statistical analysis indicated
that classifiers frequently confused beta stage
atretic follicles in yolked ovaries with postovula-
tory follicles older than 24 h, and, as a conse-
quence, beta atresia was not used as a diagnostic
character in ovaries with yolked oocytes. Alpha
stage atresia was the most useful atretic stage
because the type of oocyte (yolked) undergoing
atresia is still discernible. In addition, alpha stage
atretic oocytes can be easily distinguished from
postovulatory follicles whereas this is not the case
for later atretic stages.

Three atretic states were defined and applied to
sea data. The incidence of all three atretic states
combined was a sensitive index of the reproductive
state of the population over the spawning season.
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In fact, the atretic condition of the ovary was a
more sensitive index of seasonal changes in the
reproductive rate among size classes of females
than was the incidence of spawning based on the
presence of postovulatory follicles.

Atretic state 1 (<50% of yolked oocytes in the
alpha stage of atresia) was not useful for estimat-
ing atretic rates in an absolute sense since this
state appeared to persist in natural populations
for extended and probably variable periods. Some
spawning occurred among females classed in
atretic state 1, although the frequency of spawning
was less than half of that of females without
ovarian atresia. Batch fecundity might also be
reduced in females classed in atretic state 1, a
speculation worth further study. Atretic state 1
was a useful index of atretic rates during peak
spawning months. At such times it was the most
common atretic condition and detection of differ-
ences in atretic rates among length classes was
largely a function of the number of females in this
state.

Atretic state 2 (50% or more of yolked oocytes in
alpha atresia) persisted for about 9 d in the
laboratory, and judging by its low frequency in
field collections this state may have a similarly
short duration in natural populations. Females
with ovaries in this state rarely or never spawn, as
might be expected, since more than half of the
yolked oocytes are not viable. In addition, a short
duration of this state also might be expected on the
grounds that it seems maladaptive to prolong such
a threshold condition. For the above reasons
atretic state 2 seems to be the best absolute mea-
sure of the rates of ovary resorption in the popula-
tion and the only state that might provide an accu-
rate forecast of the end decline of reproduction in a
population. Unfortunately, accurate forecasts of
the end of spawning for a population can be made
only near the end of the spawning season.

Atretic state 3 (no yolked oocytes with beta at-
resia present) identifies females in late post-
spawning condition. Such females cannot be sepa-
rated from immature females on the basis of gonad
weight or using gross anatomical criteria. This
state persisted for about 30 d in the laboratory, but
it may last much longer under natural conditions
while the numerous small oocytes are resorbed.
The laboratory data indicate that the duration of
this state could be increased if the definitions were
changed to include gamma+delta stages of atresia
which have a longer life in the ovary than the beta
stage. The laboratory data also indicated that
even gamma-+delta stages of atresia would even-
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tually disappear from the ovary so that no signs of
previous spawning activity would exist in a re-

_gressed ovary. It is doubtful that the duration of

atretic state 3 or any late postspawning state will
ever be accurately estimated because it is depen-
dent on too many environmental circumstances.
Nevertheless, this state is very useful in separat-
ing females in postspawning condition from
females with no previous reproductive history.
This is an essential distinction for estimating
spawning biomass (Stauffer and Picquelle foot-
note 3) and for determining the size or age at first
reproduction (Hunter and Macewicz 1980).

Possibly the most important future application
of atretic classification of ovaries is for process
oriented sea work on the reproductive biology of
multiple spawning fish such as the northern an-
chovy. Such work does not require a large sample
as do estimates of reproductive characteristics for
an entire population. The reproductive state of an
individual female can be accurately defined by the
atretic criteria we have discussed, and the spawn-
ing state criteria described by Hunter and
Goldberg (1980). The reproductive characteristics
of a female can be related to its physiological state
(age, fat content, biochemical composition, and in-
stantaneous growth rate from otoliths or RNA/
DNA ratios) and functional relationships estab-
lished between reproduction and the environ-
ment. In this way the factors controlling the
duration of the spawning season, and the total
fecundity during the season, can be identified
under natural conditions.

Biological Implications

Several important biological conclusions can be
drawn from this work. Only a few attempts have
been made to estimate the time needed for a folli-
cle to disappear by atresia in vertebrates and no
information exists for fishes (Byskov 1978). Our
focus was on atretic rates of all oocytes in the
ovary and not on an individual follicle; neverthe-
less, the striking speed with which all yolked oo-
cytes passed through the initial stages of atresia
indicate that the rate for individual follicles must
be high. Similar rates were observed in the guppy
by Lambert (1970a). In the guppy, alpha stage
atresia of yolked oocytes appears about 1 d after
parturition, and beta stage atresia appeared about
2 d after the first alpha stages were detected; beta
stages persisted for only 11 d. In the anchovy, the
average time for all yolked oocytes in the ovary to
pass through alpha atresia was 8.0 d and the
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maximum time was 29 d. Thus the effect of atresia
on fecundity may be underestimated since the du-
ration of atretic stages is short and a small stand-
ing stock of atretic oocytes could be an indication
of a high loss rate. On the other hand, laboratory
studies seem to indicate that atretic rates are not
sufficiently high to account for the differences in
fecundity observed when fish are fed high and low
rations (Tyler and Dunn 1976; Wootton 1979). The
duration of the atretic stages in these studies was
unknown, however.

Additional evidence for the volatility of the re-
productive state of anchovy is an important con-
tribution of this study. Our laboratory data indi-
cated that given a shortage of food the ovary can be
rapidly resorbed leaving no trace of former repro-
ductive activity in a few months or less, but when
given sufficient food atresia stopped, maturation
and vitellogenesis resumed, and a reproductively
active ovary was rapidly reformed within 35 d.
Clearly, in such multiple spawning fishes as the
anchovy, more than one spawning season per year
is possible given the appropriate environmental
conditions. This may explain the occurrence of a
second annual spawning period in the Peruvian
anchoveta (Santander and Castillo 1976) and the
occasional heavy fall spawning of the northern
anchovy (Smith 1972). That active ovaries are con-
sistently produced from small, inactive ones in
30-60 d in the laboratory (Leong 1971; Hunter and
Leong 1981) and that some reproductively active
females are found the year around also supports
this view.

Food shortage does not always lead to regression
of the ovary in anchovy or any other multiple
spawning fishes. In addition to food ration, regres-
sion of the ovary also depends upon the level of
energy reserves, the timing of the reproductive
cycle, and perhaps certain environmental condi-
tions such as temperature and day length. For
example, starvation of 40-80 d did not block the
initial increase in the size of ovaries of the goby
Gillichthys at the start of the reproductive cycle in
July but only 23 d of starvation resulted in ovarian
regression in January when active vitellogenesis
was occurring (de Vlaming 1971). Similarly we
noted in a preliminary experiment that starving
anchovy of 25% greater wet weight than those
used in this study produced a slower regression of
the ovary over a 36-d period than occurred in the
present study. The present study is more represen-
tative of natural conditions since the fish were
taken in midspawning season when their ovaries
were active whereas in the preliminary study the

fish were taken out of season and fed heavily for 30
d to induce gonad maturation before the onset of
the 36-d starvation period.

Another important conclusion from this study
was that young female anchovy spawning for the
first time probably have a much shorter reproduc-
tive season than do older females. Hunter and
Leong (1981) estimated that the average female
spawns about 20 times per year. Thus the older
females must spawn considerably more often than
20 times per year, and probably contribute a much
larger fraction of the reproductive output of the
population than a proportionate share by weight.
This indicates the importance of maintaining
older fish in the population and that danger may
exist if older fish are overharvested.
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EGG PRODUCTION OF THE CENTRAL STOCK OF
NORTHERN ANCHOVY, ENGRAULIS MORDAX, 1951-82

Nancy C. H. Lo*

ABSTRACT

A model was developed for estimating daily production of eggs of northern anchovy from counts of the
total numbers of eggs and size-frequency distribution of larvae. Estimates of egg production using this
model were compared with three estimates based on the mortality rates of staged (aged) eggs. The
model was used to calculate daily egg production of anchovy for a 24-year time series (1951-82) (data
were collected each year from 1951 to 1966 and 1979 to present and every 3 years from 1966 to 1979).
Comparisons of this index of stock abundance with ones based on the standing stock of larvae indicate
that the present model is a better index of spawning biomass. It was found from the 1979-81 data that
the eggs and larvae (< 20 days) have different forms of instantaneous mortality rate IMR): The larval
IMR was age dependent, i.e., z(¢) = 8/t for ¢ < ¢ whereas the egg IMR was constant z(¢) = o for ¢ < .
where ¢, is incubation time or yolk-sac absorption. Based upon this model, the daily-egg production,
and egg-larval mortality rates for larvae <20 days (<8 mm preserved length), were estimated for
1951-82 from data collected with 1 m ring nets and bongo nets. Egg production varies with stock size
proportionally if the reproduction effort remains constant. The egg production is a better index of stock
size than the larval abundance because the latter is subject to the inherent egg and larval mortality in

addition to reproductive output.

Ichthyoplankton data have been used extensively
for estimating biomass (or spawning biomass) of
marine fish stocks (Murphy 1966; Ahlstrom 1968;
Smith 1972). One of the tacit assumptions under-
lying most of the methods used for estimating
biomass from ichthyoplankton data is that egg or
larval mortality is constant among years. In
recent years, however, it has become increasingly
evident that egg and larval mortality is quite
variable among years and among life stages (Ahl-
strom 1954; Marr 1956; Colton 1959; Burd and
Parnell 1972; Cushing 1973; Fager 1973; Harding
and Talbot 1973). As a result, biomass indices
based on standing stock of eggs or larvae are
subject to a considerable bias if the interannual
variability in mortality is not taken into account.
In order to eliminate the bias, attempts were made
to estimate the spawning biomass by using theegg
production and reproduction parameters (Saville
1964; Beverton and Holt 1965; Ciechomski and
Capezzani 1973). The basic model is
Py =B.R(E/W) oy

where Py =
B

egg production at age zero,
spawning biomass,

1
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R = proportion of spawning biomass be-
ing female,

E = average batch fecundity,

W = average mature female weight.

Equation (1) is adequate for species that spawn
only once during a season. But for the multiple
spawners, like northern anchovy, Engraulis mor-
dax, one needs to include another adult parameter,
the proportion of mature spawning female (F), in
the equation (Parker 1980). Moreover, Parker
chose to use egg production per day, as this could
be easily estimated from a single cruise. Thus, the
egg production model (EPM) for northern anchovy
(or any multiple spawning stock) becomes
Py = BoR -F(EIW). (2)

Staged eggs are used to estimate the daily egg
production (number of eggs per day) of the popula-
tion (Po) while adult fish are sampled to estimate
the number of eggs produced per fish weight
(E/W), sex ratio (R), and proportion of mature
spawning female (F). This method is, without
doubt, the best of all ichthyoplankton biomass
estimation techniques. It is, however, a data rich
method requiring both ichthyoplankton and adult
sampling plus staging of eggs and various labora-
tory measurements which may not be available.
In this report, I present an alternative method for
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estimating biomass using conventional ichthyo-
plankton data rather than the extensive sets of
specialized information required by the EPM
method. This alternative method provides esti-
mates of the daily egg production (Py) and is
referred to as the historical egg production (HEP)
to distinguish it from the current EPM. This
model for HEP requires only the standing stock of
unstaged eggs, and the numbers of larvae in
various length classes subsequently transformed
into age classes using Gompertz growth curve
(Zweifel and Hunter?; Methot and Hewitt®; Lo
1983). Daily egg production varies proportionally
with the stock size if the reproduction effort of the
population remains constant. The production of
eggs by a stock is certainly a better index of stock
size than the standing stock of larvae (Smith 1972)
because both egg and larval mortality rates are
considered in the former case.

In addition to development of the model, I
provide a time series of northern anchovy HEP for
1951-82. This historical record of daily egg produc-
tion rather than the EPM (Equation (2) ) was used
to estimate anchovy biomass for these past years
because data were not available for all the female
reproductive parameters until 1980 and none of
the eggs have been staged. It would be unpractical
and take years to do all the staging of eggs that
would be required for all the years. The HEP is an
unbiased index for the spawning biomass (Bg) of
the anchovy population for those years if the
annual reproductive output per fish weight has
remained constant. I do not have sufficient data
to validate the assumption of constant reproduc-
tive output although 1981-82 data do indicate so.

ASSEMBLY AND BIAS CORRECTION OF
EGG AND LARVAL DATA

The northern anchovy spawning area lies off
central and southern California and Baja Califor-
nia. The sampling area was divided into 23 regions
covering 17.556 x 10 m? (Fig. 1). The central
anchovy stock is enclosed by eight regions (4, 5, 7,
8,9, 11,13, and 14) with a total of 5.703 x 10! m?
(Duke 1976*; Huppert et al. 1980). Because the

2Zweifel, J. R., and J. R. Hunter. Unpubl. manuscr. Tem-
perature specific equations for growth and development of an-
chovy, Engraulis mordax, during embryonic and larval stages.
®Methot, R. D., and R. P Hewitt. 1980. A generalized
growth curve for young anchovy larvae; derivation and tabular
example. Natl. Mar. Fish. Serv., Southwest Fish. Cent. Admin.
ReAp. LJ-80-17, 8 p.
Duke, S. 1976. CalCOFI station and region specifica-
tions. Natl. Mar. - Fish. Serv,, Southwest Fish. Cent. Admin.
Rep. 1LJ-76-3, 37 p.
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peak spawning season of northern anchovy was
usually February-April, daily egg production for
the central stock northern anchovy was computed
from egg and larval data (CalCOFI®) collected in
January-April within these eight regions. The
CalCOFI survey was conducted each year until
1966 after which the survey was conducted every
3 yr. Owing to various improvements in the design
of the plankton nets over the past 20 yr (Smith and
Richardson 1977; Stauffer and Picquelle 1980°),
different calibration factors were necessary to
standardize the catch of eggs and larvae taken in
different nets: A 1 m ring net with 0.55 mm silk
mesh was used until 1969 when it was replaced by
almring net with 0.505 mm nylon mesh; this net
was used until 1978 when it was replaced by the
bongo net of 0.505 mm nylon mesh. Beginning in
1979, a vertical tow of the 0.333 mm mesh, 25.23
cm diameter CalVET net (CalCOFI vertical egg
net) (Hewitt 1983) was used along with the 0.505
mm mesh bongo net to collect egg and larval
samples in order to estimate the northern anchovy
spawning biomass using the egg production meth-
od (EPM) (Parker 1980). In addition to the bias in
catch caused by the different mesh sizes, biases
also existed due to avoidance of the net, water
volume- filtered through the net (measured by
water flowmeter readings), growth rate of larvae,
temperature dependent incubation time (in days),
and proportion of larvae from each plankton
sample sorted (Zweifel and Smith 1981; Lo 1983).
All data (counts of eggs and larvae) were adjusted
for the above biases, when it was appropriate,
following the procedures outlined by Zweifel and
Smith (1981).

Egg Darta

The counts of unstaged eggs from each tow were
adjusted to a standardized volume of water filtered
per unit depth (0.05 m®*/1 m depth = 0.05 m? sea
surface area = area sampled by the CalVET net).
The adjusted egg counts per 0.05 m? sea surface
area were then stratified by CalCOFI regions. A
weighted mean egg count per 0.05 m? was com-
puted as

*CalCOFI. California Cooperative Ocean Fisheries Investi-
gation, a program sponsored by the State of California. The
cooperating agencies in the program are California Department
of Fish and Game, National Marine Fisheries Service, and
Scripps Institution of Oceanography, University of California.

Stauffer, G. D., and 8. J. Picquelle. 1980. Estimates of the
1980 spawning biomass of central subpopulation of northern
anchovy. Natl. Mar. Fish. Serv., Southwest Fish. Cent. Admin.
Rep. LJ-80-09.



LO: EGG PRODUCTION OF NORTHERN ANCHOVY

135°

35°N

30°

25°K

20°

159~

7

NORTHERN CALIFORNIA
| INSHORE
2 NEARSHORE
3 OFFSHORE

CENTRAL CALIFORNIA
4 INSHORE
5 NEARSHORE
6 OFFSHORE

SOUTHERN CALIFORNIA
7 INSHORE
8 NEARSHORE
9 OFFSHORE
10 EXTENDED

BAJA CALIFORNIA
Il INSHORE
12 BAY
13 NEARSHORE
14 OFFSHORE
15 EXTENDED

SQUTH BAJA
16 INSHORE
17 NEARSHORE
I8 OFFSHORE
19 EXTENDED

CAPE
20 INSHORE
21 NEARSHORE
22 OFFSHORE

23 EXTENDED

L
120°

CAPE MENDOCINO

SAN FRANCISCO

440°

35°

30°

25°

115°

FIGURE 1. —Sampling area for estimating northern anchovy spawning biomass with CalCOFI sampling stations
denoted by the open circles, and CalCOFI regions denoted by numbers (from Duke text footnote 4).
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Xw=2x; Wi, ZW; =1
l 13

where %; is the adjusted mean egg count for re-
gion i and W; is the relative area weight for region
i

Region nmi? x10~93 m? x 1010 Wi
4 18 6.105 0.107
5 29 9.878 0.174
7 20 6.896 0.119
8 12 4.116 0.072
9 29 9.878 0.174
11 9 3.171 0.0538
13 21 7.122 0.126
14 29 9.866 0.174
Total 167 157.031 1.00

1Sum is not equal to the total due to rounding error.

Zero catch was assumed for regions where no
samples were taken because historical records
show those regions usually had low densities of
eggs and larvae. The weighted x,’s were also
corrected for extrusion through the mesh by mul-
tiplying the catch by the ratio of the catch in a
0.150 mm CalVET net to the catch in the net used
in a particular survey (r): r = 3.6 for 0.55 mm
mesh silk 1 m ring net (1951-68), r = 3.04 for 0.505
mm mesh Nitex’ 1 m ring net (1969-76), r = 12.76
for 0.505 mm mesh Nitex bongo net (1978-present)
(L0 1983). The 0.505 mm mesh bongo net seems to
catch 4 times that of a 1 m ring net. The reason is
unknown. (A field experiment was conducted in
April 1983 to reestimate the extrusion rate of
anchovy eggs from 0.505 mm mesh bongo net. The
data have not been analyzed at the time of writing.
Although the egg samples from bongo nets were
used to compute the HEP, the bongo net is pri-
marily used for catching anchovy larvae, whereas
the CalVET net is the egg sampler. The discrep-
ancy between bongo and 1 m ring net is not of
major concern for the current anchovy biomass
estimation.) The standing stock of eggs per 0.05
m? is then

mey =Xw: T

and
var (my;) = var (Zy)r? + x5 var(r)

where m; is the standing stock of eggs (and larvae)
"Reference to trade names does not imply endorsement by the

National Marine Fisheries Service, NOAA.
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up to age t days from fertilization. Here ¢ is the
duration of incubation.

The size of standing stock of eggs depends on not
only egg production rate and mortality rate but
also the duration of incubation (or the incubation
time), which is a function of sea temperature. The
average temperature for all positive egg tows
(tows which contain one or more anchovy eggs)
over January-April in each year was used to
estimate incubation time (¢7) using the equation
(Lo 1983)

t1 = (18.73 ¢~ 0125 temep)
where

t; = incubation time in days,
temp = temperature in degrees centigrade.

Both the standing stock of eggs (my;) and the
incubation time (¢7) are essential in computing
the time series of daily egg production. The
temperature in January-April ranges from 11° to
19°C. The long-term average temperature from
January to April is 14.25°C, thus the average
incubation time is 3.15 d.

Larval Data

The -anchovy larvae from all years were mea-
sured to the nearest 0.5 mm preserved length. For
the purpose of estimating mortality rate, larval
data were grouped into 2.5 mm, ranging 2-3.0 mm,;
3.75 mm, 3.5-4.0 mm; 4.75 mm, 4.5-5.0 mm;...for
larvae <30 mm. Each preserved length was first
converted to a live standard length using a shrink-
age formula based on the tow duration (Theilacker
1980), and then converted to age (¢ days) using a
two-cycle Gompertz growth curve. The first cycle
is from hatching to yolk-sac absorption, a temper-
ature-dependent growth curve, and the second
cycle is from yolk-sac absorption to 22 mm larvae,
a food-dependent growth curve (Zweifel and Hunt-
er footnote 2; Methot and Hewitt footnote 3; Lo
1983). Larval abundance by length (age) group
was estimated using a negative binomial weighted
model (Bissell 1972; Zweifel and Smith 1981)
which incorporates the “effective sampler size”
(relative sampler bias). All larval abundance data
were adjusted to conform to the following standard
conditions: no extrusion, no day-night difference
in avoidance, and a constant water volume filtered
per unit depth. These data were converted to daily
production (P;) by dividing the total number of
larvae in each length group by the duration (the
number of days larvae remain within each length
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group). It was necessary to compute a weighted
mean of larval production (,, P:;) because the
number of net tows was not proportional to the
area size: The daily larval production (P;;, t;) was
estimated first for each of the three subareas (j =
1: inshore = regions 7 and 11; j = 2: nearshore =
regions 4, 8, and 13; and j = 3: offshore = regions
5,9, and 14) (Fig. 1). The data set (,, P¢, t) was used
for final fitting of the mortality curve where , Pt =

3

2 Pyuj,and u; =0.17,0.31,and 0.52for j =1, 2,
Jj=1
and 3, the relative area sizes. The unweighted

average age ¢ over three areas was used because
little variation exists among t;’s (Fig. 2).

DAILY LARVAL PRODUCTION PER 0.05 m2 (,P,) AT AGE t, 1979
W (wPD)

PRESERVED LIVE SIZE AVE. AGE DAILY LARVAL
SIZE (mm) (mm) (day) PROD./0.05 m?
2.50 3.26 4.91 0.518
3.75 4.57 8.60 0.121
4.75 5.69 11.58 0.0838
5.75 6.27 1415 0.0665
6.75 7.83 16.41 0.0481
7.75 8.87 18.62 0.036

wPt= 1.364 (t/3.16)2.217

DAILY LARVAL PRODUCTION (,Py)

1 L L | L
4.0 5.0 6.0

AGE/3.16 (t/ty)

0.00 b—L L L L
2.0 3.0

FIGURE 2.—Weighted daily larval production (wPt) and age in
days (t) of northern anchovy and the fitted larval mortality curve
based upon Equation (8B) for larvae <20 d old, 1979.

MODEL

If a cohort of eggs (larvae) is followed and N¢
is defined as the number of eggs (larvae) at age
t (days), then the ratio N;/No measures the
survival probability at age t: S(¢; 2(¢)) = P(T
> ¢; z (¢)). The sample ratio n:/no estimates
the survival probability S(¢) where z(¢), the in-
stantaneous mortality rate (IMR), is defined as

lim PE<T<t+AtIT>1) yripe sample data
At—0 At )
(nt, t)are taken from a single cohort and the form

of S(¢) is known, both Ny and z(¢) can be esti-
mated through n: = no S((¢); 2(t)). Assuming
that the standing stock of eggs and larvae repre-
sents a single cohort (with stable age distribution)
as it ages, then (¢, £) can be estimated from the
number of eggs and larvae in various stages
(lengths) which are later converted to age in the
sample. Hewitt (1982) conducted a simulation
study to check for possible bias in larval mortality
rate caused by seasonal changes in the intensity of
spawning of northern anchovy which violates the
assumption of a stable age distribution. He found
that mortality was overestimated in the begin-
ning (January-February) of a season when spawn-
ing was increasing and underestimated at the end
(May-July) when spawning was decreasing. When
the larval numbers were accumulated over the
entire season, these two biases tended to cancel
out. Therefore, the stable age distribution is a
reasonable assumption if the egg and larval sam-
ple covers the entire season. To compute larval
mortality for each year, I chose larval data from
January to April to be consistent with the current
sampling scheme. According to Hewitt’s study,
the larval mortality may be overestimated. How-
ever, because only young larvae (<8 mm pre-
served length) were considered in the model, the
upward bias is slight. The number of eggs and
larvae at various stages or length classes (n¢;), as
mentioned in a previous section, was further
adjusted for the duration in days that eggs (larvae)
remained in a particular stage or length class(d;),
i.e., P;; = n¢;/d;. The quantity Py, is egg (larval)
production per day per unit area (e.g., 0.05 m?) at
age t;, the average age of eggs (larvae) in the ith
stage (length) class (Farris 1960; Saville 1964;
Harding and Talbot 1973; Ciechomski and Capez-
zani 1973). (In later sections, the subscript i is
dropped, thus (P, t) is used in place of (Ps;, ti).)
The model is based on the form of the mortality
curves of northern anchovy eggs and those for
anchovy larvae, the form of the curve for eggs and
larvae being distinctly different. The daily egg
and larval production P; is modeled by three
survivorship functions S1, S92, and Sa:

Py Si(t; 21 (8))

t =t (8A)
Py =PoS(t)=< Pt Sa(t;22 ()1 T > tc)
te <t<20d (3B)
Py, S3(t; 23 ) IT > )
) th <t (3C)
with the IMR
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z1(¢t) t= te
2(t) =< z2(8) te<t<20d
z3(t) <t

where So(t; 2() | T > te) = P(T > ¢;2(6) 1 T > tc),
tc is the age when the form of IMR changes,
tr is max t; for t; < 20 d where ¢; is the average
age for the ith length class.

The quality of larval data for larvae older than 20
d is questionable because older larvae avoid the
net (Hewitt 1982). The forms of z3(¢) and S;3(¢) for
t > 20 d are unknown at the present time.
Therefore, only the mortality of eggs and larvae
<20 d old was assessed.

The IMR, z(¢), relates to the survivorship func-
tion S(¢), by definition, in the form of

t
S(t) = ¢ Jyrwra

¢ CY)
e—fO21<u>du =8:1(6) t<t.
e—JZz(u)du — e—ﬂczl(u)du—ft:zz(u)du
te<t<20
= Sl(tc) Sz(t | T > tc)
= Sa(2).

The critical age ¢ was defined as the age before
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which z(¢) = 2;(¢), after which z(¢) = z2(¢). P
and ¢ from larval data were used to estimate both
P, and z2(¢) through Equation (3B) after S(¢) is
specified. Both larval production (P,) and the
standing stocks of eggs and larvae up to age ¢,
(mg,) were then used to estimate Py and 2;(¢)
through Equation (3A) as below:

te te
mi=[" Pedt =[P Sit; 21(0)) dt (5A)

and
P, =Py S1(tc; 21(8)). (5B)
Now I have two Equations (5A) and (5B) to be
solved simultaneously for the unknowns Py and
the parameters in 2;(¢). An iterative procedure
was used to obtain estimates of Py and z;(t).
Clearly, the selection of the function forms of z; (¢)
and z2(¢) are important in obtaining accurate

estimates of Py and P;,.

Anchovy Mortality Curves and
Estimation of Egg Production

Daily egg and larval production per 0.05 m? and
their ages (P;, t) were estimated for 1979-81
to model the mortality curves Py Si(¢) and P,
S2(t1 T > t.) (Equation (3)). The egg data were
collected in vertical net tows from 70 m with the

TABLE 1.—Daily egg and larval production per 0.05 m? (P;) at various ages in days
(¢) sampled from CalVET and bongo tows, and the estimates of five parameters: egg
production at age zero (B,), egg mortality (&), larval mortality coefficient (3), larval
production at hatching (Z7) and incubation time in days (¢7) in CalCOFI regions 4,

7, 8, and 11, January-April 1979-81.

19791 Live 1980 1981 Live
standard standard
t Pt length (mm) t Pt t Pt length (mm)2
0.4167 10.79 0.4167 9.34 04167 5.64
» | 09167 436 0.9167 9.22 09167 7.66
2 ) 14167 4.01 1.4167 6.34  1.4167 4.87
@\ 19167 458 1.9167 471 19167 6.05 e
2.4167 6.87 2.4167 514 24167 484 s
29167 3.63 —~
3.73 2.64 3.03 2.94 226 3.14 323 3.03}f 3
4.08 239 435 299 3598 ~
5.91 099 6.25 210 4.13
° 7.69 0.86  8.08 1.84 4.66
©
g { a7 1.96 3.26 3.05 235 3.10 529 2.97
~ 8.32 0.48 417 5.65 1.04 586 196 400 f
11.49 0.35 5.69 8.90 049 9.22 110 513 g
13.90 0.25 6.77 11.47 039 11.79 072 623 >&
16.24 0.19 7.83 13.83 0.26 14.01 054 730 | 5
18.31 0.13 8.87 15.91 0.21 16.01 053 835 2
17.99 0.15 18.22 0.41 9.38
P 9.76  3(2.82) 1146 (1.27) 673 (1.32)
& 033  (0.28) 0.38  (0.09) 0.11  (0.13)
8 183  (0.14) 124 (0.17) 119 (0.17)
Py 359  (0.18) 251 (0.19) 481  (0.42)
t 3.21 2.96 2.85

1Not weighted by area size.
2For both 1980 and 1981 larval data.
3Asymptotic standard error in parentheses.

142



LO: EGG PRODUCTION OF NORTHERN ANCHOVY

CalVET net, and the larval data were collected
with both bongo oblique tows and the CalVET
nets. The egg and larval catches by age group were
standardized, that is, corrected for possible biases
caused by extrusion through the mesh, day-night
difference in avoiding the net, variation in the
amount of water filtered, and the variation of
larval growth rates which is both temperature and
food dependent (Methot 1981; Lo 1983). The stan-
dardized daily egg and larval production esti-
mates per 0.05 m? sea surface area in CalCOFI
regicns 4, 7, 8, and 11 for January-April 1979-81
are given (Table 1, Fig. 3).

1979|

1980 |

The IMR for the egg stage was believed to be
constant, z1(¢) = «, (Stauffer and Picquelle foot-
note 6), whereas the IMR for larval stage was
found to be age dependent z3(t) = B/t (a Pareto
hazard function, Johnson and Kotz 1970). I first
calculated sample IMR z(¢;) = (Pt;_y — Pe;)/(ti —
ti—1)/Py; which is an approximation of dS(t)/dt/
S(t) at various ¢ for 0 < t < 20 d using 1980
standardized egg and larval data listed in Table 1.
The 1980 egg and larval production and age data
were further combined so that z(¢) > 0 for all ¢.
The relationship between z(¢) and ¢ determined
the function form of z(¢) (Table 2). The z(¢)’s were

1981

—
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FIGURE 3.—Daily egg and larval production of northern anchovy per 0.05 m? (P;) by age in days (t) and their log transformations
(In(Py)), 1979-81. A linear relationship between In(P;) and t indicates a constant instantaneous mortality rate (IMR) and a curvilinear
relationship between In(Pt) and t indicates an age dependent IMR. Squares are egg data and open circles are larval data.
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TABLE 2.—The instantaneous mortality rates of anchovy eggs
and larvae <20 days (z(¢;)) by age in days (¢;) computed from
the daily egg and larval production estimates (P;;) and age (¢;),
1980. z(t) = 0.0060 + 1.63/¢ is the function fitted to the data in
the last two columns for ¢ > 4.5d.

Daily egg _
and larval ti =
production
i tj(d) Pt Pti—1—Py ti—ti—1  (i+ti-ni2  z{y)
1 0.67 9.28
2 1.67 5.53 3.75 1.00 117 0.40
3 2.60 3.70 1.83 0.93 214 0.36
4 357 2.37 1.33 0.97 3.09 0.37
5 5.65 1.04 2.28 2.08 4.61 0.46
6 5.91 0.99 - 0.05 0.26 5.78 0.18
7 7.69 0.86 0.13 1.78 6.80 0.07
8 8.90 0.49 0.37 1.21° 8.30 0.36
9 1147 0.39 0.10 257 10.19 0.08
10 13.83 0.26 0.13 2.36 12.65 0.14
1 15.91 0.21 0.05 2.08 14.87 0.09
12 17.99 0.15 0.06 2.08 16.95 0.14

z(tj) = (Ptj _1 — Pty){ti — ti —1)/Pt;.

quite constant for egg and larvae <4.5 d old and
decreased thereafter. For ¢ values >4.5 d, the
function z(¢) = a + b/t fit the data best. Based
upon the function relationship z(¢) = b/t (the
intercept a is not distinguishable from zero and
thus was dropped), I have the IMR z(¢):

- o
2(2) _{B/t

Applying Equation (6) to Equation (4) leads to

t<tc

te <t <20. 6)

S1@) =e t<te
S(t) = D
Sa(t) = e—zxtc<L)' B
te
te <t<20.

Combining Equations (3) and (7) one has

Pye~ ot t<te

Py e—atc(-t—>—ﬁ
te

(8A)
te <t<20

(8B)

To validate both Equations (8A) and (8B), loga-
rithms of P; and ¢ were plotted: In(P;) against ¢
should be a straight line for ¢ = ¢; (Equation (8A))
and In(P¢) against In(¢) should be a straight line
for tc < t < 20 (Equation (8B)) (Fig. 3). This was
true for egg and larval production from 1979 to
1981. The determination of ¢, the age at which
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IMR changes, was subjective. Two values of ¢,
were used: One was the time of hatching or the
duration of incubation (¢7) which is temperature
dependent and the other was the average age of
yolk-saclarvae (embryonic period) ¢; = fys: tasmm
= age at preserved length 2.5 mm (about 5 d old).
When ¢ was considered equivalent to the incuba-
tion time (¢ = t7), the egg stages were considered
as one group with constant IMR; and when ¢, was
equivalent to average age of the yolk-sac larvae
(tc = tys), egg stages and yolk-sac length class(es)
were considered as one group with constant IMR.
In either case, P;, was estimated from the fitted
curve

P = PtI(-t—)_B,i.e.,Pgc = P,I(t_c)_'s
174 tr

Substitution of Equation (7) in Equation (5) gives

te
J," Poetdt =Pyl — e~ )/
me. = a>0
a=0

(9A)
tc ° Po
P, =Pye —ate (9B)
where m;, is the standing stock of eggs and larvae
up to age tc. Equation (9A) divided by Equation
(9B) results in
_yme /Pt = (e®c — 1)/a=h(a) a>0

where . = t; or tys and q is the ratio of standing
stock of eggs and larvae up to age t. to the larval
production P;,. The estimated IMR, &, was ob-
tained by an iterative procedure using Equation
(10). The estimated egg production obtained by
rearranging the terms in Equation (9B):

Py = Ptc - g%t

The approximate variance of @ and 3 were com-
puted in the appendix.

TIME SERIES ESTIMATES OF
HISTORICAL EGG PRODUCTION (HEP)

The HEP per 0.05 m? (Py) and the egg IMR (a)
for the central stock of northern anchovy in the
first 4 mo of the year, 1951-82, were estimated
based upon Equations (9B) and (10). For years
after 1978, catch data were available for CalVET
and bongo nets, but I chose to use samples from
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" bongo nets because only bongo or similar nets (1 m
ring nets) were used for sampling eggs and larvae
prior to 1978.

Two series of HEP estimates were constructed.
Series 1 assumed a constant IMR for the egg stage
with fc = t7, whereas series 2 with ¢, = tys
assumed a constant IMR throughout the embry-
onic period (Table 3). Both P;; and Pt , the daily
larval production at hatching and yolk-sac stage,
were obtained from the fitted line of Equation (8B)
with £ = ¢5.

Under series 1, nearly half of the egg IMR (&)

were negative (11 out of 24 yr). This was because
the egg IMR depended on the value of ¢ through
Equation (10) where ¢ = m;/P;;. However, judg-
ing from Equation (10), ¢ = ¢1 for a = 0. Therefore
for those years where ¢ < ¢1, egg IMR would be
less than 0. The small g’s could result from the
underestimated m; or overestimated Py or both.
The poor results of IMR (&) were likely due to the
underestimation of m;;. As a result, the standing
stock of eggs and that of yolk-sac larvae were
combined into one group in series 2, to eliminate
the negative IMR’s.

TABLE 3.—Two time series of estimated historical egg production (P,), and egg mortality (&), larval
mortality coefficient (), mean egg abundance (m;;), mean egg and yolk-sac larval abundance
(mtyS ), January-April, and mean larval abundance (L4 ) per 0.05 m? 1951-82 with standard error

in parentheses.

1Series 1 1Series 2
Mean
Daily Daily Larval Mean yolk-sac Mean
egg Egg egg Egg mortality egg larval larval
production mortality production mortality coeff. abundance abundance abundance?
Year P, & ° a me; Mtys La
1951 0.006 0.03 0.012 0.23 0.85 0.02 0.03 0.04
(0.024) (1.34) (0.116) (2.18) {0.15) {0.03) (0.03)
1952 0.002 -0.57 0.017 0.09 0.88 0.02 0.07 0.04
(0.003) (0.35) (0.107) {1.27) (0.20) — (0.01)
1953 0.026 -0.08 0.066 0.18 0.95 0.11 021 0.011
(0.019) {0.20) (0.180) (0.54) {0.10) (0.03) (0.03)
1854 0.031 -0.48 0.168 0.12 1.16 0.24 0.61 0.17
(0.026) (0.26) (0.188) {0.24) {0.07) (0.08) (0.08)
1955 0.026 -0.77 0.316 0.07 1.01 0.39 1.27 0.19
(0.028) (0.32) {0.393) (0.26) (0.17) (0.12) (0.14)
1956 0.122 0.33 0.146 0.33 0.88 0.25 0.36 0.1
(0.114) (0.26) (0.647) (0.88) (0.24) (0.12) (0.12)
1957 0.148 -0.12 0.364 0.20 0.94 0.54 1.09 0.26
{0.040) (0.31) (0.423) (0.25) (0.10) (0.23) (0.24)
1958 0.966 0.40 1.274 0.43 0.88 1.61 2.44 0.33
(0.481) (0.18) (1.182) (0.23) {0.08) (0.45) (0.93)
1959 0.444 -0.11 0.992 0.23 1.18 1.47 2.68 0.34
(0.267) (0.21) (0.822) (0.20) (0.16) {0.36) (0.38)
1960 0.678 -0.18 1.765 0.24 1.80 2.78 4.85 0.34
(0.535) (0.26) (0.774) (0.10} (0.06) (0.99) (0.99)
1961 0.446 0.25 0.653 0.29 1.55 0.94 1.59 0.26
{0.669) (0.43) (0.635) - (0.22) (0.16) {0.28) (0.28)
1962 0.443 -0.18 1.314 0.19 1.08 2.09 4.15 0.67
(0.297) (0.18) (1.171} (0.18) {0.23) (0.50) (0.58)
1963 1.404 0.16 2.275 0.28 0.81 3.57 5.92 0.95
(0.690) (0.15) (0.991) (0.09) {0.04) (0.93) (0.93)
1964 3.681 0.43 4.147 0.42 1.44 6.39 8.55 0.65
(1.956) (0.15) (2.681) (0.13) (0.21) (1.80) (1.81)
1965 0.778 —0.45 4.019 0.19 2.42 6.48 12.78 1.04
(0.559) (0.21) (1.176) {0.06) (0.12) (1.75) (1.75)
1966 3.540 0.26 5.256 0.42 1.84 7.82 10.61 0.80
(1.660) {0.14) (1.799) (0.07) (0.04) 2.131) {2.11)
1969 0.876 -0.42 3.821 0.19 2.15 6.16 12.14 0.67
(0.557) (0.19) (1.062) (0.086) (0.08) (1.53) (1.53)
1972 0.639 -0.09 1.657 0.25 1.73 2.56 4.52 0.62
(0.356) (0.16) (0.804) 0.11) (0.11) {0.66} {0.67)
1975 15.320 0.36 19.691 0.44 1.88 30.06 39.14 0.81
(11.608) (0.22) {10.364) {0.11) (0.20) (4.40) (14.41)
1978 10.524 0.64 10.738 0.59 1.66 13.58 16.60 0.29
(4.566) (0.15) (4.484) (0.10) (0.10) (3.67) (3.67)
1979 4.258 0.36 5.426 0.48 2.22 8.06 10.05 0.39
{2.215) (0.16) (2.616) {0.10) (0.15) (2.39) (2.39)
1980 2.338 0.37 2.671 0.36 1.22 412 6.48 0.40
(1.427) {0.22) (1.260) (0.08) (0.03) (1.46) (1.46)
1981 3.95 0.36 4.376 0.38 1.53 6.88 10.29 0.63
(2.658) (0.24) (2.084) (0.08) (0.03) (2.70) (2.70)
1982 1.941 0.15 3.294 0.36 1.81 4.93 7.33 0.46
(1.230) (0.20) (1.367) {0.09) (0.04) (1.70) (1.70}

Series 1 and 2 are two methods used for estimating daily egg production (P,). Series 1 assumed a constant IMR for egg
stage whereas series 2 assumed a constant IMR for egg through yolk-sac larval stage.
2Computed from annual larval abundance for the central subpopulation (Table 2, Stauffer and Charter 1982).
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Under series 2, Py and « were estimated based
upon g = my,, /Py, (Equations (9B) and (10) ), with
tc = tys. The average age of yolk-sac larvae (tys =
t25 mm) was 4.7 d. All g’s were greater than ty,
thus &’s were all positive,

The HEP (Py) for both series have the same
trend: a gradual increase from the early 1950’ to
middle 1960’s, thereafter fluctuating until 1975
when it reached the peak value at 15.32/day per
0.05 m? (series 1) or 19.69/day per 0.05 m? (series
2). From 1978, HEP decreased to the present level
of 1.94/day per 0.05 m? (series 1) and 3.29/day per
0.05 m? (series 2) (Table 3, Fig. 4). The approxi-
mate standard error of the estimated HEP (P;)
and egg mortality (&) is large for the early years
and small for the recent years, possibly because
of the poor quality of early egg data, or an insuf-
ficiency of the delta method to estimate the
variance.

For the purpose of verification, HEP (P;) from
the two series based upon the egg-larval mortality
model and the egg production at age 0 estimated
from the current EPM (Stauffer and Picquelle
footnote 6) were compared for 1980-82 where
adequate egg and larval samples were available
(Table 4). The Py’s from the two series of HEP and
the current EPM were not significantly different,
nor were the egg mortality rates. However, the
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FIGURE 4. —Estimates of historical egg production of the central
stock of northern anchovy using the series 2 method (P,) and the
larval abundance (Lq) of the larval census estimates, 1951-82.
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TABLE 4.—Daily egg production per 0.05 m? (P,), egg instan-
taneous mortality (&), egg abundance (ms;) of northern an-
chovy, and number of tows (n) in CalCOFI regions 4, 5, 7, 8, 9,
11, 13, and 14, January-April 1980-82.

1980 1981 1982

P, & Py & Py &
(SE) (SE) (SE) (SE) (SE) (SE)

Historical egg production

Series 1 2.33 0.37 3.95 0.36 1.94 0.15

(1.46) (0.21) (2.70) (0.24) (1.70) (0.20)

Series 2 2.67 0.36 4.37 0.38 3.29 0.36

(1.46) (0.08) (2.70) (0.08) (1.70) (0.09)

Current egg pro- 2.29 0.45 1.82 0.14 1.18 0.15
duction method? (0.51) (0.11) (0.31) (0.08) (0.32) (0.104)

1980 1981 1982

Egg abundance per my, mt m‘t_:l

0.05 m? (myy) n (S!':l) n (SE’) n (SE)

CalVET (0.333 mm)2 961 3.20 1,134 4.72 992 3.48
{0.52) (0.72) {0.62)

Bongo (0.505 mm) 97 412 403 6.88 113 4.93
(1.46) (2.70) (1.70)

*Picquelle, see text footnote 8.
2Mesh size.

point estimates of Py’s from the current EPM were
lower than those estimated from the two series.
The reason for the lower values is unknown at the
moment. This could be due to random fluctuation
of the statistics. The current EPM estimates of P,
were much more precise than those derived from
the historical egg-larval mortality model, where-
as the precision of egg mortality rate from both
methods was similar.

As to the estimates from the two series of HEP,
the point estimates of Py from series 2 were always
higher than those estimated from series 1. Recall
that the assumption of series 2 was that the egg
through yolk-sac larval stage suffers a constant
mortality rate. However, if in fact the yolk-sac
larvae suffer a higher mortality rate than eggs,
the mortality rate of eggs and larvae when com-
bined (series 2) would overestimate egg mortal-
ity as well as egg production (Po) (Equation
(9B)).

DISCUSSION

Historical production (Py) and egg IMR (a) of
the central stock of northern anchovy for the first
4 mo of the year from 1951 to 1982 were estimated
based upon the information of total number of
eggs and yolk-sac larvae per 0.05 m? and the egg-
larval mortality model. Two series of Py and «
were produced. Series 1 assumed a constant IMR
for only the egg stage whereas series 2 assumed a
constant IMR for the entire embryonic period.
Both series of Py showed the same trend (Table 3,
Fig. 4) with a peak in 1975. The high daily egg
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production estimate (Po) in 1975 was caused by the
high standing stock of eggs (m¢ = 30.06/0.05 m3
per m depth) which was more than 10 times that of
other years, and the high egg IMR (& = 0.36)
(Table 3). The high daily egg production in 1975
reflects either a high fecundity (high spawning
frequency) or a high spawning biomass or some
combination of these effects. The present level of
egg production is the same as that in the middle
1960’s. Both egg IMR (&) and larval IMR coeffi-
cient B, z(t) = B/t, vary from year to year (Fig. 5).
In addition to providing a 24-yr time series of
HEP for the northern anchovy, two important
conclusions can be drawn from this analysis:

1. The form of IMR of eggs (and yolk-sac larvae) is
different from that of older larvae (6-20 d).

2. Egg production is a better index of stock
abundance than is the standing stock of larvae.

Little doubt exists that mortality rates change
sometime between the hatching of the eggs and
the onset of feeding. Analysis of the daily egg and
larval production by age for 1979-81 (Fig. 3)
suggested a constant IMR for eggs (or eggs and
yolk-sac larvae) and an age-dependent IMR of
Pareto form for older larvae (2(¢) = B/tfor tc <t <
20 d) (Table 2). The age t. in Equation (3) could be

2.5
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FIGURE 5.—Estimated egg instantaneous mortality rate (IMR)
(&) from series 2 method of estimating egg production and the
larval mortality coefficient (3) of the central stock of northern
anchovy, 1951-82.

considered to mark the end of the critical period
after which mortality decreases (Ahlstrom 1954;
Marr 1956; Farris 1960; Saville 1964). Series 1
assumed ¢, = incubation time and series 2 as-
sumed ¢, = average age of yolk-sac larvae. From
the existing data, I could not ascertain which
assumption was the more likely, but it was evi-
dent that larvae at hatching or near first-feeding
(yolk absorption) suffer higher mortality than do
older larvae.

The HEP (P;) is certainly preferable to larval
standing stock (larval census estimate = LCE) for
use as an index of spawning biomass. Egg produc-
tion is related to the spawning biomass through
Equation (2), i.e., Py = Bq'C, where the propor-
tionality C is the reproductive output (R F-E/W).
If the reproductive output remains constant be-
tween years, as shown by 1980-82 anchovy data
(Picquelle®), the HEP will be an unbiased index of
the spawning biomass. The LEC assumes B, =
K-Lg where L is the larval abundance and K is
a constant proportionality (Smith 1972; Stauffer
and Charter 1982) (Table 3, Fig. 4). Thus to
provide an unbiased index of biomass, the method
requires that not only the reproductive output be
constant from year to year but also the egg and
larval mortality must remain constant as well.
Using Equation (8), the larval abundance (age
<30 d old) can be written as

30
La=J;I P dt

30
=ft1 Py S(¢; 2(2)) dt

=Ba (R'fV‘E>g<a,B, t)
—at; LI

]

forg+#1

e
where g(a, B, t1) =

e %I (In 30 — In £1)
g=1

« is the egg IMR and g is the larval mortality
coefficient.

The larval abundance (L,) is proportional
to the spawning biomass (B,) with constant
proportionality only if the reproductive output

88. J. Picquelle, Statistician, Northwest and Alaska Fisheries
Center, National Marine Fisheries Service, NOAA, 2725 Mont-
lake Boulevard E, Seattle, WA 98112, pers. commun. July 1983.
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(R-FE/W ) and the egg and larval mortality rates
through the function g («, 8, t;) remain constant
from year to year. It is clear that from 1951 to 1982
time series (Table 3) that the assumption of
constant egg and larval mortality has not been
met by the central California anchovy population.
The HEP requires constant reproductive output.
The validity of this assumption can only be tested
with future data.

In addition to the ichthyoplankton data, several
other indices of anchovy biomass exist: acoustic
trawl surveys conducted by California Depart-
ment of Fish and Game, aerial survey records from
aircraft associated with the fishery, catch-effort
analysis (CPUE), and cohort analysis from the
catch of the United States and Mexican fishery. In
a recent management plan, all of these indices
except cohort analysis have been calculated and
compared with the time series of egg production
presented in this paper (MacCall et al®). The
estimates of egg production covaried with these
other indices from year to year and appeared to be
the most consistent index of spawning biomass
among these indices (Table 5).

Selection of the appropriate method for esti-
mating biomass depends upon the data availabil-
ity and knowledge of the growth of eggs and
larvae. If nothing is known of the age of eggs and
larvae and no information exists on reproductive
parameters, the LCE is the only method available

®MacCall, A. D.,R. D. Methot, D. D. Huppert, H. W. Frey, and
O. Mathisen. 1983. Northern anchovy second draft revised
fishery management plan incorporating DEIS/RIR. Pac. Fish.
Manage. Counc.

TABLE 5.—Correlations among various indices of an-
chovy spawning biomass. Upper value is correlation
coefficient, lower value is number of observations. (Repro-
duced from table 4.3-2 of MacCall et al. (text footnote 9).)

Historical egg production

0.458 Larvat
(23) census
0.807 0.708 Acoustic
8) (7) survey
0.818 0.327 0.659 Aerial
9) (9) 9) index
0.791 0.004 0.512 0.379 Spring
“4) (4) (10) (9) CPUE
0.395 0.865 0.290 0.655 0.256 -Fall
(4) 4) (10) (10) 9) CPUE
Spawning biomass index Consistency! Rank
Historical egg production 0.654 1
Larval census 0.480 5
Acoustic survey 0.606 2
Aerial index 0.583 3
Spring CPUE 0.388 6
Fall CPUE 0.517 4

1Consistency is average of correlation coefficients.
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although subject to major biases. If egg and larval
age data exist but no data on reproductive param-
eters are available, then the HEP is the preferable
method. The EPM is the best method; it requires
not only knowledge of egg mortality but accurate
estimates of adult reproductive parameters as
well. In many time series, both growth and abun-
dance of eggs and larvae are available but repro-
ductive parameters are not. In these cases, the
HEP is probably the most accurate means of
creating a historic time series of biomass.
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APPENDIX

The approximate variances of & and By were derived from the delta method

(Seber 1973):

I
var[f(x1,..., x1)]=

i=1|0x;

+2Y _a_f(xl,...,x1)%f(xl,...,xl)cov(xi,xj)

<j 0Xi

P 2
= fla,..., x1) var(x;)

xj Ex; i=1,.,I

var (&) was computed based upon Equation (10), i.e.,

var(q) = <M>2 var(a).
oa

149



FISHERY BULLETIN: VOL. 83, NO. 2

Thus var(a) < var(q)-(‘&(ﬁ'ﬁ>_2
\ O«

= var(my,/Py,) M) i
da

= var(my,) + g% var(P,,) — 2q.cov(nis,, Pr,) '[&4/ {e‘itc(&tc ~D+1 }2]
P2

where cov (m¢,, P;,) was estimated from the 1951-82 time series. Var (P;) was
computed based upon Equation (9B)

Py = Ptceatc

. 2 2 . R
var(By) = 20" var@) +{ 0P V¥ varBy ) + 2((’&) <& cov(®y,, &)
da 0P, da P, & ptc
= 20t [tcz P12 var(a) + var(P;,) + 2Py, -t -cov(By, &)]

where cov (}A’tc , @) was estimated from the 1951-82 time series.
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VERTICAL STRUCTURE OF NEARSHORE PLANKTON
OFF SOUTHERN CALIFORNIA:
A STORM AND A LARVAL FISH FOOD WEB

M. M. MuLLIN, E. R. BRooKS, F. M. H. REID,
J. Napp, AND E. F. STEWART!

ABSTRACT

Samples of zooplankton and phytoplankton were taken at 5 m depth intervals in the upper 50 m of
water off Dana Point, California, in the spring of 1980, just before and just after a local storm. Most of
the 43 zooplanktonic taxa, many phytoplanktonic taxa, and chlorophyll were vertically stratified. After
the storm, naupliar copepods, chlorophyll, and a few phytoplanktonic taxa were more abundant, and
several zooplanktonic taxa were more concentrated in the upper layers. The storm did not decrease the
vertical stratification of larval fish food, so the feeding environment after the storm was at least as
favorable as that before the storm, but larval fish were less abundant.

Studies in the laboratory have provided data on
the kinds and abundances of food which are re-
quired for survival and growth of some types of
zooplankton found in the surface waters of the
Southern California Bight (e.g., Mullin and
Brooks 1970; Paffenhofer 1976) and of the larvae of
the anchovy, Engraulis mordax, (e.g., Hunter
1976; Lasker et al. 1970) and jack mackerel,
Trachurus symmetricus, (Devonald 1983). The an-
chovy has overwhelmingly dominated the larval
fish assemblage of the area in recent years (e.g.,
Gruber et al. 1982). Direct experimentation
(Lasker 1975) and indirect comparison of
metabolic requirements and observed concentra-
tions of likely food (Mullin and Brooks 1976; Cox et
al. 1983) have shown examples of situations where
only in layers or patches of anomalously high con-
centration of food can larval fish or copepods ob-
tain enough nutrition to grow. Field data on verti-
cal distributions indicate that extensive, sharply
defined layers with elevated abundances of
phytoplankton often exist within the euphotic
zone (e.g., Cullen and Eppley 1981, for chlorophyll;
Kiefer and Lasker 1975, for Gymnodinium splen-
dens; Cullen et al. 1982, for several species).
There is also more indirect evidence of the im-
portance of unusually rich layers of food for the
survival and growth of planktonic predators: The
greater size of “wild” copepods relative to those
raised in the laboratory (Mullin and Brooks 1970),

Institute of Marine Resources, A-018, Scripps Institution of
Oceanography, University of California—San Diego, La Jolla,
CA 92093.
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the limitation of egg production of a copepod popu-
lation (Checkley 1980b), and the failure of year
classes of anchovy when storms or upwelling were
thought to disrupt layers of food (Lasker 1981).
However, direct field evidence concerning starva-
tion or growth limitation by food of larval anchovy
is both limited and contradictory (Arthur 1976;
Methot and Kramer 1979; O’Connell 1980).

The population of the large copepoed, Calanus
pacificus, is sometimes concentrated in those
layers where autotrophic phytoplankton is most
abundant (Mullin and Brooks 1972, 1976). How-
ever, there also are cases where no such correla-
tions were found (Mullin and Brooks?) or where
Calanus and other herbivores actively avoided a
layer of abundant dinoflagellates (Fiedler 1982),
and where feeding in such a layer was depressed
relative to other parts of the water column (Fiedler
1982; Huntley 1982). In the present study, we
examined the vertical relations between several
zooplanktonic taxa and chlorophyll, a measure of
the autotrophic, phytoplanktonic biomass. Since
the nutrition of zooplankton governs growth and
fecundity, the vertical relations between zooplank-
ters and their food can affect the future supply of
food for fish if the zooplankton is food-limited.

Small-bodied species of zooplankton (or larval
stages of larger species), some large-celled, non-
thecate dinoflagellates, and protozoans were of
particular interest as representing potential lar-

2Mullin, M. M., and E. R. Brooks. 1976. Unpubl.data. In-
stitute of Marine Resources, Scripps Institution of Oceanog-
raphy, University of California—San Diego, La Jolla, CA 92093.
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val fish food. Larger zooplankters represent poten-
tial competitors with larval fish for dinoflagellate
and protozoan prey, or even potential predators of
the larvae themselves.

The vertical distribution of larval anchovy
within the euphotic zone is less well known than is
that of zooplankton, particularly with respect to
the vertical distribution of their food sampled con-
currently, because larval fish are so rare that nets
with large capacity must be used to capture sig-
nificant numbers of them. It was partly to provide
such data that we conducted the present study
concurrently with sampling by National Marine
Fisheries Service personnel from a second vessel
to determine the vertical distribution of larval
fish. Records of water temperature, concentration
of chlorophyll, and abundances of phytoplankton
at the depth of the chlorophyll maximum were also
taken from the second vessel, and are compared
with our results below.

We were fortunate, intellectually if not physi-
cally, to sample a fixed location before and after
passage of a local storm (cf. Lasker 1975), and we
therefore tried to examine the potential impor-
tance for the food web of turbulent rearrangement
of vertical distributions. We looked for changes
coincident with the storm in overall abundances
and in the intensity and patterns of vertical
stratification of many planktonic taxa, and in cor-
relations between the vertical distributions of
predators and their potential prey. We then made
predictions concerning the implications of these
changes for the nutrition of larval fish.

METHODS

From mid-March to mid-April 1980, spawning
of anchovy was concentrated in the inner portions
of the Southern California Bight, apparently con-
fined by plumes of cool water extending south of
Point Conception beyond Santa Catalina and San
Clemente Islands (Lasker et al. 1981). Between 29
March and 6 April, we took 13 vertical series of
samples at 5 m intervals in the upper 50 m of water
at lat. 33°28.5'N, long. 117°46.7'W (CalCOFI sta-
tion 90.28, 3.5 km offshore from Dana Point,
California), where the depth of water was ~350 m,
using the pump and hose described by Mullin and
Brooks (1976) and Mullin (1979). Almost all of the
larval anchovy at this station occurred in the
upper 40 m (Pommeranz®). Because of the re-

3Tilman Pommeranz, Institut fiir Meereskunde, Kiel, West
Germany, pers. commun. 1984. '
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stricted area of the anchovy’s spawning at the
time, our results may be indicative of conditions
experienced by a considerable fraction of the lar-
vae produced in late March-early April in the
Bight. The volume of water filtered per quantita-
tive sample of zooplankton was typically 200-3001;
for comparison, the rate at which a 1.5 cm larval
anchovy searches water for food is about 5 I/h
(Hunter 1972). In addition to quantitative, net-
concentrated samples of zooplankton and
fiberglass-filter concentrated samples of
chlorophyll, we preserved unconcentrated sam-
ples of water in 5% v:v Formalin* for counts of
phytoplankton, and filtered nonquantitative sam-
ples of net-caught zooplankters onto fiberglass fil-
ters which were then frozen for later analysis of
plant pigments in the guts.

One profile was completed during 0900-1400 h
and another during 2030-0030 h each 24-h day
except from 0000 on 1 April to 0900 on 3 April,
when a local storm kept us in port. Profiles 1-6
were “prestorm”, 7-13 “poststorm”.

Analytical procedures for chlorophyll and net-
caught zooplankton followed Mullin and Brooks
(1976) and Mullin (1979). All recognizable zoo-
plankters were enumerated. For phytoplankton
and protozoans, we prepared a physically inte-
grated sample for each profile by mixing 50 ml of
water taken from each of the 11 depths. Fifty ml of
this integrated sample were settled for 48 h, and
cells were counted using the Utermohl method.
For cells ~20 um or greater (equivalent spherical
diameter), halfthe settled material was counted at
160x magnification (equivalent to a 25 ml sam-
ple); for cells <20 um, one row across the diameter
of the settling chamber was studied at 625X mag-
nification (0.33 ml).

Subsequently, 50 ml aliquots from each depth
for each profile were settled at least 24 h and
examined. Since the flora was very diverse, we
selected a short list of taxa using the following
criteria: Cells were clearly identifiable even
after preservation in Formalin, present in suffi-
cient numbers to provide reliable data, and (with
several exceptions) of interest as possible larval
fish food. We believe that all taxa usable as food
were satisfactorily preserved and counted. Most of
the cells were counted using 160x magnification,
usually in an equivalent of a 12.5, 25, or 50 ml
sample. Chaetoceros spp., Nitzschia spp., and
Emiliania (Coccolithus) huxleyi were enumerated

“Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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at 250%, usually in one or two rows across the
settling chamber (1.13 or 2.3 ml). A precipitate
developed in certain samples after several months
storage, so profiles 1, 2, 8, and 12 could not be
included in the analysis based on discrete depths;
profile 13 was also excluded in order to balance the
data.

To measure the amount of plant pigments in the
guts of selected zooplanktonic taxa, we used an
approach similar to that of Mackas and Bohrer
(1976). In a darkened room, the frozen contents of
each fiberglass filter were washed onto a circle of
Nitex mesh (180 um) and then sucked dry. The
mesh disk was transferred to a Petri dish, wetted,
and then examined visually using low magnifica-
tion and low-intensity green light. Organisms
were removed singly from each mesh, dipped in
filtered seawater, and then sorted into scintilla-
tion vials sitting in an ice bath and containing
small amounts of 90% reagent grade acetone.

After obtaining enough organisms, we in-
spected the contents of each vial visually to insure
that they were taxonomically homogeneous and to
record the number of individuals present. The con-
tents were then homogenized with a motor-driven
teflon pestle in a glass grinding vessel to which
MgCO, and acetone were added. The homogenate
was transferred by several rinses to a 15 ml
screw-cap test tube and the volume was adjusted
to 10 ml. All test tubes were stored in a light-tight
container in a refrigerator for ~1 h, after which
the homogenates were given an additional half
hour to extract and to warm to room temperature.

The homogenate from each tube was first mixed
and then filtered through a fiberglass filter to re-
move the MgCOQO; and animal tissue/exoskeleton.
The amounts of chlorophyll a and phaeopigments
in the filtrate were determined fluorometrically
(Holm-Hansen et al. 1965) using a Turner Model
111 fluorometer equipped with a high-sensitivity
door.

In order to evaluate the method, we collected
copepods by oblique net hauls over the Scripps
Canyon (~2 km from shore), sorted them, and
placed them in filtered seawater to starve for 18-24
h. On other occasions copepods were similarly col-
lected, starved to void their guts, and then allowed
to become satiated on mixtures of cultured phyto-
plankton. All animals were frozen before pigment
extraction.

To assess (ex post facto) whether preservation of
pigments by freezing was complete, we took
oblique net tows (total duration ~2 h) over Scripps
Canyon. Each net haul was immediately strained

through pieces of Nitex (<100 wm) netting and
then quick-frozen using dry ice. Twelve samples
thus obtained were stored in the same freezer as
the cruise samples and processed in a similar
manner. One sample (Ty) was processed the same
day, the other samples at various times thereafter
up to 700 d. We were unable to detect a decrease in
total pigments over this time period by linear re-
gression, and therefore believe the freezing to be
adequate.

The first group of hypotheses we wished to test
concerned temporal changes in patterns of verti-
cal distribution. One general procedure was to
treat several samples of one kind (e.g., all diurnal
samples from a particular depth before the storm)
as replicates accounting for variability due to
technique and to real patchiness, and then to look
for significant differences through an analysis of
variance (ANOVA) on log-transformed abun-
dances. Details are in Table 1. This was done for
those taxa for which the variances (of log-
transformed data) were homogeneous by
Bartlett’s and/or Cochran’s tests (Dixon and Mas-
sey 1957). Where the variances were heterogene-
ous (i.e., P < 0.01 of homogeneity), we tested
analogous hypotheses through nonparametric
tests, as indicated in Table 2. Taxa for which it was
necessary to employ the battery of nonparametric
tests are indicated by asterisks in the Appendix.

A second group of hypotheses concerned correla-
tions between measured properties, such as the
concentration of chlorophyll and the abundance of
a particular taxon. These hypotheses were tested
by nonparametric correlation or concordance
tests; details are in Section C below. We also tested
for changes in overall community composition by
constructing dendrograms based on rank differ-
ence correlation coefficients. All nonparametric
tests are from Tate and Clelland (1957).

RESULTS

The overall abundances and vertical distribu-
tions of 43 zooplanktonic and 18 phytoplanktonic
and protozoan taxa in the upper 50 m are shown in
the Appendix, based on median abundances for
diurnal and nocturnal profiles, before and after
the storm, together with the distributions of
chlorophyll. Depending on dietary preferences of
the visually feeding larval anchovy (e.g., Arthur
1976), some combination of the diurnal distribu-
tions of several taxa represents the “typical” verti-
cal distribution of larval fish food (see Section D
below). We will discuss results in the following
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TABLE 1.—Three-way analysis of variance on log-transformed abundances (m_3) (see Appen-
dix). To balance the sampling design, the 13th profile for zooplankton and chlorophyll (6 April)
was omitted from the analysis. A significance level of P < 0.01 was used to compensate for
multiple testing of the same hypotheses for many taxa.

Classification of sample Significance of ANOVA probably indicates:

1. Day vs. night Taxon migrated dielly from below 50 m into sampled range. Diel variation in
avoidance of hose intake would create spurious significance. For very short-lived
taxa, strong diel variation in birth, death, or maturation could also cause significant

differences.

Taxon changed in mean abundance coincident with storm. Cannot distinguish
advective from biological causes.

Taxon was nonuniformly distributed 0-50 m in a consistent manner (or avoidance
varied with depth).

Taxon migrated dielly into sampled range from below 50 m before or after storm, but
not both.

Taxon had some kind of diel migration. if classification 1 was not significant, migra-
tion occurred within upper 50 m. Variation in avoidance both dielly and with depth
could create spurious significance.

Depth distribution of taxon changed coincident with storm. Change could either
resultin greater or lesser uniformity with depth or a change in depth of the maximum.
Pattern of diel migration of taxon changed coincident with storm.

2. Before vs. after storm
3. Depth
Interaction 1 x 2

Interaction 1 x 3

Interaction 2 x 3

Interaction 1 x 2 x 3

TABLE 2.—Questions, hypotheses, and nonparametric statistical tests for taxa with heterogeneous variances (designated by
asterisks in Appendix). A significance level of P < 0.01 was used to compensate for multiple testing.

Question Null hypothesis (Hy)

Test and comments

No difference in abundance
(m™?), day vs. night.

1. What taxa migrated dielly
from below 50 m into
the sampled range?

2. What taxa migrated dielly
within the upper 50 m?

No difference in depth of
median animal, day vs.
night.
3. What taxa changed in No difference in abundance
abundance coincident {m ™) before vs. after
with the storm? storm.
4. What taxa became No difference in range
more or less uniform of abundances (m %)
in vertical distribution 0-50 m.
following the storm?
5. Did community
structure change
coincident with

No relation between
strength of rank
correlation between two

Mann-Whitney U test for difference in median abundances (m ™2) of each taxon, day vs. night.
Compare to ANOVA classification 1.

For each taxon for which H, 1 is accepted, Mann-Whitney U test for difference in depth of median
animal, day vs. night. Compare to ANOVA interaction 1 x 3.

For each taxon for which Hy 1 is accepted, Mann-Whitney U test for difference in me Jian abun-
dances (m ~2), 29 March-1 April profiles vs. 3-8 April profiles. Compare to ANOVA classification 2.

For each taxon for which H, 1 is accepted, short-cut F test on ranges in median profiles
(Appendix). Compare to ANOVA interaction 2 x 3.

From abundances (m ~2) of each taxon in each profile, profiles are grouped by dendrogram based
on rank correlation coefficients of abundances.

the storm? profiles and timing of
these profiles with
respect to the storm.
categories: A. Zooplankton; B. Phytoplankton

and protozoa; C. Relations between zooplankton
and phytoplankton; and D. Food for larval fish.

Figure 1 shows that the storm was not remark-
able in the wind records from San Diego, but was
quite apparent in the winds at San Clemente Is-
land and in records of wave height at La Jolla and
Oceanside. The generally lower wind speed and
greater variability in speed and direction within
each day at San Diego than at San Clemente Is-
land are general phenomena (Dorman 1982). The
wind at San Diego is probably more typical of the
actual wind off Dana Point, while the San
Clemente winds are more typical of the offshore
condition generating the swell arriving there.
Since the energy appearing as wind-induced tur-
bulence increases as the cube of the wind speed, a
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doubling of wind speed increases turbulent energy
eightfold.

Following the storm, surface temperatures and
the thermal gradient in the upper 30 m were re-
duced at the sampling location off Dana Point,
though the change in thermal gradient was not
apparent until more than a day after the storm,
and water temperatures at La Jolla were higher
after the storm (Fig. 1). Minimal thermal gra-
dients in the upper 30 m were also observed by the
second vessel working at Dana Point on the night
of 4-5 April. Though there was pronounced day-
to-day variation in depths of isotherms, isotherms
tended to be shoaler after the storm. For example,
the poststorm median depths of 12°, 13°, and 14°C
isotherms all were shoaler by 4.7-5.9 m than were
the prestorm median depths (Pommeranz foot-
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FIGURE 1.—Winds, water temperature, temperature gradient,
and wave height at Southern California locations during this
study. For temperature, dots are Dana Point, x’s are La Jolla.
Wind direction is the direction from which the wind is blowing.

note 3), and these differences were each significant
by rank sum test (P =< 0.05). This is not what one
would expect from simple mixing, in which the
nearsurface isotherms should shoal and the
deeper isotherms deepen.

A. Zooplanktonic Taxa and
Community Structure

We examined statistically the data on zoo-
plankton summarized in the Appendix for
answers to several questions concerning temporal
changes in the distributions, using the ANOVA or
nonparametric tests summarized in Tables 1 and
2. Daytime vertical distributions of many of these
taxa off Southern California in late spring and fall
are given by Fiedler (1983). As noted in the tables,
there are potential ambiguities in the interpreta-
tion of even statistically significant results, such
as the difficulty in distinguishing diel migration of
a zooplanktonic taxon from a diel variation in its
capability to avoid capture by the pump. More
serious, and applicable to phytoplankton as well as

zooplankton, is the impossibility of distinguish-
ing between 1) biological changes caused directly
by the storm (such as vertical redistribution,
changes in behavior, or changes in the balance
between birth and death of a taxon) and 2) storm-
driven advection into the area of water with
planktonic populations differing in abundances or
behavior from those present prior to the storm, but
neither the original nor the replacement popula-
tions having themselves changed in these proper-
ties. Advection undoubtedly occurred before, dur-
ing, and after the storm; the issue is whether
biologically caused changes associated with the
storm occurred as well.

1. Diel Vertical Migrations

Based on results from ANOVA classification 1
(Table 1) or nonparametric Test 1 (Table 2), the
taxa migrating into the upper 50 m from deeper

_water at night were the copepodites and adults of

Pleuromamma and Metridia. These are real mi-
grations, since sampling the water column of the
Southern California Bight to greater depths re-
veals a change in depth of maximal abundance

-from below 100 m by day to within the upper 50 m

at night (Esterly 1912; Enright 1977; Brooks and
Mullin 1983). Euphausiid furcilia were also more
abundant at night than by day.

Of the remaining zooplanktonic taxa (which did
not have significant diel variation in total abun-
dance within the upper 50 m), the populations of
female, CV, and CIII Calanus, euphausiid calyp-
topes, and cyphonautes larvae were centered sig-
nificantly higher at night than by day in the water
column. Again, these results are consistent with
results of sampling to greater depths in nearby
waters (Esterly 1912; Enright and Honegger 1977,
Mullin 1979; Brooks and Mullin 1983). Other taxa
probably belonging to this category of behavior
are adult Rhincalanus and Eucalanus (numbers
too small for reliability). Curiously, when tem-
poral changes are removed from the analysis
(ANOVA classification 3 (Table 1)), female and CV
Calanus and adult Rhincalanus, Eucalanus, and
Metridia tend to be uniformly distributed in the
upper 50 m.

2. Changes Following the Storm

Several taxa were significantly different in
abundance following the passage of the storm
[ANOVA classification 2 (Table 1) or nonparamet-
ric Test 3 (Table 2)], and most of these were larval
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forms. Acartia, “Paracalanus”, and “other” nau-
plii were significantly more abundant in 3-6 April
samples than in the prestorm set (Fig. 2), while
the abundance of larval fish in our samples de-
creased, as did that of adult and copepodid
Oithona. An increase in abundance of appen-
dicularians was almost significant. From the point
of view of a larval or young juvenile fish, there
were more items of desirable food (copepod nau-
plii and fewer siblings after the storm. No change
was detected in those taxa (adult Labidocera and

FISHERY BULLETIN: VOL. 83, NO. 2

Corycaeus, chaetognaths) likely to be important
zooplanktonic predators on larval anchovy.

Some of these changes appear to be continua-
tions of trends evident before the storm (Fig. 2).
However, the fact that larval copepods of several
types were more abundant following the storm
suggests that the storm directly or indirectly
stimulated reproductive activity, though stimula-
tion of hatching of benthic eggs (cf. Uye and
Fleminger 1976; Landry 1978) or advection of
populations from an area of greater fecundity
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FIGURE 2.—Temporal change in total abundance (m™2) of selected zooplanktonic taxa. The vertical line in each panel separates
“prestorm” on the left from “poststorm” on the right. “Paracalanus” includes some Clausocalanus Spp.
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would give the same result. Given the naupliar life
span of a few days, one would expect that, if repro-
duction were responsible, the ratio of nauplii to
adults would continue to increase for the 3 d fol-
lowing the storm (though such a finding would not
rule out advection). This is most readily tested for
Acartia (nauplii/female) and “Paracalanus”
(nauplii/adults and copepodites), since the older
stages remained within the 0-50 m water column
day and night (ANOVA classification 1 not sig-
nificant). The ratio, nauplii/female, for Acartia
increased dramatically; indeed, so much so that
published values of maximal fecundity (50 eggs/
female per day, Landry 1978; Uye 1981) are barely
sufficient over the 5-d period including the storm
(1-5 April) to account for the observed ratio on 6
April, even if no death or metamorphosis of
nauplii occurred. This is because female Acartia,
though unusually abundant immediately after the
storm on 3 April, declined dramatically from that
time until 6 April (Fig. 2). For “Paracalanus”,
which has approximately the same maximal
fecundity as Acartia (Checkley 1980a), the ratio of
nauplii to copepodites plus adults was slightly
greater on 6 April than during the preceding 2.5d.
Evidence that the capacity of the environment to
sustain reproduction of “Paracalanus” increased
after the storm is presented in Section C below.
Hence, the results are qualitatively consistent
with the hypothesis that the storm stimulated
reproduction, especially in Acartia; but other
explanations cannot be ruled out. It is noteworthy,
however, that no “exotic” taxa appeared after the
storm.

Significance of ANOVA interaction 1 X 2 indi-
cated that for two taxa (euphausiid furcilia and
CV Calanus), the tendency to be more abundant in
the upper 50 m at night than by day was more
pronounced before the storm. Another migratory
taxon —cyphonautes larvae—showed both a
change in average depth distribution within the
upper 50 m and a change in pattern of diel migra-
tion (significance in ANOVA interactions 2 X 3
and 1 x 2 x 3). The nighttime distributions of
cyphonautes larvae were similar before and after
the storm, but the daytime distribution was
shifted to shallower water after the storm; adult
Corycaeus showed the same (but nonsignificant)
tendency, though they did not have a significant
diel migration over the whole period (cf., evidence
for a reverse migration by this species off Southern
California in Fiedler 1983). Pleuromamma was
virtually absent from the upper 50 m during the
day both before and after the storm, but at night

tended to occur shallower within this layer after
the storm.

Diel migration was not detected in Calanus CII
and CIII copepodites (ANOVA interaction 1 X 3
not significant), nor did they change significantly
in total abundance after the storm (ANOVA clas-
sification 2 not significant). There was, however, a
shoaling of the distributions of both stages both
day and night after the storm (ANOVA interaction
2 X 3 significant). Larval fish were also shallower
in our samples by day after the storm.

The vertical distributions of these three taxa
were still stratified after the storm but were
shifted with respect to depth. Another potential
effect of the storm, which could also result in sig-
nificance of ANOVA interaction 2 X 3, is
homogenization of strongly stratified distribu-
tions into more nearly uniform ones. Reduction of
the temperature gradient (Fig. 1) reinforces this
possibility. The reverse process—an increase in
stratification —is possible as a result of biological
responses to the physical disturbance. Test 4 is a
simple way to examine this question, though it is
insufficient to detect some possible complex redis-
tributions. The results of this test were contrary to
expectation; only 2 taxa, Labidocera nauplii and
copepodites, had greater ranges of abundance in
the water column before the storm, while 13 taxa
had greater ranges after the storm. Included in the
latter group were Acartia and “other” nauplii,
both of which increased in overall abundance after
the storm, and all five juvenile copepodid stages of
Calanus. Thus, as far as the zooplankton is con-
cerned, poststorm stratification was generally
more marked than that prestorm. It may be of
significance, however, that the two taxa whose
prestorm abundances were more strongly
stratified than in the poststorm condition were
taxa with strong neustonic (nearsurface) affinities
(Barnett 1974; Appendix).

Inspection of the data (see Appendix) revealed
several other taxa which appeared to have dis-
tributional changes of the sorts described above,
though these were not significant by the criteria
used in the statistical tests. This means that other
sources of variability in abundance—notably,
horizontal patchiness on the scales of a few kilo-
meters, or vertical internal motions creating high
variability at a fixed depth from day to day as
water passed the sampling location—were more
important than were those patterns of change the
statistical tests were chosen to detect.

Finally, we can examine the overall similarities
in the zooplanktonic community of the upper 50 m
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(as abundances m~2), excluding those taxa which
significantly changed in total abundance in this
layer from day to night. The weighted-pair den-
drogram of Spearman’s rank difference correla-
tion coefficients (Fig. 3A) shows an imperfect sep-
aration into profiles taken before and after the
storm, the first poststorm profile (#7) being more
like those before the storm. This is evidence
against the hypothesis that physical advection of
new populations caused all the poststorm differ-
ences, though it is also possible that advection
caused by the storm affected our site only after a
delay. The storm’s apparent effect on the thermal
gradient (Fig. 1) was also delayed for some time.
Even with some of the migrating taxa excluded,
there is a partial separation in the dendrogram of
nocturnal from diurnal profiles.
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FIGURE 3.—Dendrograms of faunal (A) and floral (B)
similarities of the upper 50 m of water off Dana Point, Calif.
Faunal assemblages are based on 39 taxa, floral assemblages on
126 taxa (not just those listed in Appendix). “Floral” includes
protozoans. All coefficients are significant at P < 0.001.

B. Chlorophyll, Phytoplankton, and
Protozoa

Because of the mechanisms of feeding used to
separate small particles of food from water, there
are probably no strict herbivores among the zoo-
plankton we studied, i.e., no animals which ingest
living phytoplankton without also ingesting other
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particulate organic matter. Nevertheless, we used
the distribution of chlorophyll (see Appendix) as
the measure of the distribution of food for
particle-grazing species; in the euphotic zone of
the Southern California Bight, the concentration
of chlorophyll is closely correlated with that of
particulate organic carbon, with particulate ATP,
arid (within any one season) with the chlorophylil
in particles >5 um (Mullin and Brooks 1976;
Eppley et al. 1977; Mullin 1979).

We had adequate data to answer Questions 1-4
from Table 2 for chlorophyll (= “taxon”). We used
the phytoplanktonic and protozoan abundances
from the physically integrated samples for all 13
profiles (see Methods) to perform Tests 1, 3, and 5
concerning the whole 50 m water column. We re-
stricted Questions 2 and 4 to the upper 40 m (since
these taxa were rare below this depth) and used
data from five diurnal and three nocturnal profiles
in answering these questions, since only those
profiles were suitable for counting (see Methods).
Only one of the nocturnal profiles was poststorm.
In order to obtain estimates of “within classifica-
tion” variability and still maintain a balanced de-
sign, we reduced the ANOVA to a two-way design,
retaining “before vs. after storm” and “depth” as
classifications. Thus, diurnal and nocturnal sam-
ples were considered replicates (there was no evi-
dence of diel migration in the phytoplanktonic
taxa). We again restricted the analysis to the
upper 40 m. Variances of log-transformed data for
these taxa were all homogeneous in the four pro-
file data set (profiles 5, 6, 9, and 10). Thus we
applied the ANOVA to a subset of those profiles
suitable for nonparametric tests.

The concentration of chlorophyll per m* did not
change from day to night (H, 1 accepted), nor did
the vertical distribution of chlorophyll within the
upper 50 m change from day to night (H, 2 ac-
cepted). The median chlorophyll concentration
(m~2) was greater after the storm, but not sig-
nificantly so by Test 3. Vertical profiles of in vivo
fluorescence of chlorophyll and samples of phyto-
plankton from the fluorescence maximum layer
(cf. Kiefer and Lasker 1975; Cullen et al. 1982)
were taken from the second ship working concur-
rently at Dana Point. Comparison of the inte-
grated fluorescence profiles indicated that this
measure of chlorophyll increased significantly
after the storm (P < 0.01 by a variant of Test 3).

Inspection of the data (see Appendix) indicated a
shoaling of the chlorophyll maximum layer after
the storm, and this was significant by a Mann-
Whitney U test for differences in depth of occur-
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rence of the median value before vs. after the
storm. This tendency was also shown by isotherms
(see above). The range of concentrations of
chlorophyll in the water column tended to in-
crease, meaning that chlorophyll maxima were
accentuated after the storm, though hypothesis 4,
based on the median profiles, was not rejected
(0.01 <P < 0.025).

No phytoplanktonic or protozoan taxa we
examined migrated dielly into and out of the upper
50 m nor did any taxon migrate dielly within the
upper 40 m. The two-way ANOVA of four profiles
detected significant decreases in poststorm abun-
dances of the diatoms Nitzschia spp., Bacterias-
trum spp., Rh. alata, and Rh. fragilissima; all but
the last of these decreases were also significant by
nonparametric Test 3 applied to the full 13-
member set of integrated profiles. This latter test
also revealed a significant decrease in poststorm
abundance of another diatom, S. costatum. Only
the dinoflagellate, Prorocentrum, was more abun-
dant after the storm by the ANOVA test. When the
data set of 13 integrated profiles was examined by
nonparametric Test 3, significant increases were
also detected in the poststorm abundance of
Lohmanniella (a potential larval fish food) and
Ceratium spp. Neither Gymnodinium splendens
nor Cochlodinium catenatum (two potential food
items for larval anchovy) changed significantly in
abundance in samples taken at the depth of the
fluorescence maximum layer from the second ves-
sel. The large diatom category, Chaetoceros spp.,
did not change in total abundance, but the species
comprising this category changed at the time of
the storm; in particular, Ch. constrictus was the
dominant member of the genus after the storm,
but was not encountered in the prestorm samples.

From the ANOVA, no phytoplanktonic taxa had
poststorm vertical distributions different from
their prestorm ones, when the criterion of P = 0.01
was used for significance, and only RhA. alata and
Prorocentrum had significant changes as defined
by P = 0.05. Hence, as far as we could tell from the
four profiles which were usable in the ANOVA, the
storm had much less effect in changing the verti-
cal distributions of specific phytoplankters (and
protozoans) than it did for zooplankton. This con-
clusion is, however, suspect (see below).

Nonparametric Test 4, for which eight profiles
were usable, indicated that the poststorm range of
abundances in the upper 40 m was greater than
the prestorm range for five of the dinoflagellate
taxa, Mesodinium rubrum, and Lohmanniella,
while Nitzschia, Rh. fragilissima, and S. costatum

had significantly smaller poststorm ranges. These
eight profiles strongly suggested poststorm shoal-
ing of the vertical distributions of the potential
food species, C. catenatum, G. splendens, and
Laboea, but the data sets were too small to estab-
lish statistical significance at P = 0.01.

The general changes associated with the storm
were therefore decreases in the abundances and in
the degree of stratification of some diatoms, and
increases in abundances and degree of stratifica-
tion of some dinoflagellates and protozoans. How-
ever, significant changes in the pattern of stratifi-
cation with depth were more difficult to detect
because of the reduced data sets, except for the
shoaling of the distribution of chlorophyll.

The floral composition of the profiles permitted a
clear separation into prestorm and poststorm as-
semblages, with the exception of the last prestorm
profile, which was quite different from the others
(Fig. 3B). This result was different from the analy-
sis of zooplankton (Fig. 3A), where the first post-
storm profile was unexpectedly grouped with pre-
storm profiles. Both results, however, indicate that
the compositional changes associated with the
storm were gradual rather than abrupt. Unlike
the faunal assemblages, the floral grouping
showed no tendency to separate day from night.
The difference in correlation coefficients between
dendrograms A and B probably reflects the fact
that quite different numbers of taxa were counted,
and that samples were counted by different
techniques, rather than any fundamental distinc-
tion between phytoplanktonic and zooplanktonic
assemblages.

C. Relations Between Zooplankton and
Phytoplanktonic Biomass

If positive correlations between the abundances
of particle-grazing zooplanktonic taxa and
chlorophyll existed before the storm, it is reason-
able to hypothesize that such correlations would
be weaker or nonexistent after the storm due to
turbulent disruption of associations.

We examined the following taxa of zooplankton
in this regard, sometimes combining categories
from the Appendix: Naupliar Acartia, naupliar
Calanus, naupliar “Paracalanus”, copepodid and
adult Acartia, CI-CIV Calanus, CV and female
Calanus (nocturnal only), copepodid and adult
“Paracalanus”, adult Metridia (nocturnal only),
adult Pleuromamma (nocturnal only), and the
appendicularians. We grouped data into four sets
of profiles: three diurnal, prestorm; three noc-
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turnal, prestorm; three diurnal, poststorm
(excluding the 6 April profile); and three noctur-
nal, poststorm. In order to give each profile within
a set equal weight and to restrict attention to
vertical relations, we arranged data from each
profile in order of increasing concentration of
chlorophyll; next ranked the samples in order of
increasing abundance of the taxon of interest;
then calculated the Kendall’s tau coefficient as a
measure of correlation between that taxon and
chlorophyll within each profile; and finally calcu-
lated the coefficient of concordance between the
rearranged ranks of the taxon in the three profiles
of a set as a measure of agreement on a common
tendency (see Mullin and Brooks 1972). We then
defined a persistent relation between a taxon and
chlorophyll in one full set of profiles as requiring a
significant (P = 0.05) concordance between the
individual profiles of the set, tau coefficients of all
profiles of the same sign (positive or negative), and
at least one of the tau coefficients significant (P =
0.05).

No persistently negative relations were found
between any taxon and chlorophyll in any set of
profiles. In the diurnal, prestorm set, naupliar
Acartia, naupliar Calanus, copepodid and adult
Acartia, and appendicularians were all positively
related to chlorophyll, and CI-CIV Calanus
tended in this direction. These relations all van-
ished at night by our criteria, though naupliar
Calanus tended to retain a positive association.
After the storm, the strength of the diurnal, posi-
tive relations of naupliar Acartia, copepodid and
adult Acartia, CI-CIV Calanus, and appendicula-
rians increased, and naupliar “Paracalanus” also
had a positive relation. At night after the storm,
all taxa except naupliar “Paracalanus”, CV and
adult Calanus, Metridia, and Pleuromamma had
positive relations with chlorophyll. Thus, contrary
to expectations, after the storm there were more
positive relations between these particle-grazing
taxa and the concentration of their food, measured
as chlorophyll.

We reached a similar conclusion for the ciliates,
Laboea and Lohmanniella; neither were persis-
tently related to the vertical distribution of
chlorophyll before the storm, but both were posi-
tively related after the storm by our criteria. Since
fewer profiles for these protozoans were counted,
we did not separate night from day in searching for
the correlations.

Such correlations can also show seasonal vari-
ability; for example, Fiedler (1983) found strongly
positive correlations between the vertical dis-
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tributions of chlorophyll, Paracalanus, and
Penilia avirostris (a cladoceran) in October, but
strongly negative correlations between these zoo-
plankters and chlorophyll in May; Ctenocalanus
vanus showed a seasonal reversal of its relation to
chlorophyll in the opposite direction.

In spite of the increased correlation after the
storm between particle-grazers and their food,
there is some evidence that the poststorm grazing
pressure on phytoplankton was less than that pre-
storm. The ratio of chlorophyll to phaeopigments
in the water column is an indicator of the ratio of
living phytoplankton to the fecal material of graz-
ers, and hence is inversely related to the grazing
pressure per unit phytoplanktonic crop (Lorenzen
1967). The chlorophyll/phaeopigment ratio was
significantly greater (P < 0.05 by rank sum test)
after the storm, indicating a reduction in grazing
relative to the available crop.

We derived a second indicator of the effect of the
storm on relations between phytoplankton and
zooplankton from a study of egg production of the
copepod, Paracalanus parvus, and chlorophyll
and particulate nitrogen in the Southern Califor-
nia Bight (Checkley 1980b). Checkley found that
the nitrogen in phytoplankton was the best mea-
sure of fecundity-stimulating food, that about half
the chlorophyll retained on a fiberglass filter was
in particles >5 um, and that the weight ratio of
nitrogen in phytoplankton to chlorophyll was 12.
From these relations, the egg production of
Paracalanus is food-limited where the concentra-
tion of total chlorophyll is below 1.3 ug/l. By this
standard, only 18% of the upper 50 m contained
sufficient food for maximal egg production prior to
the storm, while 34% of the water column met this
criterion afterwards.

This conclusion is likely to be qualitatively cor-
rect unless the size distribution of phytoplankton
was altered markedly by the storm, or the breadth
of the copepods’ diet with respect to nonphyto-
plankton was changed. Neither of these sources
of error is particularly likely, since the ratio of >5
pm to total chlorophyll agrees with earlier results
in the Bight (Mullin and Brooks 1976) and since
the range of the data from which Checkley de-
duced the importance of chlorophyll in regulating
egg production included all but one of the concen-
trations of chlorophyll we measured.

Further, the vertical distribution of adult and
copepodid “Paracalanus” was positively corre-
lated with that of chlorophyll after the storm and
at night (see above). If this finding applies to
female “Paracalanus” by themselves, a consider-
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ably greater fraction of total reproduction oc-
curred at maximal (i.e., nonfood-limited) rates
after the storm.

A similar quantitative example of augmenta-
tion of zooplanktonic nutrition related to the
storm can be calculated for CIV-adult Calanus,
though the vertical distribution of these stages
was not well correlated with that of chlorophyll. In
June 1980, Cox et al. (1983) estimated the carbon
budget of Calanus at various stations and depths
in the Southern California Bight, and concluded
that gain in biomass of these copepods was possi-
ble where the concentration of chlorophyll ex-
ceeded 0.9 ug/l. By this standard, the fraction of
the upper 50 m where some growth was possible
(nighttime only, because of diel migration) was
36% before and 58% after the storm.

A third test of the significance of vertical dis-
tributions and the effect of the storm on them was
based on the plant pigments in the guts of the
large copepods caught at various times and
depths. The measurement of fluorescence of gut
contents can be used as a quantitative estimate of
the rate of ingestion of plant material if the break-
down of pigment, the gut passage time, and the
background fluorescence due to an animal’s own
pigmentation are known (Mackas and Bohrer
1976). We chose to ask two simpler questions based
on changes in fluorescence: 1) Were the total gut
pigments (chlorophyll + phaeopigments) of
copepods caught at specific depths correlated with
the concentration of chlorophyll measured at the
same depths, before or after the storm or both? 2)
Did the amount of gut fluorescence of a taxon,
independent of specific depths, change coincident
with the storm? The first question addresses the
issue of whether the copepods can be shown to have
fuller guts at depths where phytoplanktonic food
(as measured by chlorophyll) is more concen-
trated. If copepods move frequently from the
depths at which they feed, such correlations would
be difficult to establish (¢f. Dagg and Wyman
1983). The second question is the more general one
of whether the copepods were better nourished
after the storm.

We tested data concerning female Acartia,
female and CV Calanus, female Metridia, and
female Pleuromamma in this regard, with 6-28
pre- or poststorm data points per taxon. Of these
taxa, only Acartia’s abundance was significantly
positively associated with the vertical distribution
of chlorophyll (see above).

The gut pigment per Acartia showed norelation
to the ambient concentration of chlorophyll, how-

ever, while that of Pleuromamma was positively
correlated with chlorophyll. In no case was the
poststorm correlation (tau coefficient) between gut
fluorescence and chlorophyll stronger than that
prestorm. Hence, we could not show that for these
taxa the distribution of degree of satiety became
more strongly associated with the vertical dis-
tribution of chlorophyll after the storm, even
though the range of chlorophyll concentrations
available in the upper 50 m had increased.

Nor for any of these taxa was the poststorm
amount of gut fluorescence significantly greater
than that prestorm. Based on comparison between
field-caught female Acartia and Calanus, and
these same taxa fed to excess or starved in the
laboratory, we conclude that both these popula-
tions were well fed in general both before and after
the storm, and animals had plant food in their guts
at all depths sampled. Hence, we could not demon-
strate a change in nutritional status of the taxa as
a result of the storm, even though the overall con-
centration of chlorophyll increased. All these taxa
have been shown to feed on nauplii as well as
phytoplankton (e.g., Haq 1967; Lonsdale et al.
1979; Landry 1981), but we could not test whether
their nutrition from animal sources had improved
coincident with the increase in abundance of
nauplii following the storm.

D. Abundance and Vertical Distribution of
Food for Larval Fish

Because larval fish are visual predators, it is the
diurnal distributions of potential prey which are
particularly relevant. Different species select (or
are physically able to ingest) different prey, and of
course different types of prey differ in their catch-
ability, digestibility, and nutritive value. We will
consider the distributions of food for two prototyp-
ical larvae representing extremes in a continuum
of actual types. One is a small-mouthed larva
which we will call “anchovy-like”, based on Berner
(1959), Lasker et al. (1970), O’Connell and
Raymond (1970), Arthur (1976), and Lasker and
Zweifel (1978). For these larvae, “large” prey con-
sists of all copepod nauplii and lamellibranch and
cyphonautes larvae (Appendix); “small” prey con-
sists of all ciliates and all nonthecate, large di-
noflagellates. Laboratory studies suggest the crit-
ical concentrations for both good survival and
rapid growth are =5 X 10%large or =5 X 10%small
prey 171, or an equivalent combination.

The other prototypical larva has a larger mouth
and is more active; based on Arthur (1976), Hunter
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and Kimbrell (1980), Lipskaya (1982), and De-
vonald (1983), this larva is “mackerel-like”
(though Scomber and Trachurus, especially the
latter, tend to spawn farther offshore than our
sampling location). This larva requires a much
lower concentration of “large” prey, 50 17, and a
large number of zooplanktonic taxa are potential
food: all copepod nauplii; lamellibranch and
cyphonautes larvae; Acartia, Labidocera, Met-
ridia, and Pleuromamma immature copepodites;
“Paracalanus”, Oithona, Euterpina, Corycaeus,
Oncaea, and Microsetella copepodites and adults;
euphausiid nauplii and calyptopes; CI, CII, and
CIII Calanus; “other copepods”; cladocerans; and
(see Lipskaya 1982) appendicularians. Nauplii
and lamellibranch and cyphonautes larvae are
considered small prey, the remainder being large.
This spectrum of prey is also appropriate for young
postlarval anchovy.

Figure 4 shows the prestorm and poststorm
diurnal vertical distributions of food for the two
prototypical larval types, in terms of the equiva-
lent “large prey” for each; the figure legend gives
the conversion factors used. In no instance was the
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laboratory-determined critical concentration of
prey exceeded. We do not believe that this conclu-
sion is due to destruction of prey during preserva-
tion.

We tested hypotheses concerning the vertical
stratification and the effect of the storm on dis-
tributions of prey by two-way ANOVAs on log-
transformed abundances from the diurnal profiles
(3, 5, 7, and 9) similar to those used for phyto-
planktonic taxa (Section B above), since variances
were homogeneous by Barlett’s test. We used our
data on the diurnal abundances of total larval fish
to examine correlations with the food of
“anchovy-like” larvae by means of the tau coeffi-
cient for these profiles.

It is apparent from Figure 4A that “small prey”
dominated the food supply for “anchovy-like” lar-
vae, even when expressed as its equivalence in
terms of large prey. Because this category had not
increased significantly after the storm, neither
had total prey for these larvae; however, large prey
were both more abundant and more strongly
stratified.

The food supply of “mackerel-type” larvae was

ARGE PREY, 103/ liter
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0
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FIGURE 4.—Median vertical, diurnal distributions of larval fish food, as “equivalent large prey”, before and after the storm. Taxa
comprising categories of prey are listed in text. A. Prey of “anchovy-like” larvae. Graphed concentrations of small prey are 0.1 x actual
concentrations. B. Prey of “mackerel-like” larvae. Graphed concentrations of small prey are 0.2X actual concentrations.
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dominated by “large” rather than “small” prey.
That these types of zooplankters are less abundant
very near surface and below 30 m than at inter-
mediate depths is apparently not unusual in
spring (Fiedler 1983:fig. 5). Both types of prey were
more abundant after the storm. Total food for both
types of larvae tended to be concentrated nearer
the surface in the poststorm condition.

Although the numbers of larval fish in our sam-
ples are too small, especially after the storm, to
provide a strong test of spatial correlation with
their food supplies, the tau coefficients of correla-
tion between total larval fish and their food by day
were positive in all cases, but somewhat less so
after the storm for the nonthecate dinoflagellates
and ciliates which dominated the food supply of
“anchovy-like” larvae. This was the case even
though the poststorm distributions of both larval
fish and food were concentrated nearer the surface
than were the prestorm distributions.

SUMMARY AND DISCUSSION

We concentrated during this study on the con-
sequences of the vertical distributions of plankton
for the production of zooplanktonic food for larval
fish, and on the differences in distributions of food
experienced by larval fish at one coastal location
before and after a small storm. Since advection
surely occurred, we do not intend to imply that the
same individual larvae experienced both sets of
conditions.

Conclusions we believe to be ecologically sig-
nificant and statistically verified are as follows:

1. The biotic environment was vertically struc-
tured.

a. Ofthe 28 zooplanktonic taxa for which the
ANOVA was appropriate, 22 had a consis-
tently uneven (i.e., stratified) pattern of dis-
tribution with depth in the upper 50 m. Of
the remaining six taxa, three had regular
temporal changes in vertical distribution.
Hence, only 3 of the 28 taxa were uniformly
distributed both vertically and dielly.

b. Chlorophyll was stratified in the upper 50
m, and 9 of the 18 phytoplanktonic-
protozoan taxa examined had stratified dis-
tributions in the upper 40 m; the stratified
taxa were notably dinoflagellates and the
oligotrich ciliates rather than the dia-
toms.

c. Both small prey and total prey for
“anchovy-type” larvae were vertically

stratified, but prey for “mackerel-type” lar-
vae was not.

d. Though the abundance of Acartia was cor-
related vertically with that of chlorophyll,
its gut fullness was not.

2. Several features were different after the storm.

a. Several zooplanktonic taxa—notably, vari-
ous nauplii—were more abundant, while
larval fish were less so. Ceratium, Prorocen-
trum, and Lohmanniella had increased,
while several diatoms had decreased. Evi-
dence suggested a poststorm increase in
chlorophyll, but contained ambiguities.

b. Several zooplanktonic taxa—Pleuro-
mamma at night, cyphonautes by day,
Calanus CII and CIII, larval fish—tended
to be concentrated in shallower depths after
the storm, as did chlorophyll, but data were
insufficient to show that the large-sized
phytoplanktonic taxa we studied responded
in this way. Food for both types of larval fish
was concentrated in shallower water after
the storm. The neustonic distribution of
Labidocera nauplii and copepodites was
less pronounced after the storm, but in gen-
eral the poststorm vertical stratification
was at least as great as that prestorm, even
though the temperature gradient was les-
sened. This general conclusion was also
true for phytoplankton (except for some
diatoms which were less abundant after the
storm) and for the sum of forms represent-
ing “large food” for “anchovy-like” larvae
and “small food” for “mackerel-like” larvae.

3. Relations between predators and prey were dif-
ferent following the storm.

a. Several taxa maintained or established
abundant populations in those parts of the
water column where food was most plenti-
ful. However, this was not true for taxa with
pronounced diel vertical migrations. The
estimated poststorm reproduction of
“Paracalanus” was less limited by food than
was the prestorm reproduction, and
Calanus could obtain sufficient food for
growth in a greater fraction of the water
column after the storm; but we could not
demonstrate a poststorm increase in gut
fullness of large herbivores.

b. Larval fish, both those categorized as
“anchovy-like” and “mackerel-like”, also
were exposed to augmented concentrations
of their respective “large” food items, both
immediately and perhaps as a result of en-
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hanced growth and reproduction of zoo-
plankton and reduced competition from
other larvae. However, the supply of food for
larvae was less than that thought neces-
sary for rapid growth and high survival,
and the spatial association between total
larvae and abundant, small food (di-
noflagellates and protozoans) was slightly
less strong after the storm; this category of
food was not significantly more abundant
after the storm.

Lacking information on the planktonic stocks
and their distribution, we might have hy-
pothesized that the decrease in abundance of lar-
val fish following the storm (Fig. 2) was due to
starvation because the storm-induced turbulence
homogenized the vertical distributions of food.
The results shown in Figure 4 make this
hypothesis untenable.

Even though we did not find concentrations of
food exceeding laboratory-determined thresholds
for growth, certainly the most important conclu-
sion with respect to the storm from the point of
view of a larval fish is that there was as much food
available after the storm and that copepod nauplii
(which laboratory studies have shown to be desir-
able prey) increased significantly. In view of this,
we predict that the larvae present after the storm
were growing faster (or starving more slowly),
were in better condition, and were more likely to
have food in their guts than those present before
the storm, even though the latter were the more
numerous. Also, since the available food increased
at several depths in the water column, we predict
that the occurrences of well-nourished anchovy
larvae (if any were present) should be shallower
after the storm and less strictly confined to one or
two depth strata.

A tendency for larvae to be less closely as-
sociated after the storm with layers of abundant
dinoflagellates and ciliates might negate this pre-
diction; the nature of the vertical relations should
now be examined using the more reliable distribu-
tions of larvae determined by a towed opening-
closing net. Another condition which would result
in failure of our prediction is if the larvae actually
rely for nutrition on micropatches of food, such as
organic aggregates and an associated assemblage
of phytoplankton and microzooplankton (e.g.,
Alldredge 1976; Silver et al. 1978). Devonald
(1983) has suggested this for larvae of jack mack-
erel, Trachurus symmetricus, farther offshore in
the Southern California Bight. If this is true, sam-
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pling on the scale of hundreds of liters, as we did,
would not detect the redistribution of food on the
scale most important for larval survival and
growth; storm-induced turbulence could have dis-
rupted such micropatches, making the supply of
food less rather than more favorable. A large
amount of true microscale sampling, such as that
done by Owen (1981), would then be required to
predict correctly the effect of the storm on the
larvae.
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MULLIN ET AL.: VERTICAL STRUCTURE OF PLANKTON OFF CALIFORNIA

APPENDIX

Vertical Distribution of Taxa

APPENDIX TABLE 1.— Diurnal profiles before storm. * = variances heterogeneous; ANOVA not used.

Depth (m): 0 5 10 15 20 25 30 35 40 45 50
ZOOPLANKTON median number per cubic meter:
Naupliar Acartia 75 407 786 1,533 5,074 1,345 448 78 0 39 49
Naupliar Labidocera 11,688 325 75 77 70 67 34 0 0 0 0
*Naupliar “Paracalanus”’ 2,397 3,004 2,000 1,529 1,761 2,941 8,679 3,333 1,418 1,023 1,478
*Naupliar Calanus 693 956 597 536 515 1,070 299 107 75 79 33
Naupliar Rhincaianus 0 0 Q 77 7 252 163 7 7 4 0
*Other nauplii 1,653 1,832 3,283 4,138 7,647 2,809 5,000 2,679 3,060 1,732 1,569
Female Acartia 4 22 23 19 2t 8 4 0 0 0 0
Male Acartia 4 11 19 23 11 0 o] 0 0 0 0
Copepodite Acartia 12 18 302 284 345 147 0 0 0 0 0
“Adult Labidocera 0 0 0 o] 0 0 0 0 0 0 0
*Copepodite Labidocera 1,571 234 4 o ] ] 0 o] 0 0 0
Adult and copepodite
“Paracalanus™ 3,117 2,711 2,239 1,456 1,029 840 3,051 4,783 3,694 2,598 1,814
*Appendicularians 285 1,245 1,214 3,218 1,985 4,622 2,164 856 67 24 25
*Adult and copepodite Oithona 0 293 970 1,116 2,746 1,070 1,661 1,739 521 736 1,100
Adult and copepodite Euterpina 9 0 71 284 662 602 2939 107 0 0 ]
Euphausiid nauplii 0 0 11 0 4 o] 3 1" 16 4 13
*Euphausiid calyptopis 0 ¢ 4 17 14 30 4 23 7 8 5
Euphausiid furcitia 0 0 4 0 4 20 7 31 8 12 14
Chaetognaths 11 163 204 307 121 172 97 43 16 35 31
Female Calanus 0 0 0 0 9] ] 0 0 0 0 0
Male Calanus 0 0 0 0 0 0 0 0 0 0 0
C V Calanus 0 0 o o] 0 0 0 0 0 3 0
C \V Calanus 0 o] o 0 0 4 4 4 8 0 14
C It Calanus 0 0 0 4 0 3 8 14 15 4 5
C Il Calanus 0 4 o] 4 7 8 57 21 0 3 0
C | Calanus 0 8 4 0 13 13 57 18 4 0 0
“Adult Corycaeus 15 33 79 87 92 97 157 74 92 67 64
“Adult and copepodite Oncaea 83 73 38 230 70 168 2,463 2,536 1,679 1,299 1,225
Microsetella 0 4 4 843 1,513 1,271 305 286 65 173 196
Adult Metridia o] 0 0 0 0 0 0 0 0 0 0
*Adult Pleuromamma Q o] 0 0 0 ¢ ] 0 0 ] 0
~Copepodite Metridia
and Pleuromamma 0 o] 0 0 0 0 0 12 22 91 163
*Adult Rhincalanus 0 0 0 0 0 0 0 0 0 0 0
Copepodite Rhincalanus 0 0 0 0 0 0 34 18 15 17 15
*Copepodite Eucalarnius [ 0 0 0 0 0 0 25 [¢] 0 v}
QOther copepods 0 0 15 0 0 6] 75 1 7 0 3
Fish eggs 43 29 18 8 7 3 [ 0 0 0 0
Fish larvae o] 0 30 74 59 57 23 7 ¢ 0 0
Cladocerans (Evadne) 50 121 86 - 12 0 4 0 0 0 e 0
Polychaete larvae 0 22 104 92 56 104 78 51 28 22 21
Lameilibranch larvae o 0 0 o C Q 0 0 0 104 0
Cyphonautes larvae 0 0 0 0 o] 0 52 140 116 30 0
*‘CHLOROPHYLL median micrograms per liter
0.33 0.36 0.44 0.63 097 1.03 2.06 0.77 0.49 0.32 0.28
PHYTOPLANKTON + CILIATES median number per 100 ml
Nitzschia spp. S 1,627 946 2,412 1,536 2,326 987 1,369 1,008 261
Bacteriastrum spp. (chains) 56 86 84 78 78 95 66 54 16
Chaetoceros spp. 2,488 3,845 4,307 3,246 3,576 1,427 4,270 1,764 413
Rhizosolenia alata 112 116 90 86 80 35 18 4 2
Rhizosolenia fragilissima 98 126 156 120 268 53 6 0 8
Skeletonema costatum 78 56 18 96 76 24 3 88 40
Ceratium spp. 42 30 24 32 14 11 54 4 o]
Gonyaulax polyedra/polygramma 26 14 16 20 12 15 14 o] 0
Prorocentrum sp. C 0 0 2 4 94 34 0 0 0
Protoperidinium spp. 26 30 26 20 18 7 22 2 4
Cochlodinium catenatum 50 56 290 714 1,272 4,065 1,182 148 68
Gymnodinium splendens o} 0 0 2 0 341 300 0 0
Torodinium robustum 30 26 20 10 o] 16 12 0 0
Umbilicosphaera sibogae 50 52 42 34 44 0 18 4 0
*Emiliania huxleyi 1,213 1,821 1,822 1,298 1,883 1928 927 2,489 1,152
Mesodinium rubrum 8 2 6 8 2 8 4 8 14
Laboea spp. 30 146 110 74 82 104 124 72 36
Lohmanielfa spp. 68 128 116 94 134 154 218 78 50

includes some Clausocalanus .
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- APPENDIX TABLE 2.-—Diurnal profiles after storm.

Depth (m): [ 5 10 15 20 25 30 35 40 45 50
ZOOPLANKTON median number per cubic meter
Naupliar Acartia 1,834 8,333 10,525 21,954 6,583 1,867 197 153 60 0 57
Naupliar Labidocera 1,600 4,679 0 0 0 0 0 ] 0 0 [
Naupliar “Paracalanus™ 2,644 10,114 3,669 5,576 7,219 7,810 5,015 1,651 972 888 1,115
Naupliar Calanus 950 810 424 2,180 1,833 837 456 391 193 128 196
Naupliar Rhincalanus 0 631 0 95 134 9 204 228 [ 36 124
Other nauplii 2,740 14,601 15,091 18,210 14,232 8,216 5,327 3,990 3,414 2,570 1,927
Female Acartia 0 5,666 69 9,736 6,617 3,994 0 1,907 0 0 0
Male Acartia 0 5,645 27 14 6,617 7 0 o] 0 0 0
Copepodite Acartia 36 643 1,758 1,756 1,807 288 0 1,905 1,903 0 0
Adult Labidocera o] o] 0 0 0 0 0 0 0 0 0
Copepodite Labidocera 153 79 7 0 0 o] 0 0 0 0 0
Adult and copepodite
“Paracalanus™ 5,646 6,200 1,726 1,796 2,279 4,808 6,434 3,090 1,371 660 435
Appendicularians 3,053 3,165 3,551 5,785 8,364 5,651 1,746 754 122 79 44
Adult and copepodite Oithona 21 696 391 983 814 1,617 1,953 1,044 730 567 516
Adult and copepodite Euterpina 5 229 1,196 2,358 962 190 80 23 0 25 0
Euphausiid naupiii 0 0 171 0 214 9 18 33 27 26 25
Euphausiid calyptopis 0 13 11 89 41 38 21 20 15 9 14
Euphausiid furcilia 0 0 12 15 23 36 27 28 19 16 20
Chaetognaths 8 164 511 251 190 60 42 24 12 6 12
Female Calanus 0 0 o] 0 0 0 [¢] 22 8 8 4
Male Calanus o] 0 0 0 0 0 0 20 4 0 4
C V Calanus o] 0 0 116 0 1 12 18 12 0 4
C \V Calanus 0 68 0 118 45 16 32 6 0 8 0
C Wl Calanus 0 o] 0 119 90 43 14 8 0 0 0
C Il Calanus 7 0 297 27 50 46 11 0 0 0. 0
C | Calanus 7 79 303 15 31 25 12 0 0 0 0
Adult Corycaeus 20 107 387 305 478 74 87 69 48 46 43
Adult and copepodite Oncaea 0 71 255 215 707 2,678 3,466 2,011 1,797 1,322 1,204
Microsetella 14 40 719 476 45 171 236 190 23 37 33
Adult Metridia 0 0 0 0 0 0 0 0 0 0 ]
Adult Pleuromamma 0 0 0 0 0 0 0 1,047 0 o} 0
Copepodite Metridia
and Pleuromamma 0 0 0 0 0 0 81 153 176 135 115
Adult Rhincalanus 0 0 0 0 0 0 0 0 97 80 0
Copepodite Rhincalanus o] 0 0 0 30 31 57 8 99 80 6
Copepodite Eucalanus 0 0 0 ] 28 16 0 7 97 80 0
Other copepods ] 0 0 15 0 17 6 8 10 0 6
Fish eggs 14 18 19 89 0 0 0 0 0 0 0
Fish larvae 0 11 15 95 19 0 0 4] 0 0 0
Cladocerans (Evadne) 164 273 101 102 16 0 0 0 0 0 0
Polychaete larvae 0 100 294 193 375 256 181 101 52 33 19
Lamellibranch larvae 0 0 0 0 0 54 195 138 0 0 0
Cyphonautes larvae 0 193 20 36 15 58 0 8 0 0 0
CHLOROPHYLL median micrograms per liter
0.74 1.08 2.30 2.91 2.05 0.86 0.62 0.52 0.386 0.31 0.21
PHYTOPLANKTON + CILIATES median number per 100 ml
Nitzschia spp. S . 87 48 0 0 0 0 0 130 0
Bacteriastrum spp. (chains) 0 20 24 8 4 4 4 12 0
Chaetoceros spp. 7,857 3,186 265 1,416 1,099 696 87 565 174
Rhizosolenia alata 28 24 8 16 8 0 0 0 0
Rhizosolenia fragilissima 44 16 36 8 4 0 0 0 0
Skeletonema costatum ] 0 0 0 0 0 0 0 24
Ceratium spp. 64 80 72 104 56 0 0 4 0
Gonyaulax polyedra {polygramma 16 56 88 32 16 0 0 0 0
Prorocentrum sp. C 20 4 681 784 296 4 o 4 0
Protoperidinium spp. 48 64 72 40 16 4 0 0 0
Cochlodinium catenatum 52 368 1,837 1,672 1,720 680 56 52 4
Gymnodinium splendens 0 0 672 583 320 4 0 9] 0
Torodinium robustum 24 24 26 28 8 0 0 0 0
Umbilicosphaera sibogae 0 104 40 56 32 4 ] 0 0
Emiliania huxleyi 1,681 1,504 3,009 1,858 609 1,130 696 1,478 973
Mesodinium rubrum 16 24 32 16 8 9] 0 ] 0
Laboea spp. 52 464 326 184 204 116 32 20 4
Lohmanielfa spp. 148 520 580 568 616 152 36 16 6

'includes some Clausocalanus.
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APPENDIX TABLE 3.-—Nocturnal profiles before storm.

Depth (m): 0 5 10 15 20 25 30 35 40 45 50
ZOOPLANKTON median number per cubic meter
Naupliar Acartia 352 315 4,286 5874 6,723 1,992 0 43 0 0 0
Naupliar Labidocera 1,636 870 75 0 0 0 0 0 0 0 0
Naupliar “Paracalanus”’ 5,282 4,229 2,491 2,379 2,500 8352 2215 1,277 1,051 1,041 748
Naupliar Calanus 691 441 1,008 744 2,033 579 340 81 81 41 71
Naupliar Rhincalanus o} 72 0 8 8 97 23 0 0 0 o}
Other nauplii 2,636 5,507 7,143 11,822 12,602 9,650 2,764 3,333 2,358 2,073 1,594
Female Acartia 14 8 25 59 52 16 4] 0 0 0 0
Male Acartia 21 0 25 16 21 4 0 0 0 0 0
Copepodite Acartia 45 47 517 1,784 2,546 83 72 4 0 0 0
Adult Labidocera 0 0 [ 0 0 0 0 0 0 0 0
Copepodite Labidocera 532 98 75 80 0 0 0 0 0 0 0
Adult and copepodite
“Paracalanus” 3,040 2,047 2,264 2,066 2,033 6,364 3,574 3,191 2,412 1,165 435
Appendicularians 2,635 2,907 3,218 4,164 6,134 1.736 488 255 45 37 7
Adult and copepodite Oithona 282 157 1,345 2,231 3,821 1,992 1,824 1,404 545 805 725
Adult and copepodite Euterpina 67 36 130 2,320 1,736 413 130 0 o} 0 0
Euphausiid nauplii 0 0 4 33 4 17 0 8 4 0 0
Euphausiid calyptopis 14 13 4 40 46 21 0 4 0 4 7
Euphausiid furcilia 8 4 4 24 25 19 47 26 33 73 7
Chaetognaths 45 141 189 252 142 93 85 41 28 22 11
Female Calanus o] 0 0 4 16 4 0 0 0 4] 0
Male Calanus 0 0 0 0 [ 0 0 0 [ 0 0
C V Calanus 0 11 17 15 21 4 0 4 0 o] 0
C IV Calanus 14 14 17 19 10 4 4 0 4 0 4
C it Cafanus 0 0 4 0 16 50 10 1] 0 0 0
C Il Calanus 0 0 o] 12 21 161 20 0 0 o] 0
C | Calanus o] 4 13 4 49 119 9 0 0 0 0
Adult Corycaeus 14 16 91 123 142 194 163 118 70 61 36
Adult and copepodite Oncaea 240 157 0 ] 325 3,636 3,453 1,707 1,284 1,487 1,143
Microsetella 141 394 613 1,440 1.220 579 488 71 19 33 36
Adult Metridia 0 0 0 0 0 4 0 20 33 15 7
Adult Pleuromamma 0 0 0 4 0 " 23 45 28 26 18
Copepodite Metridia
and Pleuromamma 4 0 4 45 29 153 293 203 167 134 112
Adult Rhincalanus 0 0 o] 0 0 o] o] 0 o 0 0
Copepodite Rhincalanus 0 0 8 7 10 23 51 33 4 0 0
Copepodite Eucalanus o] 0 0 0 0 12 8 8 0 ] 0
Other copepods 4 4 0 0 o} 0 0 8 12 23 24
Fish eggs 4 0 0 0 3 0 o 0 0 0 0
Fish larvae 21 7 67 59 28 1" 8 0 0 0 0
Cladocerans (Evadne} 120 101 13 4 o} 4 0 0 [o} 0 0
Polychaete larvae 14 22 50 96 366 257 169 80 12 31 32
Lamellibranch larvae 0 o] o} 0 0 0 0 0 o} 0 0
Cyphonautes larvae 0 0 0 20 8 4 0 o 0 0 0
CHLOROPHYLL median micrograms per liter
0.24 0.29 0.49 0.68 0.85 1.82 1.42 097 0.51 0.32 0.26
PHYTOPLANKTON + CILIATES median number per 100 mi
Nitzschia spp. S 1,036 2,181 791 372 1,593 162 841 241 217
Bacteriastrum spp. (chains} 36 90 44 78 14 168 108 50 18
Chaetoceros spp. 5974 1,855 3,628 2,008 1,814 3,585 2,035 1,428 435
Rhizosolenia alata 88 122 96 72 34 28 6 2 4
Rhizosolenia fragilissima 108 160 114 70 68 1 8 2 4
Skeletonema costatum 56 74 70 8 10 18 96 52 116
Ceratium spp. 18 24 38 32 18 28 4 2 0
Gonyaulax polyedralpolygramma 10 2 54 26 18 2 0 0 0
Prorocentrum sp. C 2 o] 58 76 50 6 0 0 0
Protoperidinium spp. 14 16 12 22 23 32 10 0 0
Cochlodinium catenatum 46 96 456 1,002 1,869 2,064 522 68 0
Gymnodinium splendens ] 0 2 12 241 21 0 0 0
Torodinium robustum 28 30 12 12 7 0 0 0 2
Umbilicosphaera sibogae 16 o 16 86 . 0 30 2 2 0
Emiliania huxieyi 858 1,518 1,498 706 1,372 2,173 3,009 1,580 957
Mesodinium rubrum 2 34 6 4 o] 11 4 [ 4
Laboea spp. 102 74 134 122 217 125 44 24 14
Lohmaniella spp. 210 84 152 174 118 128 30 20 12

‘Includes some Clausocalanus.
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APPENDIX TABLE 4.—Nocturnal profiles after storm.

Depth (m): 0 5 10 15 20 25 30 35 40 45 50
ZOOPLANKTON median number per cubic meter
Naupliar Acartia 6,590 9,360 17,323 18,008 15,106 11,371 660 176 90 230 0
Naupliar Labidocera 1,172 1,181 394 336 0 [0} 0 0 0 0 0
Naupliar “Paracalanus™? 4,908 5,256 7,591 4,370 5,184 9,091 6,400 3,424 1,345 1,073 1,126
Naupliar Calanus 1,099 1,378 1,969 1,533 1,082 1,489 495 467 545 236 260
Naupliar Rhincalanus 0 0 0 0 0 167 7 4 0 0 [o}
Other nauplii 3,678 7,102 12,795 27,969 11,873 12,553 8,000 6,154 5,364 4,245 3,520
Female Acartia 11 23 66 138 13 0 0 0 0 0
Male Acartia 11 28 17 123 27 o} 0 0 0 0 0
Copepodite Acartia 280 661 1,575 2,299 1,505 3,617 32 0 0 0 0
Adult Labidocera 11 0 0 0 0 0 0 0 ¢ 0 0
Copepodite Labidocera 119 80 31 15 o} o} 0 [o} 0 0 0
Adult and copepodite
“Paracalanus™ 4,215 3,977 2,953 2,490 1,915 4,013 5,400 2,731 1,887 720 1,039
Appendicularians 2,835 4,400 4,921 5,556 2,814 4,255 4,200 881 377 307 80
Adult and copepodite Oithona 172 394 495 347 1,003 1,505 1,800 952 755 169 560
Adult and copepodite Euterpina 57 142 110 1,261 3,617 167 165 16 27 5 0
Euphausiid nauplii 0 0 o} 0 0 [o} 14 9 14 20 13
Euphausiid calyptopis 57 40 37 83 17 4 13 7 9 8 0
Euphausiid furcilia 1" 0 29 61 27 13 11 26 9 16 9
Chaetognaths 95 100 202 215 54 112 49 57 9 19 9
Female Calanus 0 0 0 15 17 0 [ [} 0 o} 0
Male Calanus o 0 0 0 0 o] 4 0 0 0 4
C V Calanus 4 1 0 15 9 13 o} 0 4 0 0
C iV Calanus 4 23 26 0 43 27 7 0 0 4 0
C Wi Calanus 7 31 26 31 34 80 13 o] 0 0 0
C Il Calanus o] 16 26 42 43 85 0 0 0 0 0
C | Calanus 7 16 8 0 o} €8 7 0 0 0 0
Adult Corycaeus 1 0 47 252 732 190 130 56 45 28 14
Adult and copepodite Oncaea 230 240 94 1,513 1,003 2,766 4,400 1,868 1,345 1,792 1,200
Microsetella 115 320 495 347 426 334 660 78 245 46 20
Adult Metridia 0 8 16 0 0 13 7 4 9 5 0
Adult Pleuromamma 8 16 16 0 0 0 32 44 31 5 9
Copepodite Metridia
and Pleuromamma 8 8 16 17 0 202 366 229 188 88 44
Adult Rhincalanus 0 0 0 0 0 0 0 0 0 0 0
Copepodite Rhincalanus 0 0 12 0 17 67 18 4 9 0 4
Copepodite Eucalanus 0 0 0 0 0 0 0 0 5 0 0
Other copepods 4 [} 0 15 27 51 16 18 54 15 26
Fish eggs [ 16 4 0 0 0 0 0 0 0 0
Fish larvae 0 0 26 42 0 ] 0 ] 0 0 0
Cladocerans (Evadne) 29 197 330 17 0 0 0 0 0 0 4
Polychaete larvae 18 20 106 276 272 334 165 31 47 27 20
Lamellibranch larvae 0 0 0 0 0 0 0 0 0 0 0
Cyphonautes larvae 0 0 4 56 121 67 25 0 0 0 o}
CHLOROPHYLL median micrograms per liter
1.17 1.34 2.87 3.87 415 3.11 1.01 0.61 0.46 0.38 0.35
PHYTOPLANKTON + CILIATES median number per 100 mi
Nitzschia spp. S 88 0 0 88 0 v 0 43 130
Bacteriastrum spp. (chains) 194 g 8 0 0 0 12 12 0
Chaetoceros spp. 5,221 9,469 3,363 442 4,071 4,690 783 174 217
Rhizosolenia alata 56 19 32 19 8 [ 0 4 0
Rhizosolenia fragilissima 83 0 0 111 0 0 4 20 0
Skeletonema costatum 0 0 o] 0 0 0 40 0 8
Ceratium spp. 11 46 80 167 32 24 4 [0} 2
Gonyaulax polyedralpolygramma 0 28 40 37 41 0 0 0 0
Prorocentrum sp. C 556 806 1,360 1,704 290 88 4 [0} 0
Protoperidinium spp. 56 102 32 v 16 16 12 0 2
Cochlodinium catenatum 1,833 1,519 1,488 3,259 3,343 3,424 516 56 10
Gymnodinium splendens 306 352 464 370 4,102 1,016 32 0 0
Torodinium robustum 56 37 64 74 16 40 4 0 0
Umbilicosphaera sibogae 28 9 24 74 24 16 4 o} 0
Emiliania huxieyi 1,062 1,327 1,858 1,416 2,035 2,035 1,652 1,043 478
Mesodinium rubrum 389 176 72 241 14 16 12 0 0
Laboea spp. 472 222 344 389 97 400 72 36 8
Lohmaniella spp. 528 435 512 1,185 207 552 180 24 4

‘Includes some Clausocalanus.
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DIEL AND DEPTH VARIATIONS IN THE SEX-SPECIFIC ABUNDANCE,

SIZE COMPOSITION, AND FOOD HABITS OF
QUEENFISH, SERIPHUS POLITUS (SCIAENIDAE)

EDWARD E. DEMARTINI,' LARRY G. ALLEN,2 ROBERT K. FOUNTAIN,!
AND DALE ROBERTS?

ABSTRACT

Lampara seine-hauls were taken during day and night over 5-27 m bottom depths off the coast of
northern San Diego County, California, from September 1979 to March 1981. These samples were used
to characterize the temporal and spatial patterns of the abundances and size and sex compositions of
queenfish, Seriphus politus, in an unprotected, coastal environment. Stomach contents of sample
queenfish were examined to aid our interpretation of these patterns.

Adult queenfish of both sexes made diel, onshore, and offshore migrations, but immature fish
generally did not. Both immatures and adults occurred in epibenthic, resting schools in shallow areas
(~10 m or less depth, within ~1.5 km of shore) during the day. At night, adult fish dispersed (to >3.5
km) offshore. On average, a greater fraction of the adult males emigrated farther offshore at night than
adult females. Immature fish remained inshore of 16 m bottom dépths (within ~2.5 km of shore) at
night, with the majority staying inshore of ~10 m depth. Regardless of maturity class, larger fish
occurred farther offshore at night.

Stomach contents data confirmed the primarily nocturnal feeding habits of both immature and adult
queenfish. Immatures fed primarily on meroplankton and other nearshore prey; however, adults
captured offshore had also eaten some nearshore prey. Thus, food habits explain much, but not all of the
diel migratory pattern. Immature queenfish may also remain nearshore at night because migration is
not worthwhile energetically and because of greater risk of predation offshore. Adults perhaps also

migrate offshore at dusk to spawn.

Numerous physical and biological factors influ-
ence the spatial and temporal distribution pat-
terns of fishes. In response to such factors, coastal
marine fishes often undergo diel shifts in spatial
distributions (reviewed by Woodhead 1966; Blax-
ter 1970). Examples of horizontal (Hobson 1965,
1973; Hobson and Chess 1976; Quinn et al. 1980;
Allen and DeMartini 1983) and vertical or water-
column (Parrish et al. 1964; Woodhead 1964;
Beamish 1966) diel migrations are recognized.
Diel horizontal migrations may vary with life
stage (e.g., see Hobson and Chess 1973). The type
of diel vertical movement also may vary with sea-
son and with age and spawning condition of fish
(Hickling 1933; Lucas 1936; Brawn 1960; Blaxter
and Parrish 1965; Beamish 1966). In other cases,
relatively static differences between the depth dis-
tributions of juvenile and adult life stages have
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search Center, 531 Encinitas Boulevard, Suite 114, Encinitas,
CA 92024.

?Marine Science Institute, University of California, Santa
Barbara, Calif.; present address: Department of Biology, Califor-
nia State University, Northridge, CA 91330.

Manuscript accepted March 1984.
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been documented (reviewed by Helfman 1978).
Spatial segregation of adult males and females
has been commonly observed only in tropical reef
fishes (Moyer and Yogo 1982; Clavijo 1983; and
others).

This study describes the manner in which a
complex interplay of the factors listed above can
determine the temporal and spatial patterns of the
distribution of a temperate marine fish. Specifi-
cally, we report on diel shifts in the onshore,
offshore distribution of queenfish, Seriphus
politus, characterize the variation in these diel
shifts for immature, adult male, and adult female
fish, and relate these shifts to feeding, anti-
predator, and breeding functions previously de-
scribed.

The queenfish is a small, schooling sciaenid
whose center of geographic distribution lies in the
Southern California Bight, south of Point Concep-
tion (Miller and Lea 1972). The species contributes
significantly to the sport fish catch on piers in
southern California (Frey 1971) and provides for-
age for several game fishes (Young 1963; Feder et -
al. 1974). Queenfish form inactive, epibenthic
schools nearshore (at ~10 m or less bottom depth)
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during the day (Hobson and Chess 1976; Allen and
DeMartini 1983). Queenfish are dispersed
throughout the water column and also occur
farther offshore (to 20-30 m depths) at night,
where they feed (Hobson and Chess 1976; Hobson
et al. 1981; Allen and DeMartini 1983) and perhaps
spawn (DeMartini and Fountain 1981).

This study represents part of an ongoing en-
vironmental impact assessment of the fishes of
coastal waters off San Onofre Nuclear Generating
Station near Oceanside, Calif., using the
queenfish as a target species. Recognition of poten-
tially complex patterns of spatial and temporal
distribution has general applicability for the de-
sign and interpretation of analogous monitoring
studies and for other assessments of nearshore fish
stocks (June 1972).

METHODS AND MATERIALS
Sampling Design

Catches made by lampara seines (a type of
semipursing, roundhaul net, Scofield 1951) were
used to characterize the distribution and abun-
dance of queenfish in terms of catch per unit effort
(CPUE), where a standard-area seine-haul was
defined as the unit of effort (Allen and DeMartini
1983). All queenfish present in each seine-haul
were counted aboard ship. Seines fished from sea
surface to seabed over bottom depths from 5 to 27
m. For diel comparisons, a total of 14 pairs of “day”
(1-6 h after sunrise) and “night” (1-6 h after sunset)
cruises were made during the period from Sep-
tember 1979 to March 1981, inclusive. On each
cruise, 1 or 2 seine-hauls were made within ran-
domly selected subareas within each of three
depth blocks (shallow, 5-10 m, 0.5-1.5 km offshore;
middepth, 11-16 m, 1.5-2.5 km offshore; deep, 18-27
m, 2.5-3.5 km offshore) at each of two longshore
locations, about 5 and 22 km upcoast of Oceanside,
Calif. Two replicate hauls were made at each
longshore location in the shallow depth block
(wherein catches were most variable) on day
cruises, and the two catch values averaged. For a
chart of the study area and further details of gear
and sampling designs, see Allen and DeMartini
(1983).

CPUE and Size-Composition Data

A maximum of two subsamples of ~50 individu-
als each of queenfish of all sizes were randomly
selected from each seine-haul and placed on ice
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aboard ship. In the laboratory, all fish in the sub-
samples were sexed macroscopically (DeMartini
and Fountain 1981) into immatures (of both sexes),
adult males, adult females, and sex indetermin-
able. (Fish of indeterminable sex comprised <5%
of total catch.) Fish were measured to the nearest
millimeter standard length (SL) and grouped into
5 mm length classes for analysis. For seine-hauls
in which the total number of queenfish caught
exceeded the total number measured, the numbers
of fish of each maturity and sex category caught
were estimated from the respective number mea-
sured, standardized to the total number of
queenfish caught. In these cases, the length fre-
quencies of the fishes in each sex category mea-
sured were then weighted by the estimated
number of that category present in the haul.

Queenfish length-frequency data were com-
pared between diel periods and depth blocks by
Kolmogorov-Smirnov Two-Sample test (Siegel
1956). A nonparametric 3-way ANOVA (Wilson
1956), available in the IMSL Library’s® statistical
package, was used to simultaneously evaluate the
effects of diel period, depth block, sampling date
(cruise), and their potential interactions on the
numerical CPUE of immature, adult male, and
adult female fish. In all ANOVA analyses, catches
made within the same depth block at the two long-
shore locations on a given cruise were considered
separate estimates, as differences between loca-
tions were sometimes evident.

Food Habits

Additional subsamples of one queenfish per 10
mm SL length class were randomly selected from
seine-hauls for analysis of food habits. Fish were
examined from a larger series of 11 day and 23
night cruises (that included 8 of the aforemen-
tioned 14 paired, day/night cruises) conducted
during September 1979-October 1980. These sub-
sampled fish were placed in 10% Formalin*
immediately following capture, after their abdom-
inal walls had been slit to accelerate preservation.
Stomachs were dissected and placed in 70% ethyl
alcohol after about 1 wk of fixation. Contents of
stomachs were scored for state of digestion on a
scale of 0 (undigested) to 10 (prey present but to-
tally indistinguishable). All prey were identified
to lowest taxonomic category, their numbers tal-

*IMSL Library, Sixth Floor, NBC Building, 7500 Bellaire
Blvd., Houston, TX 77036.

“Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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lied, and reconstructed wet weight biomass esti-
mated (to the nearest milligram, based on a key of
reference prey weights). Values were summed for
the aggregate of each taxon in each stomach. A
compound measure of numbers (N), weight (Wt),
and frequency occurrence (FO) of prey (IRl =
{(%N + % Wt)%FO}; Pinkas et al. 1971) was used
to characterize temporal and spatial variations in
the overall importance of various prey to the diet of
immature and adult male and female queenfish.

RESULTS
Catch per Unit of Effort

A large majority of the adults of both sexes, as
well as immature queenfish, occurred at shallow
depths (5-10 m) during daylight hours throughout
most of the year (Fig. 1). A plurality of immature
and adult fish of both sexes occurred at shallow
depths at night as well; however, the distribution
of numbers spread farther offshore at night, espe-
cially for adult fish (Fig. 1). The nocturnal offshore
distribution appears to have been especially
marked for adult males (Fig. 1B). This diel shift in
the depth distribution of queenfish is charac-
terized by the diel-by-depth interaction term in
the ANOVA (Table 1). The (nearly) significant date
effect for adults (and insignificant date effect for
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TABLE 1.—Results of Wilson’s Three-Way Non-
parametric ANOVA with equal replication (Wil-
son 1956) for the effects of diel period (day, night),
bottom depth (5-10, 11-16, 18-27 m), and date
(cruise) on the lampara seine CPUE of immature,
adult male, and adult female queenfish. Data for
14 paired, day/night cruises made during the
period from September 1979 to March 1981, inclu-
sive. (* denotes significance at P < 0.05).

Maturity/
sex category Factor X¥ooodf P

Immatures Diel 27.5 1 <0.001*
Depth 52.0 2 <0.001"
Date 100 13 0.69
Diel x Depth 9.3 2 0.01"
Diel x Date 7.8 13 0.86
Depth x Date 140 26 0.97
DxDxD 11.3 26 0.99

Adult males Diel 344 1 <0.001*
Depth 389 2 <0.001"
Date 19.9 13 0.10
Diel x Depth 5.2 2 0.08
Diel x Date 56 13 0.96
Depth x Date 131 26 0.98
DxDxD 148 26 0.96

Adult females  Diel 50.6 1 <0.001"
Depth 16.1 2 <0.001"
Date 300 13 0.005"
Diel x Depth 14.0 2 0.001*
Diel x Date 70 13 0.90
Depth x Date 114 26 0.99
DxDxD 10.8 26 1.00
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FIGURE 1.— Bar histogram chart of arithmetic mean CPUE (catch per seine haul) during the day versus ;at night,
in the shallow (SHAL, 5-10 m), middepth (MID, 11-16 m), and deep (DEEP, 18-27 m) depth blocks, for immature,
adult male, and adult female queenfish. All data represent samples from 14 paired, day/night cruises made from

September 1979 to March 1981, inclusive.

immatures) in the ANOVA (Table 1) reflects the
general offshore emigration of adult, but not im-
mature, queenfish during late fall and early
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winter (also see Allen and DeMartini 1983). The
patterns illustrated by Figure 1 remained consis-
tent throughout most of the year, when queenfish
occurred nearshore (also see below).

Size Composition

The size composition of queenfish within sex and
maturity classes also generally differed between
diel periods within depth blocks (Fig. 2, Table 2).
Adult males, adult females, and immature fish of
both sexes were of generally larger body sizes in

FISHERY BULLETIN: VOL. 83, NO. 2

bled the size distribution of the respective cate-
gory caught at night at 5-27 m depths (Fig. 4A, B,
C), even though the large numbers of fish mea-
sured (hence great power) yielded statistically
significant differences (Table 2). Clearly, queen-
fish present at 5-27 m depths at night occur at 5-10

TABLE 2.—Results of Kolmogorov-Smirnov Two Sample com-
parisons (Siegel 1956) of the length-frequency distributions of
sample queenfish of various sex and maturity classes between
diel periods and/or depth blocks. Based on all 14 D/N pairs of

. et cruise data for the period September 1979-March 1981. See
day versus night samples within the shallow Figures 2-4 for data histograms.
depth block (Fig. 2, Table 2). At night, larger sized Significance
. . i it 0. |
queenfish of all categories occurred in samples Cormparison Drax _ Derit 0.05 teve
3 3 3 Day vs. night, shallow depths
from middepths versus the shallow region (Fig. 3, AN 010 0.03 P <0.001
Table 2). Adult males 0.28 0.05 P < 0.001
: . . . ipr Adult females 0.22 0.06 P < 0.001
The diel dl‘ffell'ences in the size composmon.of Shallow vs. mid-depths, at night
queenfish within depth blocks generally dis- tmmatures 0.26 0.0 P <0.001
1 deoth Adult males 0.24 0.06 P < 0.001
appeared when catches were pooled over dept Adult females 0.12 0.09 0.01 >P >0.001
blocks throughout the year (Fig. 4). Specifically, D%Sm“;"og vs. night-afl depths 003 003 008
- . . ures . 8 ~ 0.
the length-frequency distribution of each sex Adult males 0.1 0.03 P - 0.001
category in day-shallow samples closely resem- Adult females 014 004 P - 0.001
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FIGURE 3.—Relative length-frequency distributions of (A) immature, (B) adult male, and (C) adult female queenfish
caught during the night in the shallow versus middepth blocks (see Figure 1 caption for details). (Data for the deep depth

block were too few to evaluate independently.)

m depths nearshore during the day (also see Dis-
cussion and Conclusions).

In order to further aid our interpretation of the
function of the observed nocturnal offshore move-
ments, we subdivided our diel catch data into three
periods of year: 1) February-July (the onshore,
breeding season; see DeMartini and Fountain
1981); 2) August-October (the onshore, non-
breeding season); and 3) November-January
(the offshore, nonbreeding season). Analyses were
restricted to size-frequency data for queenfish
seined at shallow and middepths during the two
periods of onshore distribution, as scant data on
the size composition of adults were available for
the offshore season. During both breeding and
nonbreeding onshore periods, queenfish seined at
shallow depths were larger during the day versus
at night, and fish caught at night were consis-
tently larger in middepth versus shallow collec-
tions (Table 3). Thus the year-round patterns
illustrated by Figures 2 and 3 also basically
characterize both breeding and nonbreeding
periods of onshore distribution.

Food Habits

The food habits of immature, adult male, and
adult female queenfish were evaluated for day and
night collections made in the shallow- and mid-
depth blocks during the onshore, breeding and
onshore, nonbreeding periods of year. (Stomachs of
fish from the deep depth block were not examined.)
The purpose of these comparisons was to help
interpret the relative importance of the feeding
and breeding functions of diel offshore movements.
We hypothesized that immature fish might remain
onshore at night to feed on meroplanktonic (noc-
turnally active) demersal crustaceans and other
prey more abundant at shallow depths. We further
expected that adults'emigrated offshore to spawn
(DeMartini and Fountain 1981) and thereafter fed
on relatimely larger prey that were more preva-
lent farther offshore. In general, immature
queenfish fed on smaller prey than adult males,
and adult males, being smaller than adult
females, fed on generally smaller prey than
females (Table 4). Contrary to expectations, adult
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FIGURE 4.—Relative length-frequency distributions of (A) immature, (B) adult male, and (C) adult female queenfish caught
during the day in the shallow depth block versus during the night in all depth blocks pooled (see Figure 1 caption for details).

TABLE 3.—Results of Kolmogorov-Smirnov Two Sample comparisons of the diel- and
depth-specific length-frequency distributions of queenfish caught during the onshore,
breeding versus onshore, nonbreeding periods of year. Qualitative results of compari-

sons are noted.

Breeding Nonbreeding
D>N? Dmax P D >N? Dmax P
Day vs. night, shallow depths
Immatures yes 0.37 <0.001 yes 0.10 <0.001
Adult males yes 0.06 0.05 yes 0.10 0.05>P >0.01
Adult females yes 0.28 <0.001 yes 0.25 <0.001
Mid > Shal?  Dmax P Mid > Shal?  Dmax P
Shallow vs. mid-depths, at night
Immatures yes 0.19 <0.001 yes 0.33 <0.001
Aduit males yes 0.32 <0.001 yes 0.12 0.05
Aduit females yes 0.15 0.01 no 0.14 >0.1

queenfish of both sexes, as well as immatures, fed
to large extents on prey (Table 4) whose centers of
abundance were shallow (see Discussion and Con-
clusions). For immatures such major prey included
holoplankton (Labidocera trispinosa) and mero-
planktonic cumaceans (primarily Diastylopsis
tenuis) (Table 4). Diastylopsis tenuis and other
nearshore crustaceans also comprised nontrivial
fractions of the diet of adult queenfish during the

periods of onshore depth distribution (Table 4).
Diastylopsis tenujs, a night-active meroplankter
characteristic of the shallow region (see below),
also occurred in the stomachs of fish collected at
shallow depths during the day and during the
night at middepths. Hence we feel justified to
characterize the queenfish diet using data for both
diel periods and depth blocks pooled in Table 4.
State of prey digestion, though, tended to be less at
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TABLE 4.—Prey taxa comprising =1% of the diet (by IRI) of immature, adult male, and
adult female queenfish during the two periods of onshore distribution combined. Sample
fish collected during both day and night and at shallow (5-10 m) and middepths (11-16 m)
are pooled (see text). Diet characterized by number (N), reconstructed wet weight (Wt), and
frequency of occurrence (FO) of prey; overall contribution to diet evaluated by IRI (Pinkas et
al. 1971). Prey ranked by IRI within queenfish categories. N = number of fish examined
that had food in their stomachs. Mean (and range) of body lengths (SL, mm) of fish examined
were immatures—70 (34-100), adult males— 127 (76-210), and adult females—146 (102-

214).
% Mean Wt/
Type of prey IRt % N % Wit % FO prey (mg)
Immatures (n = 57)
Labidocera trispinosa holoplanktonic
copepod 358 26.7 3.2 56.1 <0.2
Acartia tonsa holoplanktonic
copepod 209 40.2 2.8 228 <0.1
Metamysidopsis elongata meroplanktonic
mysid 15.6 5.9 7.9 52.6 1.7
Engraulis mordax clupeoid fish 9.0 1.1 11.6 333 13.7
Diastylopsis tenuis meroplanktonic
cumacean 5.1 3.6 32 35.1 1.1
Ogyrides sp. ? meroplanktonic
caridean shrimp 2.4 <0.1 31.9 3.5 472
Atylis tridens meroplanktonic
amphipod 21 2.0 26 211 1.7
Acanthomysis macropsis meroplanktonic
mysid 1.3 0.6 2.2 211 4.7
Blepharipoda occidentalis ? meroplanktonic
megalops/juvs. 1.0 0.2 9.0 53 53.0
(anomuran}
Al other prey 6.8 19.6 25.6 — 1.7
Adult males (n = 228) ’
Engraulis mordax clupeoid fish 746 6.3 89.0 47.8 385
Diastylopsis tenuis meroplanktonic
cumacean 71 184 0.9 22.4 1.3
Metamysidopsis elongata meroplanktonic
mysid 6.4 10.0 0.8 36.4 21
Labidocera trispinosa holoplanktonic :
copepod 6.4 14.9 0.1 25.9 <0.2
All other prey 5.5 50.4 9.2 — 5.0
Adult females (n = 236)
Engraulis mordax clupeoid fish 78.9 5.7 90.8 52.1 783
Metamysidopsis elongata meroplanktonic
mysid 6.5 10.8 05 36.4 23
Diastylopsis tenuis meroplanktonic
cumacean 3.7 108 0.3 21.2 1.2
Labidocera trispinosa holoplanktonic
copepod 3.1 10.2 <01 19.4 <0.2
Acanthomysis sculpta meroplanktonic
mysid 14 6.1 05 13.6 3.6
Caridean shrimp ? meroplanktonic 1.0 3.4 0.6 15.7 8.7
All other prey 54 53.0 7.3 — 6.9

night for both immature and adult queenfish
(Table 5), indicating that all sizes of fish fed

primarily at night.

DISCUSSION AND CONCLUSIONS

Functions of Nocturnal

Offshore Dispersal in Queenfish

Diel migrations of queenfish have been previ-

ously reported. Queenfish have been ‘directly ob-
served emigrating offshore at dusk from inactive
daytime schools nearshore at Santa Catalina Is-
land, one of the Channel Islands offshore of the
southern California mainland (Hobson and Chess
1976; Hobson et al. 1981). Similar behavior has

180

been noted by Hobson® in mainland waters off La
dJolla, near San Diego. Allen and DeMartini (1983)
have characterized the general pattern of noctur-
nal offshore dispersal of queenfish near San Diego.
Direct observation (Hobson and Chess 1976; Hob-
son et al. 1981) and examination of stomachs of fish
collected during the day and at night (Hobson and
Chess 1976; Hobson et al. 1981; Allen and DeMar-
tini 1983; this study) confirm the primarily noc-
turnal feeding habits of queenfish. A spawning
function has also been implicated for the offshore
movements of adult queenfish at dusk (DeMartini

*Edmund S. Hobson, Southwest Fisheries Center Tiburon
Laboratory, National Marine Fisheries Service, NOAA, 3150
Paradise Drive, Tiburon, CA 94920, pers. commun. May 1978.
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TABLE 5.—Results of Spearman’s
rank correlations (Siegel 1956) be-
tween index of state of digestion of
stomach contents and time of collec-
tion for immature, adult male, and
adult female queenfish. All samples
collected prior to midnight. Sample
fish collected during day, night, and at
shallow (5-10 m) and middepths
(11-16 m) are pooled over both onshore
periods of distribution (see text).

Digestion versus time

rho N P
Immatures -0.35 57 0.007
Adult males -0.20 228 0.003
Aduit females -0.22 236 <0.001

and Fountain 1981). During the February-July/
August spawning season, ripe females with
ovaries in hydrated (ready-to-spawn) condition
can be collected throughout the daylight period
beginning 1 h after sunrise, while females col-
lected as soon as 1 h after sunset are either ripen-
ing (but nonhydrated) or are recently spent (De-
Martini and Fountain 1981).

The diel distributional (CPUE) data of this
study (Fig. 1) clearly illustrate the differences in
diel migration made by immature, adult male, and
adult female queenfish. Size-composition data
(Figs. 2-4) further characterize the diel migrations
as related to size of fish, regardless of maturity
state or whether adults in the populations were
reproductively active.

Certain aspects of the diel CPUE data suggest a
breeding function for offshore dispersal at night,
since only the distribution of immatures remained
centered onshore at night. Also, a dispropor-
tionately greater number of adult males versus
females emigrated offshore at night (Fig. 1B, C).
This is consistent with an offshore migration by
females for spawning that occurs on a less fre-
quent than daily basis, since individual female
queenfish ripen and spawn batches of eggs on av-
erage only once a week (DeMartini and Fountain
1981). The male-biased, daytime aggregations of
ready-to-spawn queenfish (DeMartini and Foun-
tain 1981) suggest that individual males spawn at
more frequent than weekly intervals. Also, pre-
flexion stages of queenfish larvae are most abun-
dant in midwaters over 12-45 m bottom depths
from 1.9 to 5.4 km offshore in the region of San
Onofre-Oceanside (Barnett et al.®), which strongly

SBarnett, A. M., A. E. Jahn, P.D. Sertic,and W. Watson. Long
term average spatial patterns of ichthyoplankton off San Onofre

suggests that most spawning occurs in outer near-
shore regions.

Other distributional data, however, indicate a
primarily feeding function for offshore dispersal
at night. The nighttime, offshore shift in the dis-
tribution of adults of both sexes, for example, oc-
curred during both the nonbreeding and breeding
seasons. In addition, relatively more of the larger
individuals among the immatures (as well as more
of the larger adults of both sexes) moved offshore
at night (Fig. 3) from the shallow region wherein
queenfish of all sizes co-occurred during the day
(Figs. 1, 4). The latter pattern persisted during
both breeding and nonbreeding periods of year
when distributions were generally inshore of 30 m
bottom depth. On balance, the size composition of
immature and adult female queenfish censused at
5-27 m depths at night resembled the composition
of those censused at 5-10 m depths during the day
(Fig. 4A, C), indicating that few very large imma-
tures or females move offshore of 27 m at night.
This moreover confirms that the queenfish seined
offshore at night had resided at 5-10 m depths
during the day and not in a region (e.g., shallower
or deeper) that we did not census. Analogous data
for adult males (Figs. 1, 4B) indicate that this may
not be true for the largest males. However, the
pattern of larger individuals farther offshore per-
sisted for males as well as immatures and females
during the nonbreeding period.

The diel food habit data also are largely consis-
tent with the hypothesis that queenfish disperse
offshore at night to feed, despite several dis-
crepancies. Certain prey are known to be much
more abundant at either extreme of the queenfish
depth distribution. The presence of shallow-living
“marker” species such as Diastylopsis tenuis (Ta-
ble 6) in the stomachs of queenfish collected
offshore of the respective prey distribution likely
reflects some feeding activity just prior to or dur-
ing the dusk offshore emigration. The presence of
some night-active meroplankton in stomachs of
fish collected during the day probably represents
the partial confounding of nighttime foraging by
circumdiel gut residence times. We consider it un-
likely that queenfish feed on prey such as D. tenuis
during the day, as the nocturnal activity patterns
of this and other species of demersal meroplankton

and their relationship to the position of the SONGS cooling
system. A study submitted to the Marine Review Committee of
the California Coastal Commission, July 22, 1980. Unpubl.
rep., 32 p. Marine Ecological Consultants of Southern Califor-
nia, 531 Encinitas Boulevard, Encinitas, CA 92024.
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TABLE 6.—Prey taxa comprising =1% of the diet (by IRI) of immature, adult male, and
adult female queenfish collected during the night from the mid-depth (11-16 m) block. Data
for the two periods of onshore distribution are pooled; for further details of diet characteriza-
tion see Table 4. Mean (and range) of body lengths (SL, mm) were immatures—71 (42-86),
adult males—126 (83-183), and adult females—147 (103-207).

% Mean Wt/
Type of prey IRi % N % Wt % FO prey (mg)
Immatures (n = 14)
Engraulis mordax clupeoid fish 25.2 2.6 27.2 42.9 16.8
Metamysidopsis elongata meroplanktonic
mysid 233 7.3 9.3 71.4 21
Acartia tonsa holoplanktonic
copepod 16.4 55.0 3.2 14.3 <0.1
Labidocera trispinosa holoplanktonic
copepod 15.0 16.2 16 429 <0.2
Ampelisca brevisimulata ? demersal
amphipod 38 13 12.2 14.3 15.0
Diastylopsis tenuis meroplanktonic
cumacean 3.5 3.3 2.9 28.6 14
Acanthomysis macropsis meroplanktonic
mysid 31 1.3 4.2 28.6 52
Ampelisca cristata ? demersal
amphipod 2.8 16 18.2 71 18.0
Blepharipoda occidentalis ? meroplanktonic
juveniles 18 0.3 124 7.1 61.2
(anomuran)
Hemilamprops californica meroplanktonic
amphipod 1.6 23 0.6 28.6 0.4
All other prey 35 8.8 8.2 . — 1.6
Adult males (7 = 125)
Engraulis mordax clupeoid fish 82.4 11.0 95.5 53.6 463
Labidocera trispinosa holoplanktonic
copepod 58 20.8 <0.1 19.2 <0.2
Metamysidopsis elongata meropianktonic
mysid 4.0 8.4 04 31.2 23
Diastylopsis tenuis meroplanktonic .
cumacean 3.2 12.2 03 176 1.3
All other prey 4.6 47.6 3.8 — 4.2
Adult females (n = 89)
Engraulis mordax clupeoid fish 83.6 9.1 93.0 59.6 615
Metamysidopsis elongata meroplanktonic
mysid 6.5 15.6 0.7 29.2 2.6
Diastylopsis tenuis meroplanktonic
cumacean 2.5 1.6 0.2 15.7 1.2
Labidocera trispinosa holoplanktonic
copepod 1.8 7.3 <0.1 18.0 <0.2
Hemilamprops californica meroplanktonic
amphipod 1.0 8.1 <0.1 9.0 0.4
All other prey 4.6 48.3 6.0 — 7.5

are well recognized (Barnard and Given 1961;
Hobson and Chess 1976).

The significant amount of shallow-living prey
such as D. tenuis and Labidocera trispinosa pres-
ent in the stomachs of queenfish captured offshore
at night (Table 6) nonetheless clearly illustrates
that these fish had recently emigrated from depths
nearer to shore. Numerous data characterize D.
tenuis as largely restricted to within the 30 m
isobath (Barnard and Given 1961; Parr and
Diener”). Diastylopsis tenuis, in fact, declines >1
order of magnitude in abundance in benthic core

"Parr, T. D., and D. D. Diener. San Onofre sand bottom
benthic studies, San Onofre Nuclear Generating Station
(SONGS) Units 2 and 3, pre-operation monitoring results, Vol-
ume 2. A study submitted to the Marine Review Committee of
the California Coastal Commission, May 8,1981. Unpubl. rep.,
109 p. Marine Ecological Consultants of Southern California,
531 Encinitas Boulevard, Encinitas, CA 92024.
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samples between 8 and 15 m depths near San
Onofre (Parr and Diener footnote 7). Labidocera
trispinosa, a holoplanktonic copepod, also has
been described as much more abundant inshore of

- 12-15 m bottom depths, both off La Jolla (Barnett

1974) and off San Onofre-Oceanside (Barnett et
al.®). It seems less likely that nearshore forms
such as D. tenuis and L. trispinosa are more avail-
able as prey offshore at night, since they are
markedly less abundant offshore.

The presence of offshore prey in the stomachs of
adult queenfish collected offshore obviously re-
flects nocturnal foraging while in that region.

8Barnett, A. M., A. E. Jahn, P.D. Sertic, and S. D. Watts. The
ecology of plankton off San Onofre Nuclear Generating Station,
Volume II. A study submitted to the Marine Review Committee
of the California Coastal Commission, April 30, 1981. Unpubl.
rep., 105 p. Marine Ecological Consultants of Southern
California, 531 Encinitas Boulevard, Encinitas, CA 92024.
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Neomysis kadiakensis, a mysid more abundant at
depths corresponding to those frequented by adult
queenfish at night (Clutter 1967; Bernstein and
Gleye®), was a nontrivial component of the diet of
adult queenfish that ranked third by weight in
both males and females (although <1% of the total
IRI for each sex). None of the immature queenfish
that we sampled, however, had eaten any N.
kadiakensis, even its juvenile stages (which also
occur offshore, Bernstein and Gleye footnote 9).
Nearshore prey, such as L. trispinosa and the de-
mersal meroplankter, D. tenuis, were generally
more important by weight and frequency of occur-
rence, if not numbers, in the diet of immature
versus adult queenfish (Table 4). The tendency for
immatures to remain closer to shore than adults
and to feed on meroplankton (that are more abun-
dant in sheltered areas closer to shore) has been
noted for many species of nocturnal zooplank-
tivorous fishes on tropical coral reefs (Hobson and
Chess 1978).

Both immature and adult queenfish are concen-
trated nearshore during the day, probably in re-
sponse to pressure from diurnal predators (Hobson
1978; Allen and DeMartini 1983). Several species
of voracious carnivores including Pacific mack-
erel, Scomber japonicus; Pacific bonito, Sarda
chiliensis (Allen and DeMartini 1983); and
California halibut, Paralichthys californicus, of
piscivore-size (Plummer et al. 1983) are less abun-
dant nearshore in the San Onofre-Oceanside re-
gion. The California halibut is a known predator of
queenfish (Frey 1971; Plummer et al. 1983). The
kelp bass, Paralabrax clathratus, another species
known to prey on queenfish (Young 1963; E. De-
Martini?), is most abundant in and near beds of
giant kelp, Macrocystis pyrifera, that occur at
10-15 m bottom depths in the region (Larson and
DeMartini 1984).

Overall, our data indicate that the nocturnal
offshore dispersal of adults and the less contagious
distribution of immatures nearshore at night are
primarily for feeding. Allen and DeMartini (1983)
reviewed and discussed the possible advantages of
dispersal for feeding in schooling, zooplank-
tivorous fishes. To these we add the possible
benefit (for adult queenfish) of foraging in regions

9Bernstein, B. B, and L. G. Gleye. The ecology of mysids in
the San Onofre region. A study submitted to the Marine Review
Committee of the California Coastal Commission, April 30,
1981. Unpubl. rep., 72 p. Marine Ecological Consultants of
Southern California, 531 Encinitas Boulevard, Encinitas, CA
92024.

YE, DeMartini, Marine Science Institute, University of
California, Santa Barbara, CA 93106. Unpubl. data.

where N. kadiakensis, a species of large mysid, is
more abundant. It is also likely that the rate at
which individual queenfish encounter planktonic
prey is enhanced by foraging in regions farther
offshore, where longshore currents are, on aver-
age, stronger (Reitzel'").

The nighttime, nearshore distribution of small
immature queenfish also may be due to either or
both of the following factors. First, small queen-
fish are undoubtedly incapable of making as ex-
tensive diel migrations as adults because of body
size limitations. Hence the nearshore daytime dis-
tribution of immatures, probably set primarily by
the influence of diurnal predators offshore, might
limit the offshore movements of immatures at
night. Second, predation pressure from nocturnal
predators located farther offshore could restrict
immature queenfish to nearshore regions. Poten-
tial nocturnal predators of immature queenfish
include California halibut (Allen 1982) and
California scorpionfish, Scorpaena guttata (Hob-
son et al. 1981). The nocturnal habits of other po-
tential predators (Pacific mackerel, Pacific bonito,
and Pacific barracuda, Sphyraena argentea) of
small, immature queenfish are unknown. Large
(>70 mm SL, Fig. 3) immature queenfish move
offshore to some extent at night, which is also
consistent with offshore dispersal to feed on larger
prey, since size of prey is strongly related to
queenfish body size (Tables 4, 6). Offshore disper-
sal of large immatures is nonetheless consistent
with relaxed predation pressure, since susceptibil-
ity to predation must be inversely proportional to
body size.

Rigorous evaluation of offshore dispersal for
spawning would require censuses of the onshore,
offshore distribution of recent spawning products.
However, we are at present unable to routinely
distinguish queenfish eggs or yolk-sac larvae
<2.2-2.3 mm long (~4 d old or less) (Watson'?).

In summary, we conclude that, as might be ex-
pected, the distributional (including migration)
patterns of queenfish have feeding, predator
avoidance, and perhaps other functions such as
breeding.

J. Reitzel. 1979. Physical/chemical oceanography. In
Interim Report of the Marine Review Committee of the Califor-
nia Coastal Commission. Part II: Appendix of Technical Evi-
dence in Support of the General Summary, March 12, 1979, p.
6-23. Unpubl. rep. Marine Review Committee Research
Center, 531 Encinitas Boulevard, Suite 106, Encinitas, CA
92024.

12W. Watson, Marine Ecological Consultants of Southern
California, Inc., 531 Encinitas Boulevard, Suite 110, Encinitas,
CA 92024, pers. commun. May 1983.
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Comparison With
the Diel Migrations of Other Fishes

Numerous other temperate (see Hobson and
Chess 1976; Hobson et al. 1981; Allen and DeMar-
tini 1983) and tropical (reviewed in Helfman et al.
1982) fishes are known to make horizontal migra-
tions at dusk and dawn away from and back to
reefs and other shallow areas. Such migrations
have been characterized as a form of commuting
between daytime resting/sheltering and night-
time feeding areas (Hobson 1965, 1973). These be-
haviors are most widely recognized for tropical
coral reef-based fishes that forage on night-active
benthic invertebrates in surrounding sandflats
and seagrass beds or on nocturnal meroplankton
in the water column (Hobson 1965, 1973; Domm
and Domm 1973; Helfman et al. 1982; and others).
The diel migration of queenfish certainly suggests
feeding as a major, if not principal function. Both
predator avoidance and feeding are probably
major determinants of the nearshore distribution
of immature queenfish. Feeding is probably the
principal reason for the crepuscular onshore, off-
shore migrations of adults. Offshore movement for
spawning may be of secondary importance, but
data are inconclusive.

With the exception of the relatively short-range
(within-reef) migrations observed for some tropi-
cal wrasses (see Moyer and Yogo 1982 and others),
we are unaware of any study of the diel migratory
behavior of nearshore temperate or tropical fishes
that has demonstrated a primary spawning func-
tion for the behavior. We do not now believe that
spawning is a major reason for the nocturnal off-
shore movements of queenfish, although we still
feel that spawning is partly involved. We strongly
recommend that future studies of the diel migra-
tory patterns of temperate and tropical fishes be
watchful for possible spawning as well as feeding
activity.
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REACTION OF DOLPHINS TO A SURVEY VESSEL:
EFFECTS ON CENSUS DATA

RoGER P. HEwrrT!

ABSTRACT

A field experiment is described in which a helicopter was used to observe the efficiency of shipboard
line-transect sampling of dolphin populations in the eastern tropical Pacific Ocean. Nineteen dolphin
schools were tracked; 13 of these were detected by observers aboard the ship and 5 of these reacted to the
approach of the ship by altering the direction and/or the speed of their movement; however, only 1 school
reacted prior to shipboard detection. The results suggest that dolphin schools only occasionally react to
the approach of a survey vessel prior to their detection by shipboard observers and that the use of a
monotonically decreasing detection function is adequate to minimize bias. Aerial and shipboard
estimates of school size and species composition for six schools compared favorably.

The Marine Mammal Protection Act of 1972 pro-
hibits the harvest of marine mammals and
specifies that the Federal Government may issue
permits for their take only under special cir-
cumstances. One such circumstance involves the
incidental kill of dolphins associated with the yel-
lowfin tuna fishery in the eastern tropical Pacific
Ocean. Before issuing the permits, the govern-
ment must first certify the viability of the affected
dolphin populations. To meet this requirement,
scientists at the Southwest Fisheries Center define
stocks and monitor their population demography,
reproductive output, and abundance.

The vital statistics are derived primarily from
specimens obtained from the tuna fishery. How-
ever, to estimate abundance, surveys are con-
ducted using ships and aircraft independently of
the fishery. The surveys, using line-transect
methods (Burnham et al. 1980), have yielded esti-
mates of the density of dolphins in the eastern
tropical Pacific Ocean (Holt and Powers 1982). A
critical assumption in the application of the
method is that the animals do not move, in reac-
tion to the observer, prior to their detection. In
practice, a detection function, which is relatively
insensitive to nonrandom movement, is used to
describe the probability of observing a school of
dolphins given its position relative to the ob-
server’s transect. A field experiment.was designed
with the following objective:

'Southwest Fisheries Center La Jolla Laboratory, National
Marine Fisheries Service, NOAA, PO. Box 271, La Jolla, CA
92038.

Manuscript accepted April 1984.
FISHERY BULLETIN: VOL. 83, NO. 2, 1985.

1) Test the assumption that the animals do not
alter their movement in reaction to the ap-
proach of a survey vessel prior to shipboard
detection.

During a survey the unit of observation is a
school of dolphins. In addition, species composition
and the number of individual animals in a school
(school size) are estimated. Surveys routinely col-
lect information to determine the precision of
these estimates by recording independent obser-
vations of several observers; however, determining
their accuracy is more difficult and attempted less
often (Holt and Powers 1982). Six schools were
closely approached and observed from both an air-
craft and a ship with the following objective:

2) Compare shipboard and aerial estimates of
school size and species composition.

Although not an absolute determination of accu-
racy, the comparison yielded estimates from two
very different viewpoints (high-altitude plan view
versus low-altitude profile view).

A similar experiment was conducted using the
NOAA Ship Surveyor and a ship-supported
helicopter in 1977 (Au and Perryman 1982). They
observed the reaction of eight dolphin schools to
the approach of a ship; all eight schools swam
away from the projected trackline of the ship. Au
and Perryman also suggested that, in some cases,
avoidance began beyond the visual range of ship-
board observers. The present study was intended
to collect additional data under a wider variety of
conditions.
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METHODS

The experiment was designed to observe the
efficiency of shipboard survey operations by using
a helicopter to track dolphin schools before, dur-
ing, and after shipboard detection. This approach
was an enhancement of the design employed by Au
and Perryman (1982) which focused only on the
behavior of the dolphins. A simulated survey op-
eration was included in the experiment for the
following reasons:

1) It was not reasonable to assume that move-
ment of a dolphin school and the probability
of detecting it are unrelated (i.e., it may be
easier to see a school in full flight than one at
rest). Therefore, associated data on move-
ment and shipboard detection were collected
for each school.

2) It was necessary to separate random move-
ment from directed movement toward or
away from the survey vessel. To do so unam-
biguously, the ship could not be directed to-
ward a school detected by the helicopter, but
rather had to continue searching along a
predetermined transect.

From the experience gained on the 1982 survey
(Holt 1983), we expected 80% of the sighting cues
to be within 3 nmi of the transect line and <5 nmi
ahead of the vessel. Furthermore, the Au and Per-
ryman observations on eight schools suggested
that dolphins may react to a ship 6 nmi away. With
these considerations and prior experience in mind,
the following field procedure was employed.

The ship proceeded at 12 kn in a direction
selected so as to minimize glare from the sea sur-
face. Two observers maintained constant watch
through 25 power binoculars, mounted on the port
and starboard sides of the flying bridge (11 m above
the water); search patterns extended from the bow
to the beam of the ship on each side. Records were
kept of searching effort and sighting details. With
the exception of selecting the transect direction,
these are the same methods employed during pre-
vious dolphin surveys (e.g., Holt and Powers 1982).
The helicopter searched a distance of 8 to 12 nmi
ahead of the ship and 2 nmi to either side of the
transect line, at right angles to the direction of the
ship’s travel (Fig. 1). Search altitude was 1,200 ft
and speed was 60 kn. When a school was sighted by
the helicopter, shipboard radar tracking began.
The observers on the flying bridge were not aware
of a track in progress until its termination. Schools
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were tracked for about an hour’s time until one of
three events occurred: 1) the school passed
abeam of the ship; 2) the school passed beyond the
visual range of shipboard observers; or 3) the aer-
ial observers-lost sight of the school and had to
terminate the track prematurely; in all of the
latter cases the presence of the animals was
obscured by deteriorating sea state.

During a track, the helicopter was positioned
over the school at a minimum altitude of 1,200 ft
(370 m); the radar range and bearing to the
helicopter were determined from the approaching
survey vessel about every 4 min (an interval suffi-
cient to record the appropriate navigational data
and still provide continuity in the track). A tran-
sponder, mounted on the aircraft, facilitated accu-
rate radar measurements. In addition, OMEGA
navigation positions were recorded from dual sys-
tems aboard the helicopter and the ship. As the
track progressed, field notes were taken on visual
observations of school behavior and associated
birds and fish. The tracking altitude appeared to

SHIP TRANSECT

—————— e —

1
HELICOPTER PATH
]

6.8 nm.
TO HORIZON

SHIP

FIGURE 1. —Port and starboard search patterns (shaded areas)
and path of helicopter (solid line) during transect (dashed line)
surveys for dolphins.
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be sufficient so as not to elicit a response from the
animals. The dolphins appeared to be swimming
calmly throughout the tracking; similar experi-
ence was reported by Au and Perryman (1982). It
also placed the helicopter above the shipboard ob-
servers’ vertical field of vision and therefore did
not prematurely cue them on a school. Two oil
drums were released and tracked at the beginning
of the cruise to test the procedure: The resolution
of radar measurements was 1-2°in bearing and 0.1
nmi in range; at 1,200 ft (370 m) altitude we were
able to maintain visual contact with a 1 m object;
and the shipboard observers were not aware of the
helicopter until it was within 1 nmi of the ship,
where the noise signaled its presence. Shipboard
observers were questioned periodically through-
out the experiment as to their cognizance of the
helicopter; answers were always in the negative
except when the binoculars were purposefully di-
rected above the searching field. Observers were
aware that looking for the helicopter would com-
promise the experiment and did not do so.

At the finish of a track, the helicopter descended
to a lower altitude for additional photography and
to estimate school size and species composition.
The ship approached a limited number of schools
to enable close-range shipboard estimates of the
same school parameters. After school size and
species composition were determined, normal sur-
vey operation resumed, with the helicopter search-
ing ahead of the vessel and the shipboard observers
actively scanning and recording search effort.

Relative motion radar plots were maintained.
Apparent change in the relative direction of dol-
phin school movement was used as an indication of

000°

avoidance; field notes of aerial observations of be-
havior supplemented this information. The
criteria defining reaction was a change of 30° or
more in the direction of relative motion that was
sustained over 2 or more subsequent fixes (Fig. 2).

The experimental design was opportunistic and
only specifically designed to compare between a
steam-powered survey vessel (NOAA Ship Sur-
veyor) and a diesel-powered survey vessel (NOAA
Ship David Starr Jordan). The experiment was
conducted within a 100 square nmi area to the
north and east of Clipperton Island (lat. 10°N,
long. 110°W) during March and April 19832 Ob-
servations were conducted with the Surveyor from
10 March through 17 March; the ship then ported
at Manzanillo, Mexico, to take on fuel and sub-
sequently met the David Starr Jordan, which had
just completed a marine mammal survey® on 26
March at Clipperton Island. Observations were
conducted in the same area with the David Starr
Jordan until 7 April.

RESULTS
Avoidance

Tracks were started on a total of 26 dolphin
schools, 5in front of the Surveyor and 21 in front of

2Cruise Report NOAA Ship Surveyor Cruise RP-12-SU-83
dated May 24, 1983, on file at the Southwest Fisheries Center,
National Marine Fisheries Service, NOAA, PO. Box 271, La
Jolla, CA 92038.

3Cruise Report NOAA Ship David Starr Jordan Cruise DS-
83-01 dated May 6, 1983, on file at the Southwest Fisheries
Center, National Marine Fisheries Service, NOAA, P.O. Box 271,
La Jolla, CA 92038.

000°

SCHOOL 8
Visual cue (birds) at 1306
Dolphins sighted at 1306

SCHOOL 23
Visual cue (birds) at 0926
Dolphins sighted at 0954

FIGURE 2. —Relative motion plots of dolphin school #8 and school #23. School #8 appeared to react to the approach of the ship; the
sighting cue was reported after the dolphins’ initial reaction. School #23 did not appear to react to the survey vessel.
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the David Starr Jordan; a summary of the obser-
vationsislisted in Table 1. Seven of the tracks were
terminated prematurely, and of the remaining 19,
6 schools passed undetected by shipboard observ-
ers. These 6 schools did not appear to adjust their
direction of movement in reaction to the survey
vessel.

Of'the 13 schools sighted by ship, 1 school altered
its direction of movement in reaction to the ap-
proaching ship, prior to the detection of a sighting
cue by the shipboard observers, and 12 schools did
not appear to react before detection by the ship.
One of the 12 schools was composed of rough
toothed dolphins, Steno bredanensis, which are
not a target of abundance surveys. Thus, from the
results of this experiment, it is expected that 8%
(Yh2) of the target schools encountered on a survey
will have moved (in reaction to the observer) prior
to detection. This does not imply a corresponding

FISHERY BULLETIN: VOL. 83, NO. 2

degree of survey bias. Nonrandom movement,
prior to detection, will alter the distribution of
sighting distances and the detection function fit
to the distribution; the survey will be biased to
the extent that the functional form is sensitive to
the data (see Discussion). Survey bias may also
exist as a result of schools that react to the ship
and are subsequently never seen by shipboard
observers; if these schools would have been ob-
served (the expectation is certain if they are on the
transect line, less certain if they are off the line),
then the bias is proportional to the fraction of
schools that escaped detection. As stated above, no
schools were observed to react to the ship and
avoid detection.

The data suggest that dolphin schools may alter
their direction of movement in reaction to the ap-
proach of a survey vessel. Thirty-eight percent
(®113) of the schools which were tracked by helicop-

TABLE 1.—Summary of dolphin school tracking data.

interpolated
Number  Closest Radial radar position
Beaufort of pointof  Reaction sighting at time of
School sea indivi-  approach distance distance Relative  Sighting sighting
Vessel  number state Species composition duals (nmi) (nmi) (nmi) bearing cue (range/bearing)
Surveyor 1 1 Steno bredanensis  100% 9 1.3 F1 25 317°  animals 1.8/336°
1 Stenella attenuata 50% 175 7.0 F1 F2
S. longirostris 50%
3 3 S. attenuata 100% 53 25 F1 F2
4 5 Unidentified dolphins 100% 100 2.0 F? 2.0 030° splashes 4.0/032°
5 5 Unidentified dolphins  100% 15 F3
Jordan 6 4 Unidentified dolphins 100% 22 F3
7 4 Unidentified dolphins 100% 35 F3
8 4 S. attenuata 25% 300 1.5 25 1.5 024° birds 1.6/030°
S. longirostris 5%
Unidentified dolphins ~ 70%
9 4 Unidentified doiphins  100% 25 F3
10 4 S. attenuata 20% 150 05 1.7 6.0 003°  birds 6.3/002°
S. lengirostris 80%
1 4 S. attenuata 100% 25 5.0 F 6.84 023° birds 7.2/019°
12 4 S. attenuata 15% 65 7.0 F1 F2
S. longirostris 85%
13 4 S. attenuata 65% 175 1.3 22 6.8 356° birds 6.2/357°
S. longirostris 35%
14 4 S. attenuata 90% 50 25 F 6.8% 000° birds 8.1/354°
S. longirostris 10%
15 4 Stenella spp. 100% 150 F3
16 4 S. attenuata 100% 35 1.2 15 6.0 3567°  birds 7.0/359°
17 3 Unidentified doiphins  100% 40 F3
18 3 S. coeruleoalba 100% 160 F3
19 3 S. attenuata 100% 45 3.0 F1 F2
20 0 S. attenuata 15% 260 1.7 F1 6.84 355° birds 6.7/353°
S. longirostris 85%
21 2 8. attenuata 91% 230 6.4 F1 F2
S. longirostris 9%
22 1 S. attenuata 50% 180 2.1 21 6.8¢ 340°  birds 6.7/336°
S. longirostris 50%
23 1 8. attenuata 50% 155 1.5 F1 6.8¢ 004°  birds 8.0/357°
S. longirostris 50%
24 1 S. coeruleoalba 100% 29 0.1 F1 1.8 020° animails 1.8/018°
25 1 S. attenuata 40% 410 2.0 F* 4.0 015° birds 5.0/010°
S. longirostris 60%
26 1 S. attenuata 100% 85 3.0 F F2

School did not appear to react to the approach of the survey vessel.
2School passed undetected by shipboard observers.

3Track prematurely terminated.

“Cue observed on the horizon.
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ter and detected by shipboard observers appeared
to react to the ship. Spotted dolphins, Stenella
attenuata, and spinner dolphin, S. longirostris,
reacted at a distance of 0.5 to 2.5 nmi and were
able to maintain a separation of 0.5 to 2.0 nmi from
the ship; one school of striped dolphins, S.
coeruleoalba, was successfully tracked and these
animals stayed on a collision course with the ship
until they were only a few hundred meters away.
In all cases but one (school 8), the schools were
detected by shipboard observers at distances far
greater than the reaction distance.

None of the four dolphin schools successfully
tracked in front of the Surveyor appeared to react
to the approach of the ship. Five out of 15 schools
appeared to react to the approach of the David
Starr Jordan.

Estimates of School Size and
Species Composition

Six schools were approached at close range by
the David Starr Jordan so that shipboard observ-
ers could make estimates of school size and species
composition using the same techniques that were
used on previous abundance surveys. Estimates of
school size and species composition were made in-
dependently by four to six shipboard observers and
averaged, giving each an equal weight. These es-
timates compared favorably with estimates made
by a single aerial observer stationed in the heli-
copter (Table 2). Shipboard estimates of school size
ranged from 65 to 134% of the aerial estimates and
averaged 101% (mean difference = 1.167; Pr =
0.713, paired ¢ test of mean difference = 0); ship-
board and aerial observers agreed on the species
composition for all six schools compared, although
there was some variation in the proportion as-
signed to each species.

DISCUSSION

The density estimator used in line-transect ap-
plications, formally derived by Burnham and An-
derson (1976), and used to estimate the density of
dolphin schools by Smith (1981) and Holt and Pow-
ers (1982), is:

5 . NAO
2L

where D is the estimated density of dolphin
schools in the survey area based on the number of
schools observed, N, over transect length L. The
function f{(x) is a probability density function fit to
the observed perpendicular sighting distances and
estimating its value at zero distance, f(O), is the
critical concern in the application of line-transect
methods (Burnham et al. 1980).

The frequency distribution of observed perpen-
dicular sighting distances reflects both the detec-
tion abilities of the observer and the reactions of
the observed (Burnham et al. 1980). Dolphin
schools are more difficult to see with distance from
the track line and avoidance, prior to detection,
may cause fewer schools to be seen close to the
track line and more schools to be seen further from
the track line. The school that did move away from
the transect line before shipboard detection (#8)
would have been sighted at 0.1 nmi off the transect
line if it had not altered the direction of its move-
ment. Instead it was detected at 1.0 nmi off the
transect line. If the sample size was larger, such
information could be used to dissect the frequency
distribution of perpendicular sighting distances
into that component which is the result of decreas-
ing visibility with distance from the transect line
and that component which is the result of dolphin
schools adjusting their natural spatial disposition

TABLE 2. —Comparison of shipboard and aerial estimates of dolphin school size and species composition.

Vessel estimate

Helicopter estimate

Number Estimated number Number Estimated
School of of individuals Species proportions 0 number of
number observers (standard error) (range) observers  individuals Species proportions
20 5 248 (24) S. attenuata 0.14 (0.05-0.20) 1 260 S. attenuata 0.15
S. longirostris ~ 0.86 (0.80-0.95) S. fongirostris  0.85
22 4 241 (40) S. attenuata 0.96 (0.90-1.00) 1 180 S. attenuata 0.50
S. longirostris  0.04 (0.00-0.10) S. longirostris ~ 0.50
23 4 139 (20) S. attenuata 0.62 (0.50-0.73) 1 155 S. attenuata 0.50
8. longirostris ~ 0.35 (0.22-0.50) 8. longirostris  0.50
Unidentified 0.03 (0.00-0.12)
24 6 36 (6) S. coeruleoalba 1.00 (1.00-1.00) 1 29 S. coeruleoalba 1.00
25 5 393 (61) S. attenuata 0.55 (0.40-0.70) 1 410 S. atenuata 0.40
S. longirostris  0.39 {0.30-0.60) S. longirostris ~ 0.60
Unidentified 0.06 (0.00-0.30)
26! 5 55 (9) S. attenuata 1.00 (1.00-1.00) 1 85 S. attenuata 1.00

Not detected by shipboard observers while in survey mode; ship was directed to school by aerial observer.
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in response to the ship. There are, however, other
factors (such as glare and sea state) which are
seldom constant long enocugh to allow for accumu-
lation of a reasonably precise frequency distribu-
tion, such that the effects due to school movement
would not be overwhelmed by the effects due to
sighting conditions.

The results of this experiment suggest that 1)
dolphin schools occasionally react to the approach
of a survey vessel prior to their detection by ship-
board observers and 2) the expected rarity of the
event implies that a considerable amount of addi-
tional data would be required to quantify its effect.

Any directed movement prior to detection biases
the frequency distribution of perpendicular dis-
tances and may bias the function, f(x), fit to these
data. In the absence of information regarding
movement, Burnham et al. (1980) suggested choos-
ing a function which is relatively insensitive to
data contaminated by movement, i.e., a function
that monotonically decreases with distance from
the transect line. Their simulations suggest that
in situations where “undetected movement is rela-
tively minor, then use of an estimator based on a
monotonically decreasing function will minimize
bias in D,” (Burnham et al. 1980:130). The small
sample size of the present experiment was suffi-
cient to qualify undetected movement as relatively
minor but not sufficient to quantify its effect on
the distribution of perpendicular distances.

Although the work reported here was conducted
in the same geographic area (Clipperton Island,
lat. 10°N, long. 110°W) as the Au and Perryman
(1982) observations, the two experiments are not
strictly comparable. Au and Perryman used the
ship and helicopter to search for schools and col-
lected data on their reaction to the ship without
regard to the effect on survey operations; in four of
the eight schools they studied, the ship was turned
toward the school during tracking. They were in-
terested in describing the behavior of dolphin
schools and combining the description with a
search model to quantify survey bias. The present
experiment did not assume that the two processes
(reaction and detection) were independent and
was less ambitious because there was no intention
to generalize dolphin behavior. Indeed, the results
presented here may only be relevant to this area
and for these sighting conditions. Both the reac-
tion distance and the sighting distance may be
affected by environmental conditions and may
vary between geographic areas with the degree of
animal naivete.

The comparisons of aerial and shipboard results
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suggest that school-size estimates may be more
reliable than those of species composition. Al-
though neither observation platform can be con-
sidered to yield estimates without error, they do
provide unique vantage points with very different
views of the dolphin school. All shipboard observ-
ers, after exposure to observation conditionsin the
helicopter, agreed that they could more confi-
dently estimate school size from the air than from
a vessel. The helicopter provides an opportunity to
observe the entire school over an extended period
of time, making it easier to estimate that portion
of the school which is submerged and not com-
pletely visible. Species proportions are more diffi-
cult to estimate and it is not clear which platform
is better; indeed, in the case of school 22, all four
shipboard observers reported similar proportions
which were quite different than that estimated
from the air. One explanation may be that it is
more difficult to identify animals in plan view
than in profile view; alternately, the fluid charac-
ter of school structure may combine with the lim-
ited view of the school from a ship to preclude
accurate estimates of species proportions; a third
possibility is that both are inaccurate because of
species-specific behaviors which make the ani-
mals less visible from above and/or the side.

Estimates of the density of dolphin schools are
multiplied by the area of the survey, the average
school size and the species proportions to estimate
species abundances (Holt and Powers 1982). Be-
cause they affect the abundance estimates di-
rectly, biases in the latter two parameters may be
more serious than the effect of school movement
prior to detection. As an example, consider the six
schools compared during this experiment: the av-
erage number of S. attenuata per school, estimated
by shipboard observers, was 27% greater than that
estimated from the helicopter data, the shipboard
estimate of S. longirostris was 34% less than the
helicopter estimates, and the estimate of S. coeru-
leoalba was the same for both platforms (Table 3).
Although these differences should only be consid-
ered as variability between two estimates, they
illustrate the direct dependence of abundance es-
timates on accurate estimates of species propor-
tions. Avoidance affects density estimates less
dramatically; its affect on f{0) may be somewhat
offset by using a function that is relatively insen-
sitive to predetection movement.

The application of line-transect methods re-
quires that along the transect line all schools are
seen with certainty. Any departures from the as-
sumption of perfect detection, either because of



HEWITT: DOLPHINS’ REACTION TO A SURVEY VESSEL

TABLE 3. — Average dolphin school composition.

Vessel Helicopter
Average school size 185.3 186.5
(number of individuais)
Average species proportions
S. attenuata 0.545 0.425
S. longirostris 0.273 0.408
S. coeruigoalba 0.167 0.167
Unidentified dolphin 0.015
Average school composition’
S. attenuata 102.5 79.3
S. longirostris 51.3 76.1
8. coeruleoalba 315 311

‘Unidentified dolphins distributed proportionately among identified
dolphins following Holt and Powers (1982).

movement or visibility effects, will introduce a
negative bias in the density estimate that is pro-
portional to the decrease in apparent density
along the transect line (Smith 1979). The sample
size was insufficient to test this assumption rigor-
ously; only one school was observed on the transect
line (school 14) and it was detected well beyond any
of the reaction distances observed.

It is recommended that future fieldwork include
additional comparisons of estimates of school size
and species.proportions. In addition, the assump-
tion of certain detection along the transect line
should be tested. Biases in school composition and
detection on the transect line affect the abundance
estimates directly and present a greater potential
for inaccuracy than the degree of directed move-
ment prior to detection observed during this
experiment.
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FIN EROSION AMONG FISHES COLLECTED NEAR

A SOUTHERN CALIFORNIA MUNICIPAL WASTEWATER OUTFALL

(1971-82)1

JEFFREY N. CROSs?

" ABSTRACT

In the Southern California Bight, fin erosion is most frequently encountered among fishes collected
near municipal wastewater outfalls. This paper presents an analysis of the trends in the incidence of fin
erosion among fishes collected by otter trawls near Los Angeles from 1971 through 1982.

About 24% of the 122 species of fish and 9% of the more than 170,000 individuals collected had the
disease. Flatfish (Pleuronectidae, Bothidae, and Cynoglossidae) and rockfish (Scorpaenidae) accounted
for 66% of the affected species and 99% of the affected individuals. Dover sole (Pleuronectidae:
Microstomus pacificus) accounted for 89% of the affected individuals.

The incidence of fin erosion was highest close to the outfalls and declined with increasing distance.
The number of species with the disease declined from 1971 to 1982. The incidence of the disease also
declined in two of the three most affected species (Dover sole and rex sole, Glyptocephalus zachirus).
The contemporaneous decline in the number of species and the proportion of individuals with the
disease and the decline in surface sediment contaminant levels suggest that the magnitude of contami-
nation and the incidence of fin erosion are directly related.

The effect of fin erosion on the Dover sole population was examined. Dover sole recruit to the study
area when they are 40-50 mm SL; the incidence of fin erosion was negligible in new recruits but
increased rapidly with increasing fish size. No significant differences were detected in the length-
weight relationships or size-at-age data between Dover sole with and without the disease. Survival
rates of Dover sole with and without fin erosion were similar until age 3; thereafter, the survival rate of

diseased fish was significantly lower.

Fin erosion in the Southern California Bight is
most prevalent in fish collected near major munic-
ipal wastewater outfalls. Of the major outfalls, the
disease is most frequently encountered around the
Joint Water Pollution Control Project (JWPCP)
outfalls on the Palos Verdes shelf (Mearns and
Sherwood 1974,1977; Sherwood and Mearns 1977).
About 20% of the 151 species of fish collected in the
Southern California Bight between 1969 and 1976
were affected by the disease. Flatfish (Pleuronec-
tidae, Bothidae, and Cynoglossidae) and rockfish
(Scorpaenidae) accounted for 60% of the affected
species and 97% of the affected individuals
(Mearns and Sherwood 1977; Sherwood 1978).
Municipal wastewater discharge on the Palos
Verdes shelf began in the late 1930’s. The mass
emission of suspended solids increased steadily
from about 17,000 metric tons (t) in the early
1940’s to a peak of 167,000 t in 1971 (Wilson et al.
1980). Awareness of the problem of discharging
excessive amounts of solids and associated con-

LContribution No. 196, Southern California Coastal Water Re-
search Project.

2Southern California Coastal Water Research Project, 646 W.
Pacific Coast Highway, Long Beach, CA 90806.

Manuscript accepted April 1984.
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taminants by JWPCP in the early 1970’s resulted
in the installation of new equipment and more
effective treatment procedures to reduce solid
emissions. By 1981, discharge of suspended solids
had declined to 84,000 t. The mass emission of
contaminants also declined from 1971 to 1981
(Schafer 1982). Otter trawling, as part of a regular
monitoring program of the animals on the Palos
Verdes shelf, began in 1971.

The purpose of this paper is to determine trends
in the incidence of fin erosion among fish collected
by otter trawls near the JWPCP outfalls from 1971
through 1982. The prevalence of the disease over
the size range of individuals collected and the ef-
fect of the disease on growth and survival are
examined for the most affected species.

METHODS

The data analyzed in this study were collected
by the Los Angeles County Sanitation District
(LACSD) during regular monitoring cruises on the
Palos Verdes shelf; station and transect identifica-
tions used herein are LACSD designations. Day-
time trawls were made at three depths (23,61, and
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137 m) at each of seven transects (Fig. 1) with an
otter trawl towed along a depth isobath at 1.1 m/s
for 10 min. A 7.3 m (headrope length) trawl was
used from 1971 to 1974, when it was replaced by a
7.6 m net; a 1.25 cm mesh cod end liner was used in
both nets. From 1971 through 1978, two
samples—one between April and June and one

between October and December—were collected .

annually at each depth; occasionally, additional
trawls were made and these were included in the
analyses. Quarterly trawling began in 1979 and
has continued to the present. Sampling was dis-
continued at transects T2, T3, and T6 in 1977.

Trawl catches were sorted by species and pro-
cessed on board ship. The standard length of each
individual was determined on a measuring board
(BSL = board standard length). External
abnormalities (e.g., fin erosion, parasites, tumors)
were recorded along with length.

Trends in the incidence of fin erosion per 10-min
trawl were determined from linear regressions of
the proportion (p) of fish with the disease (trans-
formed to arcsin \/p_) versus time [numbered in
consecutive months from 1971 through 1982 (i.e., 1,
2, 3, ..., 143, 144)]. Collections where only one
individual of the species of interest was caught
were dropped from the analysis because the result-
ing transformed datum (either 0 or 90) often had a
large effect on the residual sum of squares. Trends
in the total catch per 10-min trawl were deter-
mined from linear regressions of numbers
[transformed to log;o (x + 1)] versus time. The null
hypothesis that the regression function (slope)
was equal to zero was tested with a¢-test. The null
hypothesis of equality of the regression functions

FISHERY BULLETIN: VOL. 83, NO. 2

was tested by analysis of covariance (ANCOVA). If
the null hypothesis was not accepted, significant
differences were detected with a Newman-Keuls
multiple range test (Zar 1974). Calico rockfish,
Sebastes dalli, rex sole, Glyptocephalus zachirus,
and Dover sole, Microstomus pacificus, accounted
for 96.6% of the fish with fin erosion (Table 1) so the
trend analysis was performed on each species in-
dividually. Less than 1% of the fin eroded fish came
from the 23 m stations; these stations were then
dropped from the analyses.

The quarterly trawl data (1979-82) from tran-
sects T4 and T5 were examined for seasonal trends
in the total catch of Dover sole, the number with
fin erosion, and the proportion with fin erosion
with the following model:

Y, =f(T,S,) +¢

where Y, = observed abundance (or proportion) in
period ¢, T, = trend factor of time series in period
¢, S, = seasonal factor of time series in period ¢,
f = function relating observed abundance (or pro-
portion) to the trend and seasonal components,
and ¢ = irregular factor of time series in period ¢
(Bowerman and O’Connell 1979). Multiplicative
and additive models were fitted to the quarterly
trawl data after transformation [log,o (x + 1) and
aresin Vp]. Multiplicative models gave the best fit
(lowest residual sum of squares) so only those re-
sults are presented. After determining the quar-
terly trends, the original transformed data were
“deseasonalized” by dividing each value by the
corresponding seasonal factor. Trends in the de-

>

N

PALOS VERDES
PENINSULA

FIGURE 1.—Location of sampling transects on the Palos Verdes shelf. Three depths (23, 61,
and 137 m) were sampled at each transect. Joint Water Pollution Control Project outfalls are
located between transects T4 and T5. Net current flow is northwest.
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TABLE 1.—Taxonomic list of fish affected with fin erosion collected in 622 otter trawls on the Palos Verdes shelf
from 1971 through 1982.

Frequency of

occurrence (%) Percent of

Number in trawi Percent with ali fish with

Common name Scientific name collected collections fin erosion fin erosion
spotted cusk-eel Chilara taylori 191 16.7 0.5 <0.1
blackbelly eelpout Lycodopsis pacifica 2,629 20.6 <0.1 <0.1
shortspine thornyhead Sebastolobus alascanus 312 4.3 1.9 <0.1
calico rockfish Sebastes dallii 9,153 23.6 9.9 5.8
shortbelly rockfish Sebastes jordani 3,247 251 0.2 <0.1
stripetail rockfish Sebastes saxicola 18,938 54.5 <0.1 <0.1
vermillion rockfish Sebastes miniatus - 382 171 05 <01
pink rockfish Sebastes eos 37 1.1 5.4 <0.1
greenstriped rockfish Sebastes elongatus 263 13.8 23 <0.1
splitnose rockfish Sebastes diploproa 6,973 24.0 <0.1 <0.1
sablefish Anopiopoma fimbria 711 156 0.3 <0.1
shortspine combfish Zanjolepis frenata 794 20.6 0.1 <0.1
longspine combfish Zaniolepis latipinnis 891 207 0.4 <0.1
barred sand bass Paralabrax nebulifer 40 4.0 25 <0.1
white croaker Genyonemus lineatus 9,062 20.9 16 0.9
white seaperch Phanerodon furcatus 848 12.1 0.2 <0.1
shiner perch Cymatogaster aggregata 9,478 271 <01 <01
Pacific pompano Peprilus simiflimus 30 20 20.0 <0.1
California tonguefish Symphurus atricauda 1,091 25.4 1.7 0.1
Pacific sanddab Citharichthys sordidus 11,698 61.3 0.5 0.4
speckled sanddab Citharichthys stigmaeus 15,491 39.6 <01 <0.1
bigmouth sole Hippoglossina stomata 148 14.6 21 <0.1
C-O sole Pleuronichthys coenosus 187 10.8 141 <0.1
curlfin sole Pleuronichthys decurrens 3,774 404 2.4 0.6
hornyhead turbot’ Pleuronichthys verticalis 458 25.0 1.1 <0.1
English sole Parophrys vetulus 1,256 447 0.9 <0.1
rex sole Glyptocephalus zachirus 4,452 28.0 8.7 19
slender sole Lyopsetta exilis 4,674 26.0 3.3 1.0
Dover sole Microstomus pacificus 41,627 62.2 335 88.9

seasonalized data were determined by linear re-
gression.

The effects of fin erosion on the population of
Dover sole on the Palos Verdes shelf were
examined using the original data of Mearns and
Harris (1975)® that consisted of length, weight,
sex, and age (from otoliths) of 328 Dover sole col-
lected in 1972 and 1973.

Size-frequency distributions between Dover sole
of the same age with and without fin erosion were
compared with a Kolmogorov-Smirnov two sample
test (Siegel 1957). A one-tailed test was used be-
cause the disease might be expected to reduce the
growth rate of affected individuals.

Weight-length relationships among male and
female Dover sole with and without fin erosion
were compared with the geometric mean regres-
sion

logw =loga + b (logl)

where w = weight, [ = length, and a and b are
fitted constants (Ricker 1973). The regression co-

3Mearns, A. J., and L. Harris. 1975. Age, length, and
weight relationships in southern California populations of Dover
sole. Tech. Memo. 219, 17 p. Southern California Coastal
Water Research Project, Long Beach.

efficients were compared statistically using the
method of Clarke (1980).

The survival rate of Dover sole with and without
fin erosion was compared. Using an age-length key
developed from the data, ages were assigned to all
Dover sole captured in LACSD monitoring trawls
on the Palos Verdes shelf from 1972 through 1975.
Survival rate (S) was calculated from age ¢ (in
years) to age t + 1 from

where N = the number caught (Ricker 1975). Sur-
vival rates of fish with and without the disease
were compared with a ¢-test after the data were
transformed to the reciprocal (1/x) to stabilize the
variance. A one-tailed test was used because the
disease might be expected to reduce the survival
rate of affected individuals.

RESULTS

From 1971 through 1982, LACSD made 622
monitoring trawls on the Palos Verdes shelf. Fin
erosion was reported for 15,680 individuals (9.2%
of all individuals collected) representing 29
species (23.8% of all species collected) (Table 1).
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Flatfish (Pleuronectidae, Bothidae, and Cynoglos-
sidae) and rockfish (Scorpaenidae) accounted for
65.5% of the affected species and 99.2% of the
affected individuals; Dover sole (Pleuronectidae)
accounted for 88.9% of the affected individuals.
The number of species affected by fin erosion
declined from a high of 18 in 1971 to a low of 3 in
1981 (Fig. 2); the decrease was highly significant

(r = ~0.766, n =12, 0.002 <P < 0.005). There

was no significant change in the number of species
collected over the same period (Fig. 2) (r = —0.291,
n =12,0.20 < P < 0.50).

TOTAL

Z

o FIN EROSION
Z 101

0 T T T T T T T T 7 T 1

71 75 YEAR 78 82

FIGURE 2.— Annual total number of fish species collected and
number with fin erosion collected by otter trawl on the Palos
Verdes shelf from 1971 to 1982.

CALICO ROCKFISH

Calico rockfish, Sebastes dallii, were rarely col-
lected before 1975. Beginning in 1975, they were
collected at all stations; the majority (72.4%) were
collected at 61 m. Ten percent of the individuals
collected had fin erosion; as a species, they ac-
counted for 6% of all fish with the disease (Table 1).
The incidence of fin erosion among calico rockfish
increased at all 61 m stations from 1975 to 1982,
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but the increase was not significant at T0 (Table
2). ANCOVA detected a significant difference
among the regression coefficients of the 61 m sta-
tions (F = 5.02, 0.003 < P < 0.005) (Table 3).
The total number of calico rockfish collected in a
10-min trawl at 61 m decreased significantly at T4,
but did not change at TO, T1, and T5 (Table 2). The
regression coefficients for these collections were
not significantly different (F = 1.02, P > 0.25).

REX SOLE

Seven percent of the rex sole, Glyptocephalus
zachirus, had fin erosion; as a species, they ac-
counted for 2% of all fish with the disease (Table 1).
More than 99% of the rex sole collected were
caught at 137 m. Less than 1% of the fish collected
at station T0-137 m had fin erosion. The incidence
of fin erosion among rex sole at the remaining
137 m stations declined significantly (Table 4).
ANCOVA did not detect a significant difference
among the regression coefficients for these collec-
tions (F = 1.05,P > 0.25).

The number of rex sole caught in a 10-min trawl
at the 137 m stations did not change over the study
period (Table 4), and the regression coefficients for
these collections were not significantly different
(F =1.43,0.10 <P < 0.25).

DOVER SOLE

Dover sole, Microstomus pacificus, was by far
the most affected species. Thirty-four percent of
Dover sole collected had fin erosion; as a species,
they accounted for 89% of all fish with the disease
(Table 1). The incidence of fin erosion among Dover
sole declined significantly at all stations except
T0-137 m (Table 5). ANCOVA detected a signifi-
cant difference among the regression coefficients

TABLE 2.—Linear regressions of A) the proportion (p) of calico rockfish,
Sebastes dallii, in one 10-min trawl with fin erosion (transformed to arcsin
V/p) and B) the total number of calico rockfish caught in one 10-min trawl
[transformed to log;, (x + 1)] against time (numbered in consecutive

months from 1971 through 1982).

n = sample size; L1 = lower limit of 95%

confidence interval of the regression coefficient (b); L2 = upper limit;
P = probability that b came from a sampling population with 8 = 0.

Station Y=a+bX n L1 L2 P

A} T0-61m Y =-0.384 + 0.010X 23  -0.020 0.040 020 <P <050
T1-61m Y = -7.325 + 0.125X 26 0.021 0.229 P =0.02
T4-61m Y =-41.950 +0.678X 19 0.178 1.178  0.01 <P <0.02
T5-61m Y =-20.150 + 0.410X 21 0.070 0751 0.02 <P <005

B) TO-61m Y= 1808 -0.0027X 25 -0.0150 0.0096 P >050
T1-61m Y= 1.681-0.0016X 27 -0.0115 0.0085 P >0.50
T4-61m Y= 1888 -0.0098X 26 -0.0194 -0.0002 0.02 <P <0.05
T5-61m Y= 0756 +0.0021X 26 -0.0076 0.0118 P >050
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of these collections (F = 17.84, P < 0.0001)
(Table 6).
The total number of Dover sole collected in a

TABLE 3.—Results of Newman-Keuls multi-
ple range test for equality of regression coeffi-
cients (b) for the incidence of fin erosion
among calico rockfish. s = station; un-
derscored stations are not significantly dif-

ferent.
b: 0.678 0.410 0.125 0.010
T5-61m T1-61m TO-61m

st T4-61m

10-min trawl declined significantly at three of the
eight stations (Table 5). ANCOVA detected a sig-
nificant difference among the regression coeffi-
cients of these collections (F = 3.43,
0.001 < P < 0.003) (Table 6).

Size-Frequency Distributions

The size distributions of Dover sole with and
without fin erosion were examined (Fig. 3). Most
Dover sole recruit to the study area when they are
40-50 mm BSL (broad standard length). Fin ero-

TABLE 4.—Linear regressions of A) the proportion (p) of rex sole, Glyp-
tocephalus zachirus, in one 10-min trawl with fin erosion (transformed to arcsin
Vp) and B) the total number of rex sole caught in one 10-min trawl
[transformed to log,, (x + 1)] against time (numbered in consecutive months

from 1971 through 1982). See Table 2 for explanation of column headers.
Station ¥ =a+bX n L1 L2 P

A) T0-137 m [only 7 of 1,520 fish (0.5%) had fin erosion]
T1-137 m Y =10.217 — 0.085X 33 -0.132 -0.038 0.002 <P <0.005
T4-137 m Y =18.259 — 0.151X 35 -0.239 -0.064 0.001 <P < 0.002
T5-137 m Y =10.733 — 0.087X 29 -0.151 -0.023 P =0.01

B) T0-137 m Y =1.828 — 0.0038X 33 -0.0081 0.0005 0.05 <P <0.10
T1-137m Y =1.326 — 0.0012X 33 -0.0053 0.0029 P >050
T4-137m Y =0.976 + 0.0023X 36 —0.0020 0.0066 0.20 <P < 0.50
T5-137m Y =1.182 — 0.0013X 32 -0.0064 0.0038 P >0.50

TABLE 5.—Linear regressions of A) the proportion (p) the Dover sole, Micros-
tomus pacificus, in one 10-min trawl with fin erosion (transformed to arcsin Vp)
and B) the total number of Dover sole caught in one 10-min trawl [transformed
to logie (x + 1)] against time (numbered in consecutive months from 1971
through 1982). See Table 2 for explanation of column headers.

Station ¥ =a+bX n L1 L2 P
A) TO-61m Y =0.861 — 0.0076X 29 -0.0148 -0.0004 0.02 <P <0.05
T0-137m Y =0.907 — 0.0047X 33 —0.0120  0.0026 P =0.20
T1-61m Y =29.526 — 0.240X 24 -0.308 -0.172 P << 0.001
T1-137m Y = 28.048 — 0.201X 33 -0.274 -0.128 P << 0.001
T4-61m Y =54.520 — 0.332X 29 -0.511 -0.154 P < 0.001
T4-137 m Y = 48.157 — 0.224X 36 -0.336 -0.112 P <0.001
T5-61m Y =54732 — 0.374X 31 —0.482 -0.266 P << 0.001
T5-137 m Y =38.618 — 0.214X 30 -0.300 -—0.128 P << 0.001
B) T0-61m Y =1.601 — 0.0075X 37 -0.0128 -0.0022  0.005 <P <0.01
T0-137m Y = 1.981 — 0.0017X 34 —0.0066  0.0032 P >0.50
T1-61m Y = 1.603 — 0.0077X 34 -0.0136 -0.0018 0.01 <P <0.02
T1-137m Y =2.432 — 0.0072X 34 -0.0115 -0.0029 0.001 <P <0.002
T4-61m Y =0.688 + 0.0043X 40 -0.0010  0.0096 0.10 <P <0.20
T4-137 m Y =2.118 — 0.0007X 36 -0.0044  0.0030 P >0.50
75-61m Y =1.354 — 0.0018X 39 -0.0067  0.0031 0.20 <P <0.50
T5-137 m Y =2.592 — 0.0037X 31 —0.0082  0.0008 P =010

TABLE 6.— Results of Newman-Keuls multiple range test for equality of regression
coefficients (b) for A) the proportion of Dover sole, Microstomus pacificus, with fin

erosion and B) the total catch of Dover sole.

s = station; underscored stations are not

significantly different.

A) b: -0374 -0.332 -0.240 —0.224 -0.214 -0.201 —0.008 —0.005
s: T561m T461m T1-61m T4137m T5137m T1-137m T0-61m TO-137m

B) b: -0.0043 -0.0007 -0.0017 -0.0018 -0.0037 -0.0072 -0.0075 —0.0077
s: T461m T4137m TO-137m T561m T5137m T1-137m T0-61m Ti-61m
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FIGURE 3.—Size distributions of Dover sole, Microstomus
pacificus, with fin erosion (dashed line) and without fin erosion
(solid line) by 20 mm size class (i.e., 20-39 mm, 40-59 mm, ...,
300-319 mm) for all collections (1971-82) combined. The number
of individuals is presented to the right. BSL = board standard
length.

sion was observed in 0.3% of the fish between 40
and 59 mm BSL, 3.8% of the fish between 60 and 79
mm BSL, and 17.7% of the fish between 80 and 99
mm BSL. The incidence of fin erosion peaked in
fish 120-139 mm BSL at stations close to the out-
falls, and in fish 140-179 mm BSL at more distant
stations. The proportion of fish with fin erosion in
a particular size class was greatest at stations
close to the outfalls and declined progressively
with increasing distance (Fig. 4).

Seasonal Trends

Time series analyses of the quarterly trawl data
(1979-82) for Dover sole at T4 and T5 showed con-
sistent seasonal peaks in the total catch and in the
number of individuals with fin erosion, but not in
the proportion of individuals with the disease (Fig.
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PERCENT
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FIGURE 4.—Percent of Dover sole, Microstomus pacificus, with
fin erosion in each 20 mm size class (i.e., 20-39 mm, 40-59 mm,
..., 280-299 mm) at 61 m and 137 m on the sampling transects.
Data for each station are 12-yr totals. BSL = board standard
length.

5). The seasonal indices of total catch and number
with fin erosion were highest in the second
(April-June) and third (July-September) quarters
at 61 m and in the third and fourth quarters at 137
m. The magnitude of the seasonal swing was
greater at 61 m.

Examination of the deseasonalized data re-
vealed that there was no change in the total catch
of Dover sole, the number of individuals with fin
erosion, or the proportion of individuals with fin
erosion at 61 m between 1979 and 1982 (Table 7).
At 137 m, there was a significant decline in the
number of Dover sole with fin erosion at T4 and T5,
and a significant decline in the total catch and
proportion of individuals with fin erosion at T4
(Table 7).

Size at Age

The Mearns and Harris (footnote 3) data were
examined for differences in the size-frequency dis-
tributions between Dover sole with and without
fin erosion at a particular age. There were no signi-
ficant differences for fish age 2 (x2 = 0, df = 2,
P >0.90), age 3 (x*=127, df =2, 0.50 <P <
0.70), age 4 (x2 =171, df = 2, 0.30 <P < 0.50),
or age 5 (x% = 2.12,df = 2,0.30 < P < 0.50).
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FIGURE 5.— Quarterly seasonal trends in the total catch of Dover sole, Microstomus pacificus, the number of individuals with fin
erosion, and the proportion of individuals with fin erosion collected at 61 m and 137 m at T4 and T5 from 1979 through 1982. Quarter1l

= Jan.-Mar., 2 = Apr.-June, 3 = July-Sept., 4 = Oct.-Dec.

TABLE 7.—Linear regressions of the deseasonalized A) total catch of Dover
sole, Microstomus pacificus, in one 10-min trawl [transformed to log;o (x + 1)1,
B) number of Dover sole with fin erosion {transformed to log, (x + 1], and C)
proportion (p) of Dover sole with fin erosion (transformed to arcsin Vp) re-
gressed against time (numbered in consecutive quarters from 1979 through

1982). See Table 2 for explanation of column headers.
Station Viy=a+bt n L1 L2 P
A) T4-61m Yt =1.176 + 0.014¢ 16  ~0.057 0.085 P >0.50
T4-137 m YI = 2.467 - 0.036t 16  ~0.069 —0.003 0.02 <P <0.05
T5-61m Y, =1.303 - 0.007t 16 —0.082 0.068 P >0.50
T5-137 m Y; =2.509 — 0.041¢ 16 -0.115 0.033 0.05 <P <0.10
B) T4-61m V' =0.370 + 0.043¢t 16 -0.028 0.114 0.20 <P <0.50
T4-137m Yt =2.303 - 0.075¢t 16 -0.121 —0.029 0.002 <P <0.005
T5-61 m Yt =0.708 + 0.002t 16 -0.056 0.060 P >0.50
T5-137 m Yt =2.082 - 0.067¢t 16 -0.121 ~0.013 0.01 <P <0.02
C) T4-61m YI =22.09 + 0.350t 16 -1.616 2.316 P >0.50
T4137 m Yt =48.45 ~ 1.470t 16 -2.819 —-0.121 0.02 <P <0.05
T5-61m Yt =29.32 — 0.267t 16 —-2.055 1.521 P >0.50
15137 m Yt =40.87 — 0.982t 16 —-2.635 0.671 0.20 <P < 0.50

Weight-Length Relationships

The Mearns and Harris data were examined for
differences in the weight-length relationships
among males and females with and without fin
erosion. There were no significant differences in
the regression coefficients between males with
and without the disease (T, = 1.587, df = 38,
0.10 < P < 0.20) and between females with and
without the disease (T, = 0.508, df = 56,
P > 0.50) (Table 8). There was a significant differ-
ence between males and females without the dis-
ease (T2 = 3.189,df = 64,0.002 < P < 0.005), but

not between males and females with the disease
(T2 = 0.713, df = 37, 0.20 < P < 0.50).

TABLE 8.—Results of the geometric mean regression of log
w = loga + b (logl), wherew = weight and [ = length, for male
and female Dover sole with and without fin erosion. L1 = lower
limit of 95% confidence interval of the regression coefficient (b);
L2 = upper limit.

Fin erosion logw =loga +b (log/) L1 L2
Males without logw = —4.514 + 2.864 (log /) 2.663 3.065
Males with logw = —4.994 + 3.114 (log /) 2.852 3.376
Females without logw = —5.564 + 3.310 (log/) 3.116 3.504
Females with logw = —5.379 + 3.234 (log/) 3.002 3.466
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Survival Rates

The survival rates of Dover sole with and with-
out fin erosion from Palos Verdes were not signifi-
cantly different from age 1 to age 2 (¢t = 1.267, df
=4, 0.10 <P < 0.25) and from age 2 to age 3
(t = 0.741, df = 4, P = 0.25) (Fig. 6). The survival
rates were significantly lower for individuals with
fin erosion from age 3 to age 4 (¢ = 2.826, df = 4,
0.01 <P < 0.025) and from age 4 to age 5
(t = 2.890,df = 4, 0.01 < P < 0.025). No individu-
als with fin erosion older than age 5 were collected
(Fig. 6).
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FIGURE 6.—Survival rate of Dover sole, Microstomus
pacificus, with fin erosion (solid line) and without fin erosion
(dashed line) from year ¢ to year ¢ + 1. Data presented as mean
and 1 SE (vertical line).

DISCUSSION

Current and Sediment Characteristics
on the Palos Verdes Shelf

Near the outfalls, the net current movement 20
m from the bottom in 61 m of water is 5.5 cm/s
upcoast (northwest). Both net flow and major
current fluctuations are oriented in the upcoast
direction (Hendricks 1980). Sewage particles sus-
pended in freshwater are discharged from the out-
falls, rise in the water column, and are carried
generally upcoast as they settle back to the bot-
tom. Trace metal and chlorinated hydrocarbon
contaminants measured in surface sediments re-
veal the characteristic “footprint” of the settled
particles (Fig. 7) (Young and Heesen 1978; Young
et al. 1978). The concentrations of DDT (Table 9),
trace metals (Table 10), and organic material (Ta-
ble11) in surface sediments are highest around the
outfalls and decline upcoast, and generally have
declined during the study period.
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FIGURE 7. — Contour maps of total DDT (ppm dry weight) and
copper (ppm dry weight) concentrations in surface sediments
on the Palos Verdes shelf in 1975. Maps redrawn from Her-
shelman et al. (1977).

TABLE 9.—Total DDT concentration (ppm dry weight) of surface
sediments at the sampling transects from 1972 to 1981. Note that
the deeper samples were taken at 152 m while the trawls were
made at 137 m. Depth of sediments analyzed at bottom of the
table. (SCCWRP and LACSD, unpubl. data.)

Year

Station 1972 1973 1975 1977 1979 1980 1981 1982
T0-30 m 0.9 0.3
TO-61m 2.6 35 13 1.9
T0-152 m 2.6 37 1.6
T1-61m 160 62 1 13 4
T1-152 m 55 17
T4-30m 31 11
T4-61m 440 70 175 12 14 9 7.4
T4-152 m 220 133 72
T5-61m 130 95 29 20 12 12
T5-152 m 80 95 124
Depth (cm) 0-2 05 0-5 0-2 0-2 02 0-2 0-2

Spatial Disease Patterns

Of the three depths sampled (23, 61, and 137 m),
<1% of the fish with fin erosion were collected at
23 m. This is probably a function of low sediment
contamination at the shallowest stations (Table 9).
Coastal sediments in southern California are
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TABLE 10.— Copper, cadmium, and chromium concentrations (ppm
dry weight) in surface sediments at the sampling transects from 1975
to 1980. Note that the deeper samples were taken at 152 m while the
trawls were made at 137 m. Depth of sediments analyzed at bottom of

table. (SCCWRP, unpubl. data.)

Copper Cadmium Chromium

Station 1975 1978 1980 1975 1978 1980 1975 1978 1980
T0-61m 48 42 1.7 1.3 137 119
T0-152 m 66 66 33 26 170 174
T1-61m 362 21 828
T1-152m 148 11 317
T4-61m 937 427 352 61 28 31 1,480 1,042 972
T4-152 m 555 408 66 24 968 862
T5-61m 134 24 8.3 9.2 254 521
T5-152m 433 301 41 16 769 605

Depth (cm) 0-5 0-2 0-2

TABLE 11.—Mean organic content (percent)
of surface sediments at 61 m from 1972 to
1981 and correlation between organic content
and years. x = mean, SD = one standard
deviation, n = sample size, r = correlation
coefficient, P = probability that the calcu-
lated r came from a population with p = 0.

Transect X sD n r P
T0 213 018 13 0052 0.50
T 683 145 17 -0.761 0.001
T4 11.21 139 17 -0.831 0.001
75 783 162 17 -0.532 0.05

coarser and lower in volatile solids in shallow
water, and become finer and higher in volatile
solids with increasing depth. Contaminants are
generally attached to the finer particles and thus
increase in concentration with increasing depth
(Hershelman et al. 1982).

The incidence of fin erosion in Dover sole fol-
lowed the spatial pattern of sediment contaminant
distribution. The incidence was highest near the
outfalls (44.0% of all Dover sole collected at T4 and
37.3% at T5) and decreased with increasing dis-
tance upcoast (20.3% at T1 and 2.0% at T0). The
relationship between disease incidence and sedi-
ment contaminant levels suggests that fin erosion
is the result of contamination and that the inci-
dence of the disease is directly related to the mag-
nitude of contamination. Because preimpact data
do not exist, gradients of contamination and dis-
ease are assumed not to have existed before sew-
age discharge began. It is generally accepted that
the presence of fin erosion in the environment is
the result of contamination (Murchelano and Zis-
kowski 1976; Sindermann 1979). Controlled
laboratory experiments demonstrated that Dover
sole exposed to sediments from the Palos Verdes
shelf developed fin erosion (Sherwood 1976;
Mearns and Sherwood 1977).

Temporal Disease Patterns

The number of species affected by fin erosion
declined significantly from 1971 to 1982 and was
most rapid from 1971 to 1974 following the waste-
water treatment modifications made in the early
1970’s. This pattern suggests that the decline was
related to reduced surface sediment contamina-
tion.

The incidence of fin erosion also declined in two
of the three most affected species (Dover and rex
soles). The declines were greater at T1 than at T4
or T5; the incidence of the disease at TO, the sta-
tion farthest from the outfalls, was always low.
There was a significant correlation between the
sediment concentration of DDT (Table 9) and the
proportion of Dover sole with fin erosion (deter-
mined by dividing the total number of Dover sole
with the disease by the total number of Dover sole
collected within a year) at T4-61 m (Spearman
r,=0821,n=7,002<P< 0.05).

The seasonal trends in the catch of Dover sole
and the number of Dover sole with fin erosion are
the result of recruitment and depth-related mi-.
grations. Recruitment occurs at 61 and 137 m, but
more fish settle out at 137 m. The magnitude of the
seasonal swing appears greater at 61 m where few
Dover sole were captured in the first and fourth

. quarters. Large numbers of Dover sole were col-

lected at 137 m in the fourth quarter but, by the
first quarter, the catches had declined substan-
tially. Dover sole apparently move off the shelf into
deeper water in the winter and back onto the shelf
in the summer. Hagerman (1952) reported an an-
nual depth-related migration of Dover sole into
deeper water in the winter related to reproduction
and a return migration into shallower water in the
summer related to feeding.

Examination of the deseasonalized data re-
vealed that fin erosion declined over the last 4 yr
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at the deeper (137 m) stations near the outfalls but
not at the depth of the outfalls (61 m). The total
catch of Dover sole also declined at 137 m but not at
61 m. The declines in Dover sole abundance in the
long-term (1971-82) and deseasonalized quarterly
(1979-82) data coincide with declines in surface
sediment contamination and therefore are some-
what surprising.

In southern California, Dover sole are an order
of magnitude more abundant around the outfalls
than in distant control areas. This probably is a
function of the distribution of their preferred prey
(polychaetes) which are more abundant around
the outfalls (Cross et al. in press). Pearcy and
Hancock (1978) found a positive correlation be-
tween the standing crop of Dover sole and the
standing crop of their preferred prey off Oregon. A
decrease in the quantity of sewage particles set-
tling at stations distant from the outfalls might
cause a reduction in the preferred prey popula-
tions accounting for the reduced abundance of
Dover sole. The decrease in organic content of sur-
face sediments at T1, and the low value at TO,
which was within the 95% confidence interval
(2.12-2.84%) for reference areas in northern Santa
Monica Bay (Cross, unpubl. data), support this
hypothesis.

The trends in fin erosion among calico rockfish
were different from those of the two soles. The
general increase in disease incidence may result
from differential susceptibility.

Effect of Fin Erosion on
the Dover Sole Population

Although fin erosion has been reported in fishes
from a number of areas around the world [south-
ern California, Puget Sound, and the New York
Bight (Sherwood 1982); Japan (Nakai et al. 1973);
and northern Europe (Perkins et al. 1972)], no one
has yet shown that the disease is harmful to the
affected individuals (Murchelano and Ziskowski
1982).

Dover sole recruit to the study area between
February and May when they are 40-50 mm SL
(Allen and Mearns 1976; Sherwood 1980; Cross
unpubl. data). Fin erosion is negligible in new
recruits. By the time the fish are 80-100 mm BSL
[about 100 d after settlement, based on growth
curves presented in Sherwood (1980)], 18% have
the disease. The size distributions of Dover sole
with fin erosion are narrower than the size dis-
tributions of fish without the disease (Fig. 3). Un-
derrepresentation in the lower tail of the size dis-
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tribution of Dover sole with the disease occurs
because the fish do not contract fin erosion until
sometime after settlement. Underrepresentation
in the upper tail suggests increased mortality
among fish with the disease.

A size difference between Dover sole with and
without fin erosion was not detected in the data.
The x* values increased with successive ages
suggesting a significant difference in the size-
frequency distributions may occur at an older age.
Dover sole older than 7 yr were rarely encountered
on the Palos Verdes shelf.

No significant differences were found in the
weight-length relationships between males with
and without the disease and between females with
and without the disease. The significant difference
observed between males and females without the
disease is characteristic of Dover sole (Hagerman
1952). The lack of significant difference between
males and females with fin erosion is difficult to
interpret at this time.

Fin erosion appears to have a detrimental effect
on the survival rate of Dover sole. Survival rates
for Dover sole with and without the disease were
similar up to 3 yr of age; thereafter, the survival
rate of diseased fish was significantly lower.

CONCLUSIONS

The data presented in this study suggest that
1) fin erosion is the result of exposure to contam-
inants discharged from the outfalls and 2) the
magnitude of disease incidence is directly related
to the magnitude of sediment contamination. Dis-
ease incidence and sediment contaminant con-
centrations decrease with increasing distance
from the outfalls. Disease incidence is negligible
in Dover sole recruits but increases rapidly with
increasing body size, and presumably contam-
inant exposure, after settlement. The number of
species affected by the disease, the disease inci-
dence in Dover sole, and the contaminant concen-
trations of surface sediments have declined over
time.

While the prevalence of fin erosion has declined,
the disease remains a problem. Fin erosion was
observed in 5.9% of the fishes collected at 61 m and
137m at T4 and T5 in 1982 and appears to affect at
least one population causing increased mor-
talities.

Sindermann (1979) described fin erosion as
“Probably the best known but least understood
disease of fish from polluted waters...” (p. 719) and
concluded “...that generalized disease signs, such
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asfinrot... may be characteristic of fishes resident
in degraded habitats, where environmental
stresses of toxic chemicals, low dissolved oxygen,
and high microbial populations exist” (p. 722). The
etiology of the disease is unknown. “The multifac-
torial genesis of disease in marine species is be-
coming apparent, involving environmental stress,
facultative pathogens, resistance of hosts, and la-
tent infections” (Sindermann 1979:741).
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CONFIDENCE LIMITS FOR POPULATION PROJECTIONS
WHEN VITAL RATES VARY RANDOMLY

TiM GERRODETTE,! DANTEL GOODMAN,2 AND JAY BARLOW3

ABSTRACT

Due to unpredictable future environmental changes, population growth is more realistically viewed as a
stochastic than a deterministic process. Environmental variablity is modeled by allowing the population’s
survival and fecundity rates to be correlated random variables. The expected future population vector and
its variance-covariance matrix are computed. The projected total future population size is approximately log-
normally distributed, but confidence limits for future population size can be more accurately computed from
the distribution of the realized factor of increase. Numerical examples illustrate how the calculation of con-
fidence limits for future population size and of the probability that the population will increase in size can be

applied to the management of living resources.

The predicted size of an age-structured population
can be projected if its initial size, age distribution,
and vital rates are known (e.g., Leslie 1945; Keyfitz
1968). Such population projections are commonly
used in fisheries and wildlife management when age-
specific fecundity and mortality rates are available.
However, there is uncertainty in such projections.
First, we rarely know vital rates exactly; rather, we
have estimates of the true rates, and these estimates
are subject to sampling and other types of errors.
Second, the true rates themselves are not constant
with time. Environmental conditions are always
changing, and the vital rates would be expected to
change in response. To an extent, the changes of con-
ditions may themselves be forecast and incorporated
into a population model. Some changes, however, are
unpredictable, and these changes give rise to fluctua-
tions in the vital rates which make our estimates of
population size for some future time less certain.
Nevertheless, it may still be possible to make proba-
bilistic predictions about future population size given
some statistical knowledge about the fluctuating
vital rates.

In this paper we limit ourselves to consideration of
the second of these problems, projecting age-
structured populations when mortality and fecundity
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rates vary randomly with time. Recently this topic
has been of interest and controversy in a more
theoretical context (Boyce 1977; Cohen 1979a, b;
Daley 1979; Tuljapurkar and Orzack 1980; Tuljapur-
kar 1982; Slade and Levenson 1982). In spite of
earlier results to the contrary (Boyce 1977), analyses
(Sykes 1969; Cohen 1977), and simulations (Slade
and Levenson 1982) have shown that when vital
rates fluctuate randomly with no serial correlation,
the expectation of population size at a future time
will be exactly equal to the population size projected
using the mean vital rates in a deterministic projec-
tion. For application in fisheries and wildlife manage-
ment, the problem is that the distribution of future
population sizes will often be strongly skewed. This
skew means that the mean and variance of future
population size, even if known, are not sufficient to
characterize the distribution and, in particular, not
sufficient to compute confidence limits for total
population size. In this paper we examine two trans-
formations of this skewed distribution which approx-
imate a normal distribution, and evaluate the ac-
curacy of confidence limits computed from these
transformations.

As pointed out by several of the authors cited
above and earlier by Lewontin and Cohen (1969) for
a non-age-structured population, stochastic effects
can cause the modal or most likely population trajec-
tory to decline to extinction, even though the ex-
pected or mean population size is growing at a
geometric rate. Clearly, if we are to use population
projections in fisheries and wildlife management, we
should be concerned about the effects of natural
variability on the results of our projections. In
response to this concern, we have written two com-
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puter programs for stochastic population projections
which can serve as research and management tools.
Here we illustrate the utility of these programs with
numerical examples, compare our results with recent
theoretical analyses, and discuss the implications of
these results to the management of living resources.

METHODS

Sykes (1969) presented three models for incor-
- porating stochasticity into population projections. He
concluded that the observed variability in human
demographic projections was best described by his
third model, in which the elements of the Leslie
matrix (the effective fecundity rates and the survival
rates) are random variables, each with a specified
mean and variance, and with specified covariances
between them. The model does not allow for serial
covariance in vital rates between successive time
periods.
Let n, be a population vector of w age classes at
time ¢t. The stochastic projection model is
M1 = A + A)mn, t=01,2, ...
where A is a constant projection matrix of mean vital
rates and A, is a matrix of random deviations whose
elements have a specified covariance structure
{Cov(4;,A)} but which are uncorrelated in time. Let

N, = 2 n, be the total population size at time ¢. It
i=1

is convenient to normalize the projected population

to the initial population size and consider the distri-

bution of the ratio N,/N,. The mean and variance of

this ratio are given by

E(N,/N,) = E(N)IN,

% E(n)IN,

i=1
and

Var (N,/Ny)

Var (N)/IN§

Me

>

i=1j

Cov (nti,n,j)/N%.

w

[
—

From Sykes (1969, equations 19 and 20), the mean
and variance of the population vector are given by

E(n) = {E(ny)} = A'ng
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and

Var (n;)

{Cov (ny, 7))}

t-1 - <
S ge1-k {z 2 Cov (A, Ay)

k=0 a=1 f=1
[CoV (tyotyg) + E(nka)E(nk,,)]} A1k

where A’ is the transpose of A and where the curly
brackets indicate that the expression inside them is
the 4th element of the vector or the yth element of
the matrix considered.

Tuljapurkar and Orzack (1980) predict that for
large ¢, N,/N, will be lognormally distributed. The
mean and variance of the normally distributed
variable log (IV,/N;) are calculated from the mean
and variance of the lognormally distributed variable

N,IN, by

Elog (V,/N) = log [E(N,/Ny)] - { W]}

2

and

Var [log (N,/N,)] = log
[EWV/No)F

Var (V/Ny) | 1§

(Aitchison and Brown 1957). We have found in simu-
lations that the distribution of the realized factor of
increase (N,/N,)" is approximately normal. Based
on the assumption that the realized factor of increase
is normally distributed, the mean and variance of
(N/Ny)"* are computed from the mean variance of
N,/N, by methods given in Appendices 1 and 2.

Using the formulae of Sykes (1969), the mean and
variance of each age class in the future population
can be computed analytically. Confidence intervals
for the total population size and for the realized fac-
tor of increase, and an estimate of the probability
that the future population will be larger than the
starting population, are computed based on the
assumption that either log (N,/N,) or (N,/Ny)"t is nor-
mally distributed.

We can also simulate the growth of an age-struc-
tured population under fluctuating environmental
conditions. At each time period, a new set of fecun-
dity and survival rates, the elements of the Leslie
matrix, are chosen and used to project the popula-
tion. Each fecundity and survival rate is a normally
distributed random variable with specified mean,
variance, and covariance with every other fecundity
and survival rate. The projection, starting from the
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same initial population vector, may be replicated a
given number of times. From these replicated projec-
tions, the mean, variance, and covariances of the
population vector are computed, together with
statistics on a variety of other demographic para-
meters. The distributions of the final population size
and the realized factor of increase are tabulated.
The computer programs to accomplish these
stochastic projections are called, respectively, SPP
(Stochastic Population Projection) and SLT (Sto-
chastic Life Table simulation). Program listings and
guides to the use of both programs are given in Ger-

dynamics of the population are given in Table 2
(taken from Goodman 1981: table 1) and confer a
population growth rate of about 8% per year. The
initial age vector in this case was chosen to be the
stable age distribution with a total of 100,000
females. Values for the standard deviations in vital
rates in Table 2 were selected by choosing reason-
able values for their coefficients of variation. Corre-
lations in vital rates were assumed to be 0.9 between
fecundities at different ages, 0.9 between survival
rates at different ages, and 0.5 between all fecun-
dities and survival rates.

TABLE 1.—Initial population vector, mean vital rates, and covariance matrix of vital rates for a
three age-class population projection. In the covariance matrix, F refers to fecundity rate, P to

survival rate, and numbers to age classes.

Initial Mean Mean Covariance matrix

Age population fecundity survival
class size rate rate F1 F2 F3 P1 P2 P3
1 100 0.1 0.7 F1 00010 0.0020 0.0020 0.0005 0.0005 0.0
2 80 1.0 0.9 F2 0.0050 0.0045 0.0010 0.0010 0.0
3 50 0.4 0.0 F3 0.0050 0.0010 0.0010 0.0
230 P1 0.0050 0.0045 0.0
P2 0.0050 0.0
P3 0.0

rodette et al. (1983). Although lengthy, these pro-
grams are suitable for use on many microcompu-
ters.

Numerical Examples

Two numerical examples are presented to verify
various analytic results and to illustrate the use of
programs SPP and SLT in a management context.

The first example is a simple artificial life table
with three age classes. The mean vital rates and the
covariance matrix for the vital rates are given in
Table 1. This example was used to compare the
predicted mean and variance in projected population
size based on Sykes’ (1969) formulae with the actual
mean and variance from the simulation. The example
was also used to test the assumption that ultimate
population sizes will be lognormally distributed, and
in particular whether accurate confidence limits for
the tails of the distribution can be made based on this
assumption.

The second example is based on a real population.
A northern fur seal, Callorhinus ursinus, population
is projected using vital rates consistent with a phase
of rapid growth which occurred earlier in this cen-
tury. The mean vital rates which govern the

TABLE 2.—Initial population vector, means, and standard
deviations (S.D.) of vital rates for a fur seal population projec-
tion used as a numerical example in the text. Mean rates are
taken from Goodman (1981: table 1). Each age class repre-
sents 1 yr, and only the female portion of the population is
tabulated. The initial population vector is in the stable age
distribution with a totat of 100,000 females.

Initial Mean Mean
Age population fecundity survival
class size rate S.D. rate S.D.
1 17,618 0.0000 0.0000 0.8786  0.0439
2 14,312 0.0000 0.0000 0.8786  0.0439
3 11,627 0.0050 0.0003 0.8837 0.0442
4 9,500 0.0151 0.0008 0.8888  0.0444
5 7,807 0.2631 0.0132 0.9039  0.0090
6 6,525 0.3693 0.0185 0.9191  0.0092
7 5,545 0.4250 0.0213 0.9342  0.0093
8 4,789 0.4604 0.0230 0.9443  0.0094
9 4,182 0.4756 0.0238 0.9494  0.0095
10 3,671 0.4705 0.0235 0.9443  0.0094
11 3,205 0.4655 0.0233 0.9292 0.0093
12 2,753 0.4554 0.0228 0.9039  0.0090
13 2,301 0.4402 0.0220 0.8786  0.0088
14 1,869 0.4250 0.0213 0.8484  0.0085
15 1,466 0.4048 0.0202 0.8029 0.0080
16 1,089 0.3794 0.0190 0.7524  0.0075
17 757 0.3542 0.0177 0.6918  0.0069
18 484 0.3187 0.0159 0.6262  0.0063
19 280 0.2833 0.0142 0.5454  0.0055
20 141 0.2479 0.0124  0.4494  0.0045
21 59 0.2024 0.0101 0.3282 0.0033
22 18 0.1467 0.0073 0.1009  0.0010
23 2 0.0657 0.0033 0.0000  0.0000
Total 100,000
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RESULTS

Example 1.

The results of the stochastic projection by program
SPP are presented in Table 3. The second column
shows the expected (mean) population vector for
each time step. The mean population vector is obtain-
ed by projecting with the mean vital rates. The co-
variance matrix for the population vector gives, on
the diagonal, the variances of each age class and,
above the diagonal, the covariances between age
classes.

The calculations using Sykes’ formulae concur with

FISHERY BULLETIN: VOL. 83, NO. 3

the results of the Monte Carlo simulation of a sto-
chastic population projection, taking the entries of
the life table as time-varying random variables (pro-
gram SLT). In Tables 4 and 5 the results of the simu-
lation are presented. The means and covariances of
the vital rates actually achieved on this particular
run of program SLT are shown in Table 4 and are
close to the specified rates given in Table 1. By com-
paring the results in Table 5 with those of time step 6
in Table 3, we see that the results of the simulation
(SLT) and the analytic solution (SPP) agree closely.

The distribution of the ratio of the final population
size to the initial population size is shown as a histo-
gram in Figure 1A. The curve is skewed to the right,

TABLE 3.—Results of the stochastic projection of the population, given in Table 1, through 6 time steps
(program SPP). The columns labeled “95% C.L.” give the lower and upper 95% confidence limits for total
population size and for the realized factor of increase relative to the initial population. The last column
gives the probability P that the final population size will be greater than the initial population size.

Total population

Factor of increase

Expected
Time population Lower 95% C.L. Lower 95% C.L.
step vector Covariance matrix Mean Upper95% C.L. Mean Upper 95% C.L. P
100
(o] 80 230
50
110 142.5 18.0 14.4 215 0.934
1 70 50.0 36.0 252 289 1.096 1.258 0.8764
72 32.0
110 261.5 48.4 735 197 0.925
2 77 131.0 461 250 307 1.041 1.156 0.7545
63 65.3
113 365.3 94.4 1541 193 0.934
3 77 189.7 68.7 259 335 1.039 1.134 0.7856
69 136.4 N
. 116 4855 158.2 219.9 187 0.950
4 79 2449  99.0 264 356 1.033 1.116 0.7808
69 184.2
119 559.6 230.8 287.1 184 0.957
5 81 3075 1417 271 378 1.031 1.105 0.7910
71 231.0
121 736.2 309.8 366.2 182 0.961
6 83 367.0 189.7 277 400 1.029 1.096 0.7990
73 283.5
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TABLE 4.—Means, variances, and covariances of vital rates achieved
during a Monte Carlo projection of the population given in Table 1 (pro-
gram SLT). Values were computed on the basis of 30,000 vectors of
vital rates. F refers to fecundity rate, P to survival rate, and numbers
to age classes. Values in this table shouid be compared with the
“target” values in Tabie 1.

Covariance matrix
Mean F1 F2 F3 P1 P2 P3

F1 0.10016 0.00101 0.00202 0.00201 0.00049 0.00045 0.0000
F2 1.00027 0.00505 0.00453 0.00100 0.00092 0.0000
F3 0.39998 0.00502 0.00099 0.00091 0.0000
P11 0.69992 0.00501 0.00414 0.0000
P2 0.89744 0.00435 0.0000
P3  0.00000 0.0000
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TABLE 5.—Results of the Monte Carlo simulation of the 6 time-
step projection of the population whose age structure and vital
rates are given in Table 1 (program SLT). Sample size for the
simulation was 5,000 trials. Results in this table shouid be com-
pared with the “predicted” values in the last row of Table 3.
Here P is the proportion of final population sizes greater than

the initial population size.

Mean Mean Mean
popula- total factor
Time  tion popula- of
step vector Covariance matrix tion  increase P
121 7413 3147 369.8
6 83 371.7 1876 277 1.029 07954
73 2815
as anticipated. Both the logarithmic transformation
(Fig. 1B) and the root transformation (Fig. 1C)
appear to ncrmalize the distribution. When the _ .
cumulative frequency distributions are plotted on 199.9
normal probability scales (dots in Fig. 1), however, 20 199.0
the root transformation appears superior to the 190.0
logarithmic. The dots in Figure 1C are nearly linear, i 1500
indicating that the distribution is close to normal. 10 | ’
In Table 6 the accuracy of the 95% confidence 4100
limits for the total population size computed by the = 410
logarithmic and root transformations is compared 4 01
for projections of 2, 5, and 10 time steps, using the Ok ‘0‘5‘ T '1‘0‘ T ‘1‘5‘ ! '2‘0' ' '2‘5
same numerical example. Program SLT calculates : ; : ’ :
the proportion of final populations which fall above > Ne/No
and below the computed upper and lower confidence % -
limits. We expect that 2.5% of the cases should fall %J . 199.9
above the upper limit and 2.5% below the lower limit & 20 | B 199.0
if the 95% confidence interval has been correctly & | 190.0
estimated. Table 6 shows that both the logarithmic w 150.0
and the root transformations do a fair job of esti- & 10}
mating the 95% confidence limits. The root transfor- 'f 110.0
mation, however, appears more accurate in this E B . 1 1.0
example, as well as in other examples we have tried, Q . " 1 0.1
when the number of time steps is small. When the 5 fjo's' o IOTOI n '0'5' ' 1.0
number of time steps is large (50-100), both transfor- a ) LOG' (N./N ) )
mations produce normally distributed variables. ere o
Since the root transformation gave the most accu- B Jog.9
rate results for short projections, we used this trans- | 99:0
formation in program SPP to compute a confidence 20 lg00
interval on total population size. More details of the s :
150.0
FIGURE 1.-Distributions of future total population size under 10 - 410.0
variable conditions. Histograms show the percentage frequency, B
and dots the cumulative percentage frequency plotted on a normal 1 10
probability scale, for 5,000 stochastic projections of the population 0 4 0.1
given in Table 1 for six time steps. A. Distribution of Ng/Ny, the rrrrrTr T T
final population size divided by the initial. B. Distribution of log, 0.9 1.0 1.1 1.2
(Ng/Ng). C. Distribution of (Ng/Ng)®, the realized factor of in- (Ng/ No)” 6

crease.

CUMULATIVE PERCENTAGE FREQUENCY
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TABLE 6.—Accuracy of the 95% confidence limits (C.L.) on popula-
tion size estimated by the logarithmic and root transformations of
the distribution of total population size. For each transformation,
the estimated lower and upper confidence limits are shown for pro-
jections of the population given in Table 1 for 2, 5, and 10 time steps.
The columns tabeled “Proportion beyond C.L.” give the actual pro-
portion of 10,000 stochastic projections using program SLT which
fail below the estimated lower limit and above the estimated upper
limit for each transformation. Each set of projections was replicated
3 times. The root transformation estimates the 95% confidence in-
terval on population size more accurately, especially for short pro-
jections.

Transformation

No. of Logarithmic Root
time steps Proportion Proportion
to Estimated beyond Estimated beyond
projection 95% C.L. C.L. 95% C.L. C.L.
Lower 199 0.0311 197 0.0256
0.0317 0.0255
2 0.0295 0.0231
Upper 309 0.0160 307 0.0204
0.0181 0.0214
0.0199 0.0228
Lower 187 0.0290 184 0.0251
0.0285 0.0242
5 0.0318 0.0260
Upper 380 0.0227 378 0.0245
0.0219 0.0235
0.0215 0.0235
Lower 178 0.0266 175 0.0238
0.0280 0.0252
10 0.0286 0.0257
Upper 489 0.0226 486 0.0234
0.0211 0.0221
0.0217 0.0226

example projection are shown in the columns on the
right side of Table 3. The mean and the 95% con-
fidence interval for the total population size and for
the realized factor of increase are given for each time
step. As the population vector approaches the stable
age distribution, the ratio between successive mean
total population sizes approaches the asymptotic
value 1.0240. The mean realized factor of increase
shown in Table 3, which is computed relative to the
initial population, does not converge on this asymp-
totic value; nor can the mean realized factor of in-
crease be computed from the ratio of the mean final
population size to the initial population size. Instead,
the mean and variance of the realized factor of in-
crease are computed by methods described above.
The probability that the total population size will
have increased over its initial value is also shown for
each time step in the last column of Table 3. In this
particular example, since we did not begin with the
stable age distribution, this probability decreases at
first and then increases. As a further check, program
SLT computes the proportion of cases in which the
final population was greater than the initial popula-
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tion, and this answer (0.7954, Table 5) is close to the
probability computed analytically by program SPP
assuming that the realized factor of increase is nor-
mally distributed (0.7990, Table 3). Given a popula-
tion whose age structure and dynamics conform to
the values given in Table 1, therefore, we can make
the statement that there is an 80% chance that the
population will be larger 6 time steps from now and a
20% chance that it will be smaller.

Example 2.

The results of the stochastic projection of the
northern fur seal population by program SPP are
given in Table 7 and Figure 2. Table 7 shows that
after 5 yr, the expected (mean) number of 9-yr-olds,
for example, is 6,188 with a standard deviation of
333. The expected total population size is 147,982
with a standard deviation of 8,832. The mean and
standard deviation of the realized factor of increase
are 1.0812 and 0.0129, respectively; from these
values we compute the 99% confidence interval on
population size to be from 126,410 to 171,930. Note
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TABLE 7.—Results of the 5-yr stochastic pro-
jection of the northern fur seal population, bas-
ed on the age structure and vital rates given in

Table 2. Probability that the final population
> initial population = 0.999 + .
Expected
Age population Standard
class size deviation
1 26,071 1,672
2 21,179 1,619
3 17,205 1,519
4 14,058 1,402
5 11,553 1,280
6 9,655 972
7 8,205 720
8 7,087 516
9 6,188 333
10 5,432 121
1 4,743 106
12 4,075 92
13 3,406 76
14 2,767 62
15 2,170 49
16 1,611 36
17 1,121 25
18 717 16
19 415 9
20 209 5
21 87 2
22 26 1
23 2 0.05
Total 147,982
Totat Factor of
population increase
Lower 99% C.L. 126,410 1.0480
Expected value (mean) 147,982 1.0812
Upper 99% C.L. 171,930 1.1145

that, as will generally be the case, the confidence in-
terval for total population size is not symmetric
about the mean value.

In the last line of Table 7, the probability of an in-
creased population is shown to be very close to 1.0.
In other words, it is virtually certain that the popula-
tion will have increased in size after 5 yr. Figure 2
presents the results for total population size graph-
ically. The 95% and 99% confidence limits computed
by program SPP are shown for each time step. The
confidence limits grow nearly geometrically.

DISCUSSION

Fishery and wildlife management often involves
predictions of population size, and, owing to im-
perfect knowledge of the world, these predictions are
uncertain. Accordingly, a practical analysis attaches
estimates of confidence intervals for any given
prediction. The programs described in this paper
carry out the computation of confidence intervals for
projections of age-structured populations, if we can

specify the statistics of the variation in the age-
specific vital rates. Realistically, we do not expect
there to be be many examples where the statistics of
the variation in vital rates are genuinely known with
substantial precision, for these rates are difficult to
measure in natural populations. Nevertheless, in an
imperfect world, management decisions must be
made with imperfect data. A considerable compo-
nent of the uncertainty in a population prediction will
be owing to the phenomena treated in this paper.
Thus, even the use of very rough guesses at the sta-
tistics of the variation in the age-specific vital rates,
in order to estimate confidence intervals in a popula-
tion projection, is preferable to neglecting this
source of variation entirely. At the very least, incor-
poration of speculative estimates in this applied con-
text will allow the exploration of “what if ” questions
in a fashion that can indicate priorities for future
data gathering.

In many fish and aquatic invertebrate species,
there is an enormous variation in the success of year
classes. In such cases the population dynamics may
be dominated by the overwhelming abundance of one

———-95% Confidence limits
--------- 99% Confidence limits
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FIGURE 2. - Confidence limits for future total female population size
for the northern fur seal, based on the schedule of vital rates in
Table 2. The solid line plots the mean population trajectory.
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or two cohorts. The environmental factors which
lead to such huge variations in recruitment are as yet
imperfectly understood for most species. In order to
predict future population sizes, the year-to-year
variation could be incorporated into the variances of
the effective fecundity terms in the first row of the
Leslie matrix. This will lead to enormous (but
realistic) confidence limits for predicted future
population sizes of such stocks. A more fruitful use of
the results of this paper, however, would be to
separate recruitment uncertainty from survival
uncertainty and to calculate a confidence interval on
future population size given recruitment success for
a particular cohort. Among harvested species such a
conditional forecast could be used to incorporate
environmental variation into management recom-
mendations.

In keeping with the fact that applied management
may often depend on very elementary quantities, we
also calculate -a particularly important special
statistic of the distribution of projections— the prob-
ability that the population will increase under the
specified conditions. In the first example, the prob-
ability of an increased population was found to be
about 0.8. In the second example, the fur seal popula-
tion projection, there is a higher probability that the
population will increase. Starting with the female
population of 100,000, the calculations indicate 99%
certainty that the population will have increased to
between 126,410 and 171,930 in 5 yr.

Our simulations of stochastic population growth
differ from previous efforts by Boyce (1977) and
Slade and Levenson (1982) by allowing all vital rates
to vary simultaneously, rather than only one at a
time, and by permitting correlations among the vital
rates to be specified. In the stochastic growth models
of Cohen (1977, 1979a) and Tuljapurkar and Orzack
(1980), at each time step the population finds itself in
one of several possible environments. Within each
environment vital rates are fixed. By contrast, here
we model a single variable environment whose condi-
tions, as reflected in the population’s vital rates at
any point in time, are never precisely duplicated. The
results of Example 1 verify the results for the mean
and variance of future population vectors and show
that the mean and variance for total ultimate popula-
tion size can be computed from Sykes’ formulae. Our
results confirm the conclusions of Cohen (1977), Tul-
japurkar and Orzack (1980), and Slade and Levenson
(1982) that the expected mean value of a stochastic
population projection with no serial correlation in
vital rates is equivalent to the value projected deter-
ministically from mean vital rates. Cohen (19794, b)

214

FISHERY BULLETIN: VOL. 83, NO. 3

and Tuljapurkar (1982) address the more general
question of serial correlation in vital rates.

All of the work cited above has been concerned
with the state of the population at a time in the
future much greater than will generally be useful in
management. In this paper we have examined the
stochastic behavior of the population at a shorter
time in the future. Example 1 has verified that the
distribution of ultimate population sizes from
stochastic population projections is approximately
lognormal (Tuljapurkar and Orzack 1980). From the
perspective of fitting the tails of this distribution for
a small number of time steps t, however, it appears
better to assume that the 1/¢th power of the distribu-
tion is normally distributed. In either case the distri-
bution of ultimate population sizes is skewed (with
long tails at the higher values), and the skew
becomes more pronounced as ¢ increases. An impor-
tant property of such a distribution is that the most
likely or modal population value will always be
smaller than the mean. How much smaller depends
on the number of time steps ¢, and on the variances
and covariances among the survival and fecundity
rates.

An interesting theoretical and practical problem is
to find a descriptor of population growth under
stochastic conditions which characterizes the skewed
distribution of ultimate population size. Cohen
(1979a) has proposed two measures of long-run popu-
lation growth: A, the ensemble average of realized
factors of increase; and g, the factor of increase need-
ed to realize the ensemble average of final population
sizes. The first is a measure based on growth rates,
while the second is based on population sizes (Cohen
1979b). The average realized factor of increase calcu-
lated here is analogous to A. If the Leslie matrix of
mean vital rates is known, p is easily calculated as
the dominant eigenvalue of that matrix. The prob-
lem, as we have seen, is that under stochastic condi-
tions the mean of the population sizes is not very in-
formative and may, in fact, be misleading. Tul-
japurkar (1982) has proposed a growth measure «
which leads to the approximate median population
size. The two measures proposed here—namely, E
[(N,/N)""*] and E [log (N,/N,)] - are close approxima-
tions to the rate of growth leading to the modal
population size. As such, they may loosely be said to
describe the most probable trajectory of the popula-
tion under stochastic conditions.
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APPENDIX 1.

Calculation of the mean and variance of the realized factor
of increase, assuming it is normally distributed.

Let 4, the realized factor of increase, be defined as the tth root of the ratio of the
population size at time ¢ to the initial population size:

- <&> 1t
Ny

N,

N,

or

A=

Let u be the mean and v the variance of A. The mean and variance of A" are given by
formulae in the Methods section. The problem is to find the mean and variance of A.
Let F (u,v) be a function which gives the ¢th moment of A:

F(uv) = EQY).

Similarly let G (u,v) be a function which gives the variance of A in terms of the tth
and 2¢th moments of 1:

G(uy) = EO™y - [B(Y)%

Now assume that A is normally distributed. Appendix 2 gives a recursive algorithm
which allows any moment of a normally distributed variate to be calculated. From
the tth and 2¢th moments of A, the functions F and G can be computed from the
equations above. Generally, F and G will be ¢th and 2¢th order polynomials in u and
v. Then, with F" and G known, we have a system of two equations

Fluv) — BOY) = 0
G(u,v) — Var(A) = 0

in two unknowns. Given initial estimates of u and v, a two-variable version of
Newton’s method, or any similar iterative technique, can be used to converge on a
simultaneous solution.
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APPENDIX 2.

A recursive algorithm for computing the higher order
moments of the normal distribution.

The moment generating function for the normal distribution is

2

vt
Mx (t) = et 2

where u is the mean and v is the variance of the normal variate 2. The nth moment of z is found by

evaluating, at t = 0, the nth derivative of M, (¢) with respect to ¢. The nth differentiation with respect to ¢
leads to the series

(u+ V"M, () + ... + Alu + vi° vPM, () + Bu+ v 2v P M, () + .

ey

which, evaluated at ¢ = 0, gives

W+ Aty e BuetEy Pl 4

.oy

where A and B are coefficients and o and $ are exponents such that « + 28 = n. The next [(n + 1)th] dif-
ferentiation of the middle terms gives

A + vt v M () + Aa(u + vt PP M ()

+

Blu + v 1 vPT I M, (t) + Bla - 2) (u + vt 2 vFEM, (1)

o+ (e + By + vt P IM () + L
which, evaluated at ¢t = 0, gives
o+ (Aa + Bty

Thus the coefficient of each term of the series of the (n + 1)th moment can be computed from the two

terms in the series of the nth moment “before” and “after” it. The exponents of  and v follow the regular
pattern shown.
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LIFE HISTORY CHARACTERISTICS OF

PANDALUS MONTAGUI AND DICHELOPANDALUS LEPTOCERUS

IN PENOBSCOT BAY, MAINE

DaviDp K. STEVENSON! AND FRAN PIERCE?

ABSTRACT

A number of life history characteristics of two species of pandalid shrimp from Penobscot Bay, ME, were
inferred from length-frequency and relative abundance data collected on five occasions during a bottom
trawl survey in 1980-81. Pandalus montagui is a sequential hermaphrodite. Sex transition occurs
throughout the year, but most transitional individuals were observed in late March. Most individuals change
sex shortly before or after reaching age 2, but some do so either a year earlier or a year later. Ovigerous
females were observed from late November through January; eggs are apparently produced during the sec-
ond, third, and fourth years. Fifteen percent of the 0 age-group caught in the fall of 1980 were females
which may never have functioned as males. Growth was rapid in the spring and summer and negligible in
the late fall and winter. Females which changed sex at age 1 were larger than females which changed sex a
year later. Dichelopandalus leptocerus is not hermaphroditic. Ovigerous females were collected primarily in
late November and early December. Some females produce eggs during their first and second years, but
most do so only during their second year. None of the females caught during this study appeared to be older
than age 2; a few large males remained in the population during their third year of life. Females of both
species were larger than males of the same age-group, a distinction which was attributed to differences in
growth rate and, for P. montagui, was associated with earlier sex transition. Larger shrimp of both species
migrated down the Bay into deeper water as the winter progressed.

The Pandalidae are a family of boreal, subarctic
shrimp composed of 2 genera and about 20 species.
Four species (Pandalus borealis, P. montagui, P.
propingquus, and Dichelopandalus leptocerus) are
common in offshore waters of the Gulf of Maine
(Wigley 1960). Of these, P. borealis is the largest,
reaching a maximum total length of 17-18 e¢m (7 in),
and has been the object of a directed winter fishery
in coastal waters of the Gulf of Maine since the late
1930s (Scattergood 1952) and in coastal and offshore
waters since 19583, This species is also exploited
commercially on the west coast of North America, in
the Canadian Maritime Provinces, on the west coast
of Greenland, in the Norwegian and North Seas, and
in the northwest Pacific (Balsiger 1981).

Pandalus montagus and D. leptocerus are smaller
species (maximum length 10 c¢m or 4 in), which are
harvested incidentally with P. borealis in the Gulf of

1Zoology Department, University of Maine, Orono, ME 04469
and Maine Department of Marine Resources, West Boothbay Har-
bor, ME 04575.

2Maine Department of Marine Resources, West Boothbay Har-
bor, ME 04575.

33tickney, A. P. 1980. A characterization of the northern
shrimp fishery of Maine. In C. J. Walton (editor), Fisheries
management and development, Vol. III, Element D: Character-
ization of the shellfisheries, p. 244-293. Completion report to the
State Planning Office, Oct. 1, 1978-Sept. 30, 1979, Maine Depart-
ment of Marine Resources, Augusta.
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Maine, but have little or no market value because of
their size. Pandalus montagui is also harvested as an
incidental species in the Gulf of St. Lawrence
(Balsiger 1981), and for many years was the object of
several localized commercial beam trawl fisheries in
the southern North Sea and in Morecambe Bay,
northwest England, until declining stock sizes led to
the demise of the fisheries in the Thames estuary
(described by Mistakidis 1957) and Morecambe Bay
in the 1950s and 1960s. Warren (1973) described a
fishery for P. montagut in the Wash on the east coast
of England which was still active in the early 1970s.
Pandalus propinguus is also smaller than P. borealis
and is generally restricted to deeper water (165-330
m in New England waters according to Wigley
1960); consequently it is rarely taken in Gulf of
Maine commercial catches.

Pandalus montagu is differentiated taxonomically
into two subspecies: P. montagui tridens in the
North Pacific and P. montagui montagui in the
North Atlantic from the Arctic south to the British
Isles and Cape Cod (Simpson et al. 1970) or Rhode
Island (Rathbun 1929). According to Simpson et al.
P. montagui montagui is found in estuaries, coastal
waters, and offshore in depths of 5 to over 700 m,
but is more common in shallow waters (20-90 m); at
depths > 90 m it is gradually replaced by P. borealis.
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Squires (1968) reported that P. borealis occurred
together with P. montagui in depths < 200 m in the
Gulf of St. Lawrence and southwest of Newfound-
land, but at depths between 200 and 300 m with a
smooth detritus bottom and temperatures of 4°-6°C,
only P. borealis were caught; in colder temperatures
(=1° to 3°C) in this same depth range, P. montagus
were more abundant. Pandalus montagui was
described as a more eurythermal and eurybathic
species than P. borealis. Of all the pandalids in the
northwest Atlantic, P. montagui is the only one
which inhabits colder Arctic waters < 1.5°C (Squires
1966). The Atlantic subspecies of P. montagui has
been the subject of several biological studies
(Mistakidis 1957; Allen 1963; Couture and Trudel
1969a, b).

Dichelopandalus leptocerus is distributed in the
northwest Atlantic from Newfoundland to North
Carolina (Rathbun 1929). It has not been reported
from the northeast Atlantic and is rare in the north-
ern Pacific (Squires 1966). During a November 1956
bottom trawl survey in New England waters, D. lep-
tocerus was much more widely distributed than P.
montagui or P. borealis (Wigley 1960). Dichelopan-
dalus leptocerus was also found over a broad depth
range (33-340 m), but was common between 35 and
145 m and at temperatures (in November) of
5°-20°C, whereas P. montagui occurred primarily
between 70 and 135 m and at temperatures of
6°-10°C. Dichelopandalus leptocerus was also col-
lected in areas where bottom sediments contained
low, medium, and high quantities of organic matter,
whereas P. montagut appeared to be associated with
sediments with relatively low organic content. Thus,
in several ways, D. leptocerus appears to have less
restricted habitat requirements than P. montagus (or
P. borealis). No detailed biological studies of D. lep-
tocerus have been published.

The Maine Department of Marine Resources con-
ducted an exploratory bottom trawl survey to deter-
mine the abundance and distribution of pandalid
shrimp populations in Penobscot Bay (Figure. 1) dur-
ing 1980-81. During the course of this survey,
biological data were collected from about 10,000
shrimp. The objective of this paper is to describe im-
portant life history characteristics of P. montagui
and D. leptocerus in Penobscot Bay (the Bay); these
include breeding seasons, female sizes and ages at
maturity, sex transition, growth, longevity, and
migratory behavior. Aspects of the life cycle and
reproductive biology of each species were examined
as functions of time of year, depth, and location
within the Bay.
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METHODS

The survey was conducted over the course of a
12-mo period from late November 1980 to early
October 1981. Samples were collected during five
distinet periods of time at 19 different stations
located from Cape Jellison in the northern end of
Penobscot Bay to Mark Island, a distance of about 37
km (23 mi) (Fig. 1). Stations were established at
depths ranging from 12 m (40 £t) to 84 m (280 ft) and
were located in areas of trawlable bottom. Since a
primary objective of the survey was to stimulate
commercial shrimp fishing, no attempt was made to
randomly select station locations, depths, or sam-
pling times. Attempts were made, however, to
return to each station as often as possible so as to
determine the seasonal variation in the relative
abundance of different sexes, reproductive stages,
and size groups of each species at individual locations
over the course of the year. Adjacent, well-defined,
length groups were assumed to represent successive
age-groups.

A total of 45 successful tows (i.e., tows that were
not aborted because of bottom obstructions, damage
to the trawl, or gear malfunction) were made during
the entire survey. Of these, 37 tows which could be
assigned to a specific area, depth range, and sam-
pling period were selected for data analysis. Area 1
was defined as the upper Bay, area 2 as west of
Islesboro, area 3 as south of Islesboro, and area 4 as
east of Islesboro; depth ranges were defined as
shallow (12-25 m), moderate (25-60 m), and deep
(50-85 m) (Table 1). The distributions of sampling ef-
fort between stations by sampling period, area, and
depth range are shown in Table 2. No data were

TABLE 1.—Definitions of coded sampling periods, areas, and
depth ranges, 1980-81 Penobscot Bay shrimp survey.

Sampiing
periods
1 20 November-2 December 1980
2 21-29 January 1981
3 24-31 March 1981
4 16 July-18 September 1981
5 5-6 October 1981
Areas
1 Upper Bay: stations 2, 3, 4, 6, 18
2 West of isiesboro: stations 1, 5, 9, 10, 14
3 South of Islesboro: stations 7, 8, 12, 15, 16, 17,
19
4 East of Islesboro: stations 11, 13
Depth
ranges
1 12-15 m (shallow)
2 25-50 m (moderate)
3 50-85 m (deep)
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FIGURE 1.—Map of Penobscot Bay, ME, showing bottom trawl stations visited during 1980-81 survey.
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TABLE 2.— Distribution of sampling effort (number
of tows per station) by sampling period, area, and
depth range, 1980-81 Penobscot Bay shrimp

survey.'
Sampling
period Area Depth
Station 123 4512341 2 3
1 2 1 6 9 9
3 1 1 2
4 1 1 1
5 1 1 1
6 1 1 1
7 11 1 3 3
8 1 1 1
9 1 1 2 11
10 1 13 5 5
11 1 1 2 11
12 1 1 1
13 1 1 1
15 1 1 1
16 11 1 3 3
17 1 1 1
18 2 2 2
19 1 1 1
Totals 9 10 9 6 3 6 17 11 3 6 17 14

'See Table 1 for definitions of coded sampling
periods, areas, and depth ranges.

available from stations 2 and 14. Trawling opera-
tions were limited to the area between Northport
and Islesboro in the summer of 1981, since the only
vessel available at that time was not equipped to
work elsewhere in the Bay.

The traw] used was a semiballoon shrimp try-net
with a 7.6 m (25 ft) headrope and 9.5 m (31 ft) foot-
rope with no rollers; mesh size was 38 mm (1% in) in
the body and 81 mm (1% in) in the cod end. The
trawl was also equipped with a 12.5 mm (¥ in) liner.
The net was rigged on 1.2 m (4 ft) legs with ark
floats on the headrope and 2/0 chain on the footrope.
The trawl doors were hardwood, 76 x 41 em (30 x
16 in), with iron bracings and a wide shoe. The net
was fished on a single trawl wire attached to a 80.5
m (100 ft) wire net bridle. All tows lasted 30 min and
were made at speeds varying from 1.5 to 2.5 kn.
Loran bearings were recorded at the beginning and
end of each tow, and depth was recorded either as a
single reading or at the beginning and end of each
tow. Location and depth could not be determined in
the summer since the vessel used then did not have
sonar or navigational equipment. Although three dif-
ferent vessels were used during the course of the
survey, the gear was identical and was fished the
same way during the entire survey.

If catches were small (under 1 kg), the entire catch
was generally brought to the laboratory and frozen
for later analysis; otherwise, the catch was sub-
sampled aboard the vessel. In some cases, large
samples were further subsampled in the laboratory
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after they were thawed. Inasmuch as was possible,
all samples and subsamples were randomly selected.
Samples (or subsamples) of 200-900 g were sorted
(after removing extraneous “trash”) by species ac-
cording to morphological characteristics deseribed
by Rathbun (1929). Biological data were compiled for
a total of 7,259 D. leptocerus and 2,475 P. montagus,
numbers of P. borealis were inadequate for data
analysis. Each individual shrimp was sexed (male,
female, or transitional) using external morphological
characteristics for the genus Pandalus originally
described by Wollebaek (1908), Berkeley (1930),
Jégersten (1936), and Leloup (1936) and summarized
by Mistakidis (1957). The females were further
grouped as ovigerous or non-ovigerous depending on
whether or not the eggs had “dropped” and were
being carried on the pleopods; the non-ovigerous
females were further subdivided into two groups—
those which had never carried eggs before and those
which had —based on the presence or absence of ster-
nal spines. This characteristic of non-ovigerous
females was originally described by MceCrary (1971)
for three pandalid species (Pandalus borealis, P.
gonturus, and P. hypsinotus) in Alaska. Stage 1
females were defined as those which had not carried
eggs before and Stage II females as those which had;
there was no way to distinguish between females
which had carried eggs only once before and those
which had carried eggs more than once. Carapace
lengths were measured between the eye socket and
posterior dorsal edge of the carapace and recorded to
the nearest 0.1 mm.

For each species, the numbers and lengths of
shrimp in each biological category (sex, with or
without eggs, Stage I or II) were compiled by sam-
pling period, geographic area, and depth range.
Length frequencies were expressed as numbers of
shrimp per 0.5 mm dorsal carapace length. Since
nearly all of the samples collected in areas 1-3 were
also collected in specific depth ranges (i.e., all 6
samples from area 1 were from shallow water, 16/17
samples from area 2 were from moderate depths,
and all samples from area 8 were from deep water),
length frequencies were presented for appropriate
area/depth combinations. Length-frequency data for
P. montagui collected in October 1981 were not
presented since so few individuals were captured.

RESULTS AND DISCUSSION

Breeding Seasons and
Female Sizes (Ages) at Maturity*

Nearly all the ovigerous female D. leptocerus were
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caught in November-December 1980 (Table 3),
although a few remained in January and March. It
was therefore apparent that most eggs hatched dur-
ing a relatively short period of time in late December
and early January. Although only the larger size
group was carrying eggs (Fig. 2D), the presence of a

were reported for the same populations as late
February through April with peak activity in April.
According to Couture and Trudel (1969b), ovigerous
females were observed in Grand-Riviere, Quebec,
beginning in July and accounted for the greatest
percentage of the population in October (no samples

TABLE 3.—Percent total number of male and female Dichelopandalus leptocerus
collected at all locations and depths in Penobscot Bay during five sampling
periods in 1980-81. (Females are categorized by reproductive stage.)

11/20-12/2  1/21-1/29 3/24-3/31 7/16-9/18 10/5-10/6
Sex/Stage 1980 1981 1981 1981 1981 Total

Total males 49.7 65.3 59.4 47.6 53.0 53.2
Females/Stage | 32.0 335 37.8 50.2 45.3 38.8
Females/Stage Il 1.4 0.3 1.5 2.2 1.5 1.5
Total

non-ovigerous

females 33.4 33.7 39.3 52.4 46.8 40.2
Ovigerous females 16.8 1.0 1.3 0.0 0.2 6.6
Total females 50.3 347 40.6 52.4 47.0 46.8
Totai no.

individuals 2,694 729 1,151 1,107 1,577 7,259

few Stage II non-ovigerous females in roughly the
same size range (Fig. 2C) indicated that some
females produced eggs a year earlier as well. It could
not be determined from the samples collected during
this study whether the younger females spawned
earlier or later than the older group. The fact that so
few Stage I females were captured in the Bay at any
time of year indicated that most of the spawning
population was made up of first time spawners.
Ovigerous females were collected at all depths and in
all areas (Tables 4, 5), but made up a greater percent-
age of the catch at moderate depths in area 2.
Nearly all of the ovigerous female P. montagut
were collected in November-December and late
January (Table 6); the fact that 50% of the females in
late January were still ovigerous suggests that eggs
hatched over a more prolonged period then was true
for D. leptocerus, possibly from November at least
through February. Females belonging to two North
Sea P. montagui populations were reported to carry
eggs primarily between November and February
(Mistakidis 1957; Allen 1963), although ovigerous
females were observed from mid-October to April in
the Thames estuary by Mistakidis. Hatching times

4Since no internal sexual characteristics (such as oocyte develop-
ment) were examined in this study, the breeding season was defined
as the period of time when ovigerous females were observed and
sizes (ages) at maturity as the sizes (ages) when females produce
eggs. No comparable information for males (i.e., mating times or
sizes (ages) at maturity) was available. As used in this paper, the
breeding season was, strictly speaking, the period of time between
spawning and hatching when eggs were incubated.

TABLE 4.—Percent total number of male and female Dichelo-
pandalus leptocerus collected at all depths and times of year
in four areas in Penobscot Bay during 1980-81. (Females are
categorized by reproductive stage.)

Sex/Stage Area1 Area2 Area3 Aread Total
Total males 54.4 49.3 57.4 70.6 53.0
Females/Stage | 42.2 39.7 36.7 26.1 38.9
Females/Stage i 1.0 1.8 1.1 1.1 1.4
Total

non-ovigerous

femaies 43.2 415 37.8 27.2 40.3
Ovigerous

females 2.4 9.2 4.8 2.2 6.6
Total femaies 456 50.7 426 29.4 47.0
Total no.

individuals 1,047 3,626 2,419 92 7,184

TABLE 5.—Percent total number of maie and female Dichelo-
pandalus leptocerus collected in all areas and times of year
by depth range in Penobscot Bay during 1980-81. (Females
are categorized by reproductive stage.)

Shallow  Moderate Deep
Sex/Stage (12-25 m) (25-50 m) (50-85 m) Total

Total males 54.4 47.7 60.3 53.3
Females/Stage | 41.5 40.4 32.4 37.6
Females/Stage I 1.1 2.0 0.9 1.4
Total

non-ovigerous

females 426 424 33.3 39.0
Ovigerous

females 3.0 9.9 6.4 7.7
Total females 456 52.3 39.7 46.7
Total no.

individuals 812 3,015 2,299 6,126
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FIGURE 2. —Dichelopandalus leptocerus numerical length-
frequency distributions by sex and reproductive stage.

TABLE 6.—Percent total number of male, transitional, and female Pandalus mon-
tagui collected at all locations and depths in Penobscot Bay during five sampling
periods in 1980-81. (Females are categorized by reproductive stage.)

11/20-12/2  1/21-1/29 3/24-3/31 7/16-9/18 10/5-10/6
Sex/Stage 1980 1981 1981 1981 1981 Total

Total males 73.2 85.2 68.4 37.3 34.3 68.9
Transitionals 0.3 2.5 15.4 5.7 1.5 6.9
Females/Stage | 7.8 6.1 15.9 50.4 61.2 18.2
Females/Stage Il 03 0.0 0.0 6.7 3.0 1.2
Total

non-ovigerous

females 8.1 6.1 15.9 57.0 64.2 194
Ovigerous females 18.4 6.2 0.4 0.0 0.0 4.8
Total females 26.5 123 16.2 57.0 64.2 242
Total no.

individuals 332 871 800 405 67 2,475
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were collected between November and April). A few
females were still carrying eggs the following June.
Hatching began in the winter and continued through
June. Pandalus montagui populations studied in
Penobscot Bay and Grand-Riviere spawned primari-
ly in their second and third years. Females in the
North Sea, on the other hand, were fully mature dur-
ing their first year (Mistakidis 1957; Allen 1963), but
there was no evidence that individual age-groups
spawned more often there than at Grand-Riviere or
in Penobscot Bay.

At least two age-groups of ovigerous P. montagui
were apparent in the winter samples (Fig. 3C, G),
whereas only a single age-group of ovigerous D. lep-
tocerus was observed (Fig. 2D). Length-frequency
data suggested that older female P. montagui (age
2 +) spawned before younger females (age 1); 57% of
the ovigerous females collected in November-
December were > 15 mm CL (F'ig. 3C), whereas only
30% remained in the same size group in late January
(Fig. 3G). Sample sizes were much too small,
however, to clearly indicate how many spawning
age-groups were present or whether older female.,
spawned earlier than younger ones. Earlier comple-
tion of spawning by older females was reported by
Mistakidis (1957) in the Thames estuary. In
Penobscot Bay, the relative abundance of ovigerous
females was higher in moderate and deep waters and
in areas 2, 3, and 4 (Tables 5, 6).

The capture of a single 10 mm CL ovigerous
female P. montagut in January (Fig. 3G) indicates
that a few females mature and reproduce during
their first year. This shrimp could have started life as
a female or could have changed sex in the first year
and therefore never functioned sexually as a male.
Mistakidis (1957) reported that some 0 age-group
males in the Thames estuary changed sex and func-
tioned as females during their first year. Some in-
dividuals in both the Thames estuary and North-
umberland began life as females and matured in
their first year (Mistakidis 1957; Allen 1963).

Sex Transition

Unlike most other Pandalid species, the Penobscot
Bay population of D. leptocerus was not her-
maphroditic. Not a single transitional individual was
identified in the over 7,000 shrimp which were ex-
amined. Furthermore, males and females recruited
to the > 5 mm CL population in October of their first
year in nearly equal numbers (Fig. 2N, P). The ratio
of males to females for the entire survey period was
53:47 (Table 3). Pandalus montaguti, on the other
hand, is a protandric (sequential) hermaphrodite.
Nearly 7% of the 2,475 individuals examined ex-
hibited external morphological characteristics typical
of transitional P. borealis (Allen 1959). The sex ratio
was 69% males to 7% transitionals to 24% females
(Table 6). Although P. montagui is clearly protan-
dric, some individuals in Penobscot Bay either begin
life as females or assume external female character-
istics by late November of their first year.5 These

sIndividuals of protandric pandalid shrimp species which begin life
as females are referred to as primary females; those which change
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FIGURE 3. - Pandalus montagui numerical length-frequency distribu-
tions by sex (including transitionals) and reproductive stage.

females were obvious as a distinct size-group in the
November-December length-frequency data at 6-9
mm CL (Fig. 3B). At this time, these females made
up 15% of the newly recruiting 0 age-group. The
relative abundance of 0 age-group females was
considerably higher in the North Sea: 29-37% of
most samples in the Thames (Mistakidis 1957) and
about 50% in Northumberland (Allen 1963). On the

sex in their first year following the repression of male sex
characteristics and never function as males are called secondary
females; and those which function first as males and then change
sex are called hermaphroditic females (Mistakidis 1957). Since no
distinction could be made in this study between the three types of
female P. montagui, we have avoided the use of this terminology
altogether and simply distinguish between individuals which re-
mained as males during their first year, those which were females
when they were first captured in November-December of their first
year, and those which apparently changed sex during their first
winter.
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other hand, only 11.2% of the age-1 P. montagut col-
lected in May 1965 in Grand-Riviere were females
(Couture and Trudel 1969Db).

Size (Age) at Sex Transition

Transitional P. montagus were collected during all
five sampling periods, but were most abundant in
late March (Table 6) following the end of the
breeding period. Sex transition apparently began in
January, peaked in late March, and continued
through the summer and early fall, reaching a
minimum in late November. The rapid decline in the
relative abundance of males after January 1981 and
the accompanying increase in females after March
(Table 6) indicated that shrimp, which functioned as
males in the previous breeding season and became
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females prior to the subsequent breeding season,
assumed external female characteristics during the
winter and spring. The appearance of a distinct size-
group of 9-11 mm CL females in late January (Fig.
3F) which was not present 2 mo earlier (Fig. 3B),
suggests that transition was well underway by late
January. The two size-groups of non-ovigerous
females in January and March (Fig. 3I) were as-
sumed to belong to the same age-group, the smaller
females being those which did not function as males
in their first year (they may have started life as
females) and the larger females being those which
were still males in November-December (Fig. 3A).
Transitional shrimp made up a larger percentage of
samples collected in moderate and deep waters and
in areas 3 and 4 (Tables 7, 8).

Transition of the younger age-group which ‘was
first captured in November-December (Fig. 3A) was
incomplete since a great many shrimp remained as
males for another entire year before undergoing

TABLE 7.—Percent total number of male, transitional, and
female Pandalus montagui collected at all depths and times
of year in four areas in Penobscot Bay during 1980-81.
(Females are categorized by reproductive stage.)

Sex/Stage Area1 Area2 Area3 Aread Total
Total males 82.3 63.4 67.1 77.9 68.1
Transitionals 1.6 3.0 115 123 71
Females/Stage | 14.0 25.4 16.8 5.5 18.8
Females/Stage [l G.0 2.6 04 0.0 1.3
Total

non-ovigerous

females 14.0 28.0 17.2 5.5 20.0
Ovigerous

females 22 57 4.2 4.3 4.7
Total females 16.1 33.6 21.4 9.8 248
Total no.

individuals 186 1,037 827 326 2,376

TABLE 8.—Percent total number of male, transitional, and
female Pandalus montagui collected in all areas and times of
year by depth range in Penobscot Bay during 1980-81.
(Females are categorized by reproductive stage.)

Shallow Moderate Deep

Sex/Stage (12-25 m) (25-50 m) (50-85 m) Total
Total males 82.4 61.6 75.3 68.7
Transitionals 1.1 5.8 7.1 5.9
Femaies/Stage | 142 24.0 10.9 18.1
Femaies/Stage It 0.0 27 0.1 1.5
Total

non-ovigerous

females 14.2 26.6 111 19.6
Ovigerous females 2.3 59 6.6 58
Total females 16.5 326 17.6 25.4
Total no.

individuals 176 1,013 732 1,921

transition during their third spring (at age 2). Given
the fact that a few male and transitional shrimp > 15
mm CL were sampled at various times of year, the
possibility that a few individuals do not change sex
until their fourth year (age 3) could not be ruled out.
Even though the transition of younger (age 1)
shrimp in the spring was incomplete, a sizable
number of non-ovigerous Stage I shrimp which com-
pleted transition in their first year were collected in
March (Fig. 3J). These new females were consider-
ably larger (by about 2 mm CL) than their male
counterparts, suggesting that it was the larger,
faster growing, individuals which underwent transi-
tion at age 1. Allen (1963) also reported that the
largest 0 age-group males changed sex first.

Older shrimp which changed sex in their second
year had not yet appeared as females in March (Fig.
3J), suggesting that sex transition in older shrimp
was delayed; it may also have been less rapid, par-
ticularly since growth was considerably reduced
after the first year. Earlier studies of P. montagui in-
dicated that sex transition in two locations in the
North Sea persisted for most or all of the year.
Mistakidis (1957) noted that sex transition occurred
from May to December in the Thames estuary
whereas Allen (1963) collected transitional in-
dividuals throughout the year in Northumberland,
but primarily in June. The timing of minimal sex
transition in Penobscot Bay and Northumberland
was identical (November-December); Allen (1963)
reported that this was when males were sexually ac-
tive. Couture and Trudel (1969b) reported that most
sex transition occurred in October at Grand-Riviere;
a few transitionals were collected in July and August
but none in May and June. Sex transition in the
North Sea, as reported by Mistakidis (1957) and
Allen (1963), was accelerated in comparison with
Penobscot Bay; some individuals changed sex in
their first year, but most did so in their second year.
Ages at sex transition at Grand-Riviere, on the other
hand, were the same as in Penobscot Bay, i.e., some
in their second year, most in their third year, and
some in their fourth year.

Seasonal Changes in Size (Age) Composition

Two size-groups of male D. leptocerus were ob-
served in the Penobscot Bay during the winter (Fig.
2A, E, G) and only