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ABSTRACT

Penaeus setiferus and P. aztecus compose
the butk of the Texas catch of shrimp, the
most valuable fishery product in the state,
This study compares the maturation and repro-
duction of P, setiferus and P. aztecus near
an offshore brine diffuser (at a depth of 21
m) to that at two contro! locations, The pa-
rameters used in *this evaluation included
frequency of capture of ripe mated females,
number of eggs and percent hatch from on-
board spawns, stage of ovarian development of
females, and relative size and biochemical
composition (total carbohydrate, total lipid
and total protein) of the gonad and hepato-
pancreas of males and femates,

Seven 10-day collecting cruises were con-
ducted between October 1979 and September
1980, and approximately 3,000 shrimp were
dissected and analyzed, Descriptions and
photoqraphs of characteristic size and color
of each stage of ovarian maturation are pre-
sented for each species. Fecundity and
hatching rate averaged 257,000 and 55 per-
cent, respectively, for P. setiferus, and
167,800 and 77,6 percent, respectively, for
P, aztecus, Reproductive activity of P. se-
tiferus was observed from May through Septem-
ber with a peak in June while P. aztecus was
reproductively active from July through Octo-
ber with a peak in September. Size at first
maturity was estimated as 160-170 mm total
length for females of P, setiferus and P. az-
tecus, 150-160 mm for P, setiferus males, and
110-120 mm for P. aztecus mates, Gonad size
in males reached an asymptote of maximum size
at 170-180 mm total length In P. setiferus
and 150-160 mm in P. aztecus,

Spawning grounds of P, setiferus and P,
aztecus were readily distinguished by the
abundance of mature P, setiferus and scarcity
of mature P, aztecus at the fwo nearshore
blocks (1'0-23 m depth} and by the abundance
of mature P, aztecus and near absence of P,
setiferus at the deep block (35-44 m depth),
Thus, the reproduction of P, aztecus took
place outside the brine diffuser area, Re-
productive activities of P, setiferus were
concentrated in the shallowest stations (10-
15 m) of both nearshore blocks, indicating
1ittle threat of direct exposure to brine,

Comparisons of dry weight and biochemical
composition of gonads and hepatopancreas of
P, setiferus males and females between the
two nearshore blocks (test and control) indi-
cated no significant differences with two ex-
ceptions: (1) the carbohydrate content of
the hepatopancreas of both males and females
at the test block was significant|ly higher
than at the control block; and (2) the weight
of the hepatopancreas of Stage 4 females at
the test block was significantiy greater than
at the contrcl block, These were considered
nutritional differences, which may indirectly
affect reproduction, but direct differences
in gonad weight or composition were not ob-
served between the test and control blocks,
Biochemical analyses of hepatopancreas and
ovary of P, setiferus and P, aztecus at each
maturation stage vielded Information on the
process of organic storage and mobilization
in each species,

INTRODUCT ION

As a result of the Energy Policy Conserva-
tton Act of 1975, strateqic oil reserves are
being stored in underaround caverns created
by dissolving salt from the interiors of
coastal salt domes, Most of the brine pro-
duced by this process is discharged offshore
in the Gulf of Mexico. One of the first salt
dome sites scheduled for this process was
Bryan Mound near Freeport, Texas, The brine
produced at This site Is discharged intoc the
Gulf at a depth of about 21 m, Daily dis-
charges of brine may be as much as 684,000
barrels and will continue for 66 months, The
brine has a salinity of about 250 ppt and a
salt composition different from that of sea-
water, Because nearshore Gulf waters are
spawning grounds for many commerclialily valu-
able species, there is concern that the in-
troduction of this brine coutld be detrimental
to the fisheries,

Shrimp is the most valuable commercial
fishery product of the Gulf, In 1980, shrimp
accounted for approximately 75 percent of the
dockside value of commercial fishery landings
in Texas ($153,9 milllon), Shrimp landings
in Freeport accounted for $28 million (NMFS,
1981), The white shrimp Penaeus setiferus
and the brown shrimp P. aztecus make up the




bulk of the shrimp catch off Texas, These
species are reported to spawn offshore at
depths ranging from 9 to 31 m and from 27 to
100 m, respectively (Lindner and Anderson,
1956; Renfro and Brusher, 1982), Thus, brine
discharge from the Bryan Mound site could in-
fringe on the spawning grounds of both spe-
cies, depending upon direction of currents
and the persistence of the brine plume,
Assessment of the effect of brine discharge
on shrimp populations requires Iinformation on
the relative apundance of ripe adults near
the discharge point and the effect of the
brine on their reproductive performance,

Giese (1959a) describeg a number of meth-
ods for evaluating the breeding condition and
reproductive cycle of marine invertebrates,
These methods Iinclude observation of spawn-—
ing, collection of larvae, examination of ma-
turity of gametes in the gonads, measurement
of relative size of gonads, determination of
biochemical composition of gonads and storage
organs, and laboratory studies of factors
that induce maturation and spawning,

Several of these methods have been used to
characterize the reproductive patterns of P,
setiferus and P, azftecus. Although spawning
of these species in their natural habitats
has not been cbserved, both species have been
observed to spawn in captivity with viable
eggs shortly after being captured in a fully
ripe and mated condition (Cook and Murphy,
1966; Cook, 1969), Very lifttie information
is available concerning frequency of capture
of ripe mated females, or on measurements of
fecund ity of spawns, percent hatching of
eggs, and percent metamorphosis of nauplii To
These are valuable indicators of
However, these in-
dicators do not provide information concern-
ing the less understood and more lengthy pro-
cess of maturation that precedes spawning,
The same argument applies to collection of
eggs and larvae from plankton samples (Glese,
1959a), Gonadal maturatisn can be monitored
throughout the year, without relying on the
presence of spawning animals or of eggs and
larvae, by evaluating the stage of maturation
of individuals large enough to reproduce,
This method has been used to monifor annual
reproductive cycles of the following penae-
ids: Hymenopenaeus robustus (Andersen and

protozoeae,
reproductive performance,

Lindner, 1971); Metapenaeus affinis (Pillay
and Nair, 1971); M. monoceros {(Nalini, 1976);
M, stebbingi, P, semisulcatus and Trachype-
nagus granulosus (Badawi, 1973); P, aztecus
(Renfro and Brusher, 1982); and P, setiferus
(Lindner and Anderson, 1956; Renfro and
Brusher, 1982), Ovarian maturation stages of
P. sefiferus and P, aztecus can be recognized
external ly by ovary color and size {King,
1948; Brown and Patlan, 1974) and histologic-
ally by cocyte size, yolk deposition, pres-
ence of follicle cells and presence of corti-
cal rods (King, 1948; Duronslet et al,,
1975), Measurements of relative sizes of
gonads (gonad welght relative To body weight)
have been used to describe the annual
reproductive cycle of several decapod
crustaceans (Rahman, 1967; Heath and Barnes,
1970; Armitage et al., 1972} including a
penaeid (Pillay and Nair, 1971}, Gonad size
also has been used to evaluate effects of
laboratory treatments on maturation of
captive P, setiferus, P, vannamei and P,
stylirostris {Lawrence et al,, 1980;
Chamberlain and Lawrence, 1981a, 1981b),

The biochemical composition of the gonad
changes with maturation and thus can indicate
the reproductive state of an organism. In
some marine invertebrates, storage of organic
reserves precedes gametogeniesis and is vital
for reproducion, Giese (1959b) noted that
the increase in size of gonads of the ochre
star, Pisaster ochraceus, was out of propor-
tion to the small amount of food ingested,

He also noted that gonads did not develop in
animals that had been starved, Blochemical
analyses of invertebrates have shown that
carbohydrate, protein and lipid levels in-
crease in the gonad and decrease in the sfor-
age organ during maturation (Giese et al,,
1958, 1964; Tucker and Giese, 1962; Nimitz
and Giese, 1964; Lawrence et al,, 1965a,
1965p, 1966; Allen and Giese, 1966; Towle and
Giese, 1966, 1967; Vasu and Giese, 1966; Nim-
itz, 1979; Moss and Lawrence, 1972), This
process of nutrient storags and transport has
been documented in several crustaceans, in-
cluding crawfish (Collatz, 1969; Rice and Ar-
mitage, 1974), brachyurans (Adiyodi and Adi-
yodi, 1971; Diwan and Nagabhushanam, 1974},
an anomuran (Nagabhushanam and Kuikarni,
1979) and penaeid shrimp (Kulkarni and Nagab-




hushanam, 1979; Lawrence et al,, 1979a},
Biochemical information of this type in-
creases understanding of the sequence of
events in maturation and spawning and sug-
gests probable nutritional requirements for
reproduction,

The primary goal of this study was to
evaluate the impact of the Bryan Mound dis-
charge on the reproductive performance of P.
setiferus and P, aztecus, The secondary goal
was to characterize the variations in repro-
ductive activity and blochemical composition
of each species with respect to season, loca-
tion, body size and maturation stage,

During each sampling period the following
were determined: (1) frequency of capture of
ripe mated females and viability of their
offspring; (2) stage of ovarian maturation of
all females of reproductive size; and (3)
weight and biochemical composition of qonads
and hepatopancreas of selected males and fe-
males,

MATERIALS AND METHODS
Sampling Design

Seven cruises, each of approximately 10
days' duration, were conducted off the Texas
coast between 24 October 1979 and 11 Septem-
ber 1980 (Table 1), During each crulse,
shrimp were collected from three sampling
blocks (Figure 1) measuring 24 by 24 km,

Each block was partitioned into nine sampling
stations measuring 8 by 8 km, Block A was
located about 48 km off Freeport in P. aztec-
us fishing grounds; Blocks B and C were lo-
cated inshore near Freeport and Port O'Con-
nor, respectively, in P, setiferus fishing
grounds, The brine diffuser is located about
23 km off Freeport within Station B of Block
B, This sampling design uses blocks A and C
as deepwater and nearshore control areas, re-
spectively, for comparison with Block B, the
test area,

Shrimp were collected with a 12,2-m otter
trawi. Three 10-minute tows were made at
each station during each cruise, In addi-
Tion, a series of three 1S-minute tows were
made at the most productive station of each
row {group of three stations within a block
parallel to shore) to ensure that enough

Table 1, Dates of offshore collecting cruises

Cruise Dates

24-30 October, 6-7 November 1979

25 February=1 March, 7-10 March 1980
5-14 May 1980

3=11 June 1980

9-16 July 1980

12-20 Auqust 1980

3-11 September 1980

A B W N =

shrimp were collected from each depth, Tows
were conducted during the day in the inshore
blocks and after sunset in the offshore
block, due to the diurnal and nocturnal acti-
vity patterns of P. setiferus and P, aztecus,

respectively,
On-Board Evaluations

As soon as the trawl catch was brought on
board the shrimp were placed in buckets of
seawater, Species, sex, total length (TL,
the distance, to the nearest mm, from the t+ip
of the telson to the tip of the rostrum), and
maturation stage were recorded for sach, |f
more *than 100 shrimp were captured in a tow,
a3 subsample of 100 was processed,

Ovarian maturation of P, setiferus was
classified Into five stages based on ovary
color and size as described by King (1948)
and modified for application to numerous
other species (Tuma, 1967; Raoc, 1968; Ander-
son and Lindner, 1971; Farmer, 1974; Aquacop,
1975; Badawi, 1975; Santiago, 1977; and Nali-
ni, 1976), To classify maturation stages of
P. aztecus, the ovary color descriptions of
P. aztecus (Brown and Patlan, 1974) were in-
corporated into King's (1948) five-stage
classification system,

An attempt was made to classify the matur-
ation of male gonads into discrete stages
based on size and external appearance of the
terminal ampoules, The five-stage classifi-
catlion of the external structures of the male
genitalia of Metapenaeus stebbingl (Tirmizi
and Javed, 1976) was not adopted in this
study because this system could not discern
variations in gonadal maturation of males




YO IXOW 4O 4Ing Byy u|
SAI0IQ |OJJUOD (] ¥I019) 240US-JEBU PUR (¥ ¥20IA) dBSP ByL e SUO|jE4s bu|puodseaios pue
(8 ¥9019) 84)s abueussip sujaa punow uehsa desu suoipers Buyjdwes J0 uoiyeson | aunbygy

M P o MS6 .0t M5 Of M.L& o
)||(t\r\\ % (e}
— »__sndio)
N.87-] L .
-/ .l..ll|\f.|}(|)l\\\l\\'\ ~
. )
e e

“V

alis abueyosip punopy uehig — F .vg ,
258
’ .\u\\ HLION
a9 i

¥ Wodeeuy

\ QHIZ DN ITIWYS

UOISBAIBY) o7,

—y g —

Ao sexa)
SHIIW NI SHIdIO
\ SAILIWOTIN

o_n or OF O o (1]




with completely developed secondary sexual
characteristics, No other published informa-
tion was found concerning discrete external
maturation stages of male penaeids,

Fully mature, mated female P, setiferus
were immediately placed for spawning Into in-
dividual 95-liter plastic garbage cans filled
with unfiltered, aerated seawater, The di-
sodium salt of EDTA (a chelator) and erythro-
mycin and minocycline (antibiotics) were add-
ed immediately to the water in concentrations
of 10 aq/liter, 0,18 mg/titer and 0,09
mg/liter, respectively, The following morn-
ing, femaltes were removed and dissected for
biochemical analysis, The number of eqgs per
spawn was estimated by thoroughiy mixing the
water and removing five random samples with a
10-m| Hensen-Stemple pipette. Each sample
was placed in a 40-mi petri dish and moni-
tored on the second and third day after
spawning to determine percent hatch and per-
cent metamorphosis to protozoea, The eqgs
remaining after the samples were taken were
sieved from the water and frozen for biochem-
ical analysis, It was assumed initially that
mature P, aztecus would not spawn on board
without temperature manipulation, for which
the vessel was not equipped. Consequently,
no attempt was made to spawn them, On Cruise
5, however, spawning occurred without temper-
ature manipulation, Thereafter, fully mature
P. aztecus were routinely spawned using +he
same procedure as described for P, setiferus,

From the 771 tows, approximately 3,000
shrimp were selected for immediate dissection
and freezing., Criteria for selection includ-
ed size, molt stage and health, General ly,
only individuals were selected that were lare
enough to reproduce (minimum total length:
males, 125 mm; females, 150 mm), in the in-
termolt stage, and alive and healthy, When
catches were poor, healthy shrimp of smaller
size or other molt stages were used in order
to evaluate the effect of size and molt stage
on maturation,

The gonad and hepatopancreas (a major nu-
trient-storage organ of crustaceans) were
dissected from each shrimp and placed in sep-
arate aluminum pans that had been numbered
and weighed, These were immediately placed
in a freezer, On Cruise 1, some male gonadal
tissues were not completely removed from all

shrimp coltected, These data were excluded
from analyses., The maturation stage of males
and females was evaluated after the gonads
vere dissected and their size and color were
more apparent, The color of ovaries was com-
pared to a numbered grid of cotors (Color
Visualizer Chart, Grumbacher, Inc., New York,
NY) and the most similar color recorded,
Pigmentation at the surface of the ovary was
ignored, In addition, selected males and fe-
males at various stages of gonadal develop~-
ment were photographed (35 mm, color, 160 ASA
Tungsten film} during the dissection. Addi-
tional photographs of representative fb seti-

ferus collected near Port Aransas and Port

Mansfield are included in this paper,
Biochemical Analysis

Frozen gonad, hepatopancreas and eqq sam-
ples were transported to the laboratory and
partially dehydrated in a frostless freezer,
The samples were then completely dried under
vacuum in a dessicator at room temperature
and weighed, Analyses of carbohydrate, pro-
tein and lipid required dry tissue weights of
3-7 mg, 3-7 mq, and 75-200 mq, respectively,
Some samples, notably qonads of immature
males and females, were too small for lipid
determination, Rather than to omit this an-
alysis for small samples, several samples of
the same species, sex, maturation stage and
station were occasionally pooled, The re-
sults of each pooled Iipid analysis were as-
signed to one sample corresponding to a
shrimp of intermediate length in the pooted
aroup; or if only two samples were pooled the
results were assigned randomly, Total lipid
was determined by extracting and weighing the
Itpid by the method of Freeman et al, (1957),
Total carbohydrate was estimated by boiling
the dried tissue with five percent +richloro-
acetic acid, centrifuging, and testing the
supernatant by the method of Dubois et al,
(1956). Protein content was determined by
the method of Lowry et at., (1951), All
chemicals were reagent grade,

Statistical Analysis

Organ weights and the amount and percent-
age composition of biochemical constituents



in organs are reported in dry weight (g}, In
comparisons among animatls of different sizes
In which size was not the variable being con-
sidered, all organ weights and biochemicat
contents were linearly adjusted to the appro-
priate weights for a hypothetical animal of
standard weight. Standard weights were arbi-
trarily established as 40 g whole body wet
weight (about 172 mm) for females, and 30 g
{about 159 mm) for males (Giese, 1967), Ad-
justments were done by multiplying a given
organ dry weight by the ratio of actual whole
body wet weight to a calculated whole body
wet weight, Calculated whole body wet
weights were determined from total length of
each shrimp using length/weight rearession
equations (Fontaine and Neal, 197%1), The ad-
vantage of this method for adjusting data for
animal size over the gonad index method (or-
gan dry weight =+ calculated body wet weiaht x
100; Farmanfarmaian et al,, 1958) is the
avoidance of mixed units {organ dry weights «
calculated whole body wet weights),

Simpie linear conversion of organ dry weight
to wet weight would have Introduced the ten-
uwous assumption of constant water content
(Armitage et al,, 1972), The assumption of a
linear relationship between organ weight and
body weight is similar to both the standard
size and the organ index method,

An arcsine transformation was applied +o
percentage data before paramet-
ric statistical anatysis, Statistical Anal-
ysis Systems software was used for all sta-
tistical analyses (Helwig and Council, 1979},
Statistical differences were considered sig-
nificant at the ,01

Length at first maturity was estimated by
determining the minimum Yength at which a
significant increase in gonad dry weight oc-
curred, This inflection point was found by
arbitrarily grouping the dats for each spe-
cles by 10-mm increments of total length and
testing for significant differences in qonad
dry weight among these groups using analysis
of variance and Duncan's multiple range com-
parison,

Student's t-tests, following tests for
equal variance, were used to isolate differ-
ences in P, setiferus populations between
Blocks B and C, Tests were performed on
standardized organ dry weights and biochem-

normalize all

level,

ical content of the pooled male population

and of females by maturation stage (only Sta-
ges 2-4 had sufficient observations for anal-
ysis), This analysis included only individu-
als whose Total length was equal to or great-
er than the minimum length at first maturity,

Data used for comparison among ovarian ma-
turation staqges were restricted to (1) fe-
males whose fotal length was equal to or
greater than minimum length at first maturi-
ty; (2) only P, azfecus at Block A and only
P. setiferus at Blocks B and C; and (3) peri-
ods of reproductive activity, May through
September for P. setiferus, and July through
October for P, aztecus,

In comparisons of ovary dry weight to lit-
erature values expressed as wet weight a con-
version factor of 3.85 was applied to the dry
weight and a factor of 0,26 was applied to
the wet weight data, These factors were de-
termined from unpublished data,

RESULTS
Maturation Stages

During maturation, consistent changes in
relative size and coloration of the ovaries
of P, sefiferus and P, aztecus allowed visuval
discrimination of maturation stages in the
field, Ovary size and color were similar for
both species for Stages 1, 2 and 5, but dif-
ferent for Stages 3 and 4 (Tables 2 and 3),
The external and dissected appearance of each
maturation stage Is described below,

Stage 1, Undeveloped, Ovary was not visi-
ble externally (Figure 2), Upon dissection,
it appeared thin, transparent and without
pigmentation and weighed 0,1-0,2 g (dry
welght based on standard female of 40 g total
weight) (Figure 3),

Stage 2, Beginning Development: Anterior
and posterior lobes of the ovary were faintly
Upon
dissection the ovary appeared opaque or milky
with no distinctive coloration, The dorsal
surface of the ovary had scattered grey-green
pigmentation in P, setitferus (Figure 5) and
red pigmentation in P, aztecus (Fiqure 7),
The standardized dry weight of the ovary was
approximately 0,2-0.3 a,

visible externally (Figures 4 and 6),
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Stage 3, Nearly Ripe: The ovaries of both
P, setiferus and P, aztecus were easily rec-
ognized externally by enlarged anterior and
posterior lobes (Figures 8 and 10}, P. seti-
ferus ovaries were usually light yellow with
green chromatophores and a mean standardized
dry weight of 0,9 g (Figure 93, P, aztecus
ovaries were usually light yvellow-green with
red chromatophores and a mean standardized
dry welight of 0.6 g (Figure 11},

Stage 4, Ripe: Externally, the anterior
and posterior lobes of the ovaries of both
P. aztecus and P, setiferus appeared broad
and dark {Fiqures 12 and 14), The color of
+he middle lobe was easily distingulished
through the thin membrane between the abdomen
and cephalothorax, P, setiferus ovaries were
usual ly tight yellow-orange with a mean
standardized dry welight of 1,6 g (Figu-es

i3 and 19), P, aztecus ovaries were dark
vellow-green with a mean standardized dry
weight of 1,1 g (Figure 15}, The mated con-
dition of P, setiferus was easily disting-
uished when a complete spermatophore was at-
tached to the thelycum, but closer observa-
tion was required if the geminate body of the
spermatophore had been dislodged (Perez-
Farfante, 1975) leaving only the deposited
sperm mass attached near the third pair of
pereiopods (Figure 16}, The presence of a
sperm mass in the thelycum of P. azfecus was
casily detected immediately after mating in
recently molted females when the spermato-
phore was only partially inserted within the
thelycum (Figure 17), However, the thelycum
of mated P, aztecus typically showed no ex-
ternal spermatophore, slightly darkened
medial edges on the lateral plates of the

Table 2, Frequency of occurrence of various ovarfan colors with each maturation stage of

Penaeus setiferus,
indicated in parentheses,
dissection,

Percentage of ovaries within a maturation stage with a given color is
Coleor judgements were made affer ovaries were exposed by

Ovarian Maturation Stage

Color 1 2 3 4 5 Total
Clear 66 1 67
(98,5)% 2.1
Milky white 37 18 5 60
(77,1)% (18.6) (71,4)*
Light yellow i 62 5 68
(2.1 (63,9)* (6,3}
Medium vel fow 5 5 10
(5.2 (6.3)
Dark vyel{ow 4 4
(5.00
Light yellow= 1 7 52 1 61
orange (2.1 (7.2} 65,0)% (14.3)
Medium yellow— 8 i 9
orange (10,0} (14,3
Dark yel low- 1 5 6
orange (1.0 (6,3)
Light yellow= ! 8 4 13
green (1,5) (16,7} 4.1
Medium yel low- 1 1
green (1.3
Total 67 48 97 80 7 299

*Most common ovary color of the indicated maturation stage,



thelycum where the spermatophore was insert-
ed, and an opague convexity of the thelycum
(Figure 18),

Stage 5, Spent: Evaluations of Stage 5
ovaries were based on females that had
spawned aboard the vessel the previous night,
External appearance and standardized dry
weight of the Stage 5 ovaries were similar to
those of Stage 2 ovaries, We were unable to
distinquish between Stage 2 and Stage 5 ova-
ries without dissection, After dissection of
the Stage 5 ovary small areas of Stage 4 col-
oration were usually apparent in the poster-

ior lobe (Figure 19), and the ovary appeared
more flaccid and watery than at Stage 2, In
incomplete spawns, the anterior and middle
lobes were evacuated, but the posterior lobe
still contained large quantities of Stage 4
ova,

Classification of male gonads into matura-
tion stages based on external and dissected
appearance {Figures 20-21) was largely arbi-
trary because of the continuous nature of +he
gonadal developent from a smalt translucent
structure to & larger off-white structure,
Dissected terminal ampoules, vas deferens and

Table 3, Frequency of occurrence of various ovarian colors with each maturation stage of
Penaeus aztecus. Percentage of ovaries within a maturation stage with a given color is
indicated in parentheses, Color judgements were made after ovaries were exposed by

dissection,
Ovarian Maturation Stage
Color 1 2 3 4 5 Total
Clear 37 37
(97,4)%
Milky white 1 64 2 3 70
(2.6) (80,0)% (0,82) (60,0)%
Light vellow 6 8 24
(7.5 (7.4)
Medium yel low 1 2 3
(0,4) (1.4)
Dark yellow 1 1 2
(0,4} (0.7)
Light yellow=- 3 3 6
orange (3.8) (1.2
Medium yel low- 1 1 2
orange (0,7 (20.0)
Light yellow- 7 179 33 219
green (8.8) (713,4)% (23,2)
Medium yel low= 3 26 29
green 1,2 (18,3
Dark vyellow- 2 53 1 56
green (0.8) (37.3)% (20.0)
Light areen 25 11 36
(10,3) (7.8}
Dark qgreen 13 13
(9.2)
Light blue- 10 2 12
green 4,1 {(1.4)
Total 8 80 244 142 5 509

*Most common ovary color of the indicated maturation stage,
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Table 4, Estimated number, hatching rate and bicchemical composition of eggs of ripe, mated
Penacus aztecus and P, setiferus that spawned aboard the research vessel shortly after
collection,

No, Hatch % Composition of Eggs
Block, eggs rate £ metamorpho- Carbo~ Pro-
Date Hour  Station L (x103) (% phosis hydrate  teln Lipid

Penaeus aztecus

17 Aug 2030 A7 179 158 53 44 3,15 5.3 25,8
18 Aug 2030 A6 165 190 72 ND 3,08 9.0 46,2
18 Aug 2030 A6 ND 2 0 ND ND 6,2 7.5
18 Aug 2030 Ab ND 40 85 ND 2,95 7.8 15.8
18 Aug 2130 A6 ND 51 97 ND 2,24 3.5 15.4
19 Aug 2030 Al 170 36 80 ND 3,05 5.1 21,5
19 Aug 2030 Al 166 22 50 ND 5,38 9.7 6.6
19 Aug 2030 Al 133 60 59 ND 2,53 6.8 3.4
19 Aug 2100 Al 160 27 70 ND 2.71 6.7 8.1
19 Aug 2130 Al 179 19 57 ND 2,76 4.6 10.7
8 Sep 2030 A7 195 22 21 ND 3.24 22,9 11,2
8 Sep 2000 A7 170 116 g9 ND 3,53 17,6 22.0
10 Sep 2000 A6 169 169 94 ND 2,27 11,1 13,9
10 Sep 2000 A6 17 206 70 ND 2,36 14,9 16,0
10 Sep 2000 A6 157 30 90 ND 1,98 14,3 8.5
10 Sep 0100 A7 151 6 ¢ ND ND ND 8.9
7 Sep 1200 cs 148 46 48 44 3,55 16,1 13,2

Penasus setiferus

5 May 1835 B3 150 639 ob ob -- -- -
6 May 1845 B3 170 155 ob ob - -- -
6 May 1915 83 163 1148 ob ob - - -
6 May 1845 83 169 179 ob ob - -- -
6 Jun c2 NDE 0 0 o] - - -
6 Jun c2 175 358 72 72 ND ND ND
9 Jul 1400 B3 189 2173d 1" N ND ND ND
11 Jul 1825 B3 NDE 241 13 14 ND ND ND
13 Jul 1830 1 187 320 64 66 ND ND ND
13 Jul 1830 c1 178 169 72 70 ND ND ND
13 Jul 1830 ct 192 215 64 65 ND ND ND
13 Jul 1830 ¢ 181 236 90 80 ND MD ND
17 Aug 1530 co 194 440 52 42 2,16 6.0 15.4
7 Sep 1730 c4 165 138 25 25 1,05 16,8 9.5

2 pPartial spawn,

b |nadequate aeration of water; eggs did not hatch and were not analyzed,
€ Died in spawning tank,

d Spermatophore found dislodged in spawning tank, 9 July, 1600 hours,

ND indicates that data were not determined,
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testes, composing the reproductive system of
a male P, sefiferus, are shown in Figure 22,
The appearance of a dissected reproductive
system of a male P, aztecus is similar to
that of a mle P, setiferus, No published
description of visual maturation stages for
males was found except for Persynts (1977)
observation that mature P, setiferus males
can be distinguished by slightly yellow,
hardened spermatophores, Consequently, gonad
dry weight was used as the primary indicator
of male maturation,

Reproductive Performance

Mated P, setiferus were collected only
during the months of May through September
(Table 4), Most of the mated females were
collected one to two hours before sundown,
although two were collected in midafternoon,
All six mated females from Block B were col-
lected at Station 3, while the eight mated
females from Block C were collected from four
different stations. Frequency of capture of
mated female P, setiferus averaged approxi-
mately 26 percent of Stage 4 female P, setif-
erus in collections within two hours of sun-
down, During July, the most productive month
for mated P, setiferus, 40 percent of the
Stage 4 females at Block C (n = 20) were
mated, Ail mated P, setiferus (n = 14}, with
the exception of one that died, spawned on
the night of capture after they were placed
in aerated seawater. The number of eqgs re-
leased ranged from 13,000 to 440,000 per
spawn, Spawns releasing less than 150,000
were considered "incomplete" (Table 4), The
mean number of eggs per spawn from the nine
comp lete spawns was 257,600, Fecundity (F)
Increased logarithmically and significantly
with increasing total length according to the
linear reqression equation

log F = =3,1911 + 3,7944 log TL,

For complete spawns, rates of eggs hatching
to nauplii and of naupliar metamorphosis to
protozoea averaged 55 percent (range, 13-90
percent) and 53 percent (range, 14-80 per-
cent), respectively, Although the tempera-
ture in one spawning tank increased to 33°C
the afternoon following spawning, 72 percent
of the eggs hatched and metamorphosed normal-

1y,
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More than 90 percent of the P, aztecus fe-
males large enough to spawn appeared to be
impregnated with a sperm mass regardless of
maturation stage, Consequently, no attempt
was made to record the presence of sperm In
each femate, However, presence of sperm in
thelyca of P, aztecus females did not neces-
sarily indicate that spawning was imminent,
Of the ripe females placed in spawning tanks,
only about 55 percent spawned, and only 16
percent spawned more than 100,000 eggs per
spawn, Spawns of less than 100,000 eqqgs
probably represented abortions of premature
ova induced by the stress of capture and
placement in surface water (27-30°C) that was
warmer than bottom water (21-24°C) from which
they were collected. For normal spawns (n =
5), the mean number of eggs per spawn, per-
cent hatch and percent metamorphosis to pro-
tozoea were 167,800, 78 percent and 44 per-
cent, respectively, All females that spawned
normal ly were collected between 2000 and 2030
hours CDT, All ripe females placed in spawn-
ing tanks were from Block A with the excep-
tion of one from Block C, Station 8, which
ylelded 53,000 eggs with a 48 percent hatch-
ing rate,

No significant correlations were found be-
tween arcsine-transformed percent carbohy-
drate, lipid, and protein of eqgs and percent
hatch rate, However, this may have been re-
lated to the small sample size,

Organ Weight and Biochemical Composition

Size-Dependent Variations

Much of the variation in dry weight and
biochemical composition of gonad and hepato-
pancreas was related to shrimp size, The dry
weight of the hepatopancreas increased lin-
eariy with increase in total length (Figures
22 and 23), Large differences in hepatopan-
creas dry weight occurred between sexes, For
females of both species the mean dry weight
ot the hepatopancreas increased from 0.1 g at
100 mm o 0,8 g at 200 mm, In males of both
species the Increase in hepatopancreas dry
weight was less rapid -- from 0,1 g at 100 mm
to 0.3 g at 170 mm,

The dry weight of the gonad did not in-
crease linearly wi*h total length, In fe-
males, a non=continucus |inear relationship
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was apparent in which mean gonad weight re-
mained small in small shrimp and then in-
flected and increased finearly for larger
shrimp (Figure 22), The Inflection point was
considered to represent the onset of matura-
tion., In males, the pattern of increase in
gonad weight appeared sigmoidal with two in-
flections, The first inflection was consid-
ered to be the onset of maturation and the
second to represent the asymptote of gonad
growth, Significant differences in mean go-
nad dry weight occurred among 10-mm incre-
ments of total length for both species and
sexes, The increment in total length at
which the first significant increase in gonad
dry weight occurred was considered the length
at first maturity (Table 5). The increment
in total length at which the last significant
increase occurred In male gonad dry weight
was considered as the minimum lenath at
asymptotic gonad size (Table 5), These esti-
mates demonstrate marked sexual dimorphism in
length at the onset of maturation and length
at first maturity in P, aztecus and less
marked sexual dimorphism In P, setiferus,
Gonad dry weight of P, setiferus males at the
minimum length at asymptotic gonad size (0,40
g) was more than twice that of P, aztecus
males at the corresponding length (0,14 g)
(Figure 23).

Lipid {evels in the hepatopancreas gene-
rally exceeded protein levels, and both lipid
and protein levels greatly exceeded levels of
carbohydrate, Carbohydrate, lipid and pro-
tein levels in the hepatopancreas increased
with increase in total length Tn both species
and sexes (Figures 22 and 23), However, the
increase in hepatopancreas |ipid content
reached a plateau in females of both species
as they approached the length at first matur-
ity (Figure 22), Large P. aztecus males and
females stored more |ipid in the hepatopan-
creas (0,15 and 0,17 g, respectively) than
large P, setiferus males and females (0. 10
and 0,10 g, respectively} of similar size,
Protein content in the hepatopancreas was
significantly greater in females of both spe-
cies than In males of similar length (Figures
22 and 23},

In both male and female gonads, carbohy-
drate, lipid and protein levels remained low
in small shrimp and increased significantly
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Table 5, Estimated minimum total length (mm)
at onset of gonadal maturation (OM), at first
maturity (FM) and at vltimate (asymptotic)
gonadal maturation (GM) of male and female
P, setiferus and P, aztecus,
estimated graphically,

Values were

oM FM M
P. setiferus
males 140-150 150-160 170-180
females 150-160 160-170 W
P, aztecus
males 110-120 110-120 150-160
femates 140-150 160=-170 ko

* Ovary size did not reach an asymptote but
increased linearly with total length,

as they approached the length at first matur-
ity. Protein appeared to be the major con-
stituent of the male gonad, while protein and
tipid dominated the female gonad (Figures 22
and 23), Ovaries contained more of all three
biochemical constituents than male gonads be-
cause ovaries weigh so much more,

Spatial Variations

Comparisons of organ weight and biochemi-
cal content between stations are |imited to
P, setiferus from Blocks B and C, because

only one adult P, setiferus was obtained from
Block A, and too few mature P, aztecus were
obtained from Blocks B and C to allow sta-
tistical comparisons, Student's t-tests in-
dicate that hepatopancreas carbohydrate lev-
els in shrimp from Block B were consistently
greater than those from Block C in males and
temales of Stages 2, 3 and 4 (Table 6},

Stage 4 females from Block B also had signif-
lcantly greater hepatopancreas dry weights
than those from Block C, Gonad weight and
biochemical content did not differ signifi-
cantly between blocks, We consider the dif-
ferences in hepatopancreas carbohydrate con-
tent to reflect the nutritional condition of
the shrimp more than thelir reproductive
state, Therefore, data for P, setiferus from
Blocks B and C were pooled in subsequent an-
alyses of seasonal variations and variations
with ovarian maturation,



Seasonal Variations

Standardized gonad dry weights of P, se-
tiferus males and females varied greatly
among months, Concurrent gonadal development
of males and females occurred during May
through September, Penasus setiferus with
well-developed gonads were most numerocus from
May through July (Figure 24}, Standardized
mean genad dry weight was greatest during
May, 1.25 and 0,33 g for males and females,
respectively, Multiple regression analysis
of sina- and cosine-transformed day-of-year
functions vs, standardized gonad dry weight
yielded significant relationships for both
malas (rZ = 0,61) and females (rZ = 0,38)
(Table 7), These models Indicate synchron=-
ized development of males and females with
maximum gonad size occurring in early June
and minimum gonad size in mid-Decembar,

Penaeus aztecus males and females showed
less pronounced seasonal cycle of standard-
izod gonad dry weight than P, setiferus (Fig-
ure 25), Depressed ovary dry weights ware
apparent in February to March when only one
Stage 4 female was caught, but relatively
high levels were found in all other collect-
ions, Ovary weights were greatest from July
Through October. Gonad dry weights of P, az-

tecus males showed even l2ss seasonal varia-

tion than P. aztecus females, with a slight
depression in February *o March and a peak In
Sepfember, Multiple regression analysis of
sine and cosine functions vs, standardized
gonad weight of P, aztecus indicated no sig-
nificant relationship with males and a sig-
nificant relationship with females (r2
0.03),The regression model for females indi-
cated maximum gonad size during early May
(Table 7).,

Variations with Ovarian Maturation

setiterus and P, aztecus (Figure 26),

Major changes in organ weight and biochem-
ical composition were related to stage of
ovarian maturaticon, Hepatopancraas dry
weight remained relatively constant for the
first four maturation stages in both P,

The
Increase between Stages 2 and 3 and the
subsequent decrease batween Stages 3 and 4
were not significant in either species, but
the decrease between Stages 4 and 5 was
significant in both species. Hepatopancreas
standardized dry weights of °, aztecus were
significantly larger than those of P,

setiferus in Stages 2-5,

Table 6, Mean dry weight (mg) and mean biochemical content (mg) of gonads and hepatopancreas
of Penaeus setiferus between locations,
Hepatopancreas Gonad
Stage Block N W+, Carb, Prot, Lip, N wt, Carb, Prot. Lip,
Males -— 8 116 262 11#% 51 73 104 294 5 93 24
—-— c 109 256 9% 53 68 101 273 5 81 23
Females 2 B 43 478 22% 97 g7 33 389 10 92 39
c 33 425 16* 88 87 31 344 7 84 38
3 B 76 499 24% 109 87 74 901 20 251 144
c 54 499 21% 116 89 52 898 i8 271 140
4 B 55  460*  22% 94 81 51 1,604 40 418 285
c 64  420% 18% 101 70 64 1,587 36 469 281
* Means differ significantly between locations,
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in P, setiferus, lipid was the major com-
ponent of the hepatopancreas at Stage 1 but
decreasad progressively in both dry weight
content and percent composition between
Stages 3 and 5 to a level significantly less
than that of protein (Figure 26, Table B},
Hepatopancreas carbchydrate and protein in-
creased significantly in both dry weight con-
tent and percent composition between Stages 2
and 3, Between Stages 3 and 4 and between
Stages 4 and 5, the content of carbohydrate
and protein in the hepatopancreas decreased,
while the percent composition remained the
same,

In the hepatcpancreas of P, aztecus, lipid
content and percentage composition did not
differ significantly among maturation stages.
Lipid was the largest component of the hepat-
opancreas at Stages 1 and 2, but lipid levals
did not differ significantly from protein
fevels in Stages 3-5, Hepatopancreas carbo-
hydrate and protein levels increased signifi-
cantly in both content and percent composi-
tion between Stages 2 and 3 but did not

change significantly thereafter., A notable
pattern in the hepatopancreas of both species
was the consistent decrease in the dry weight
but not in the percentage composition of sach
biochemical component from Stage 3 to Stage 4
and from Stage 4 to Stage 5, These changes
resulted from decreasing hepatopancreas dry
weight, whereas rhe changes from Stage 2 to
Stage 3 reflected changes in relative compo-
sition of the hepatopancreas,

In both species the dry weight of the
ovary increased significantly betwesn Stages
2 and 4 and then decreased significantly be-
tween Stages 4 and 5, The dry weignt of the
ovary at Stages 3 and 4 was greater in P, se-
tiferus than in P, aztecus, As a resulft,
carbohydrate, protein and lipid levels in the
ovary were greater at Stages 3 and 4 in P,
setiferus than in P, aztecus. The content of
carbohydrate, lipid and protein in the ovary
of both species followed the same pattern of
significant changes among maturation stages
as did dry weight,

Table 8, Mean percentage composition (dry weight) of carbohydrate, lipid and protein in the

hepatopancreas and ovary of Penaeus setiferus

and P, aztecus, Msans with the same superscript

did not differ significantly among maturation
arcsine-transformed data, but means presented

stages, Statistical analyses were performed on
below are not transformed,

Maturation Hepatopancreas Ovary
Stage Carbeohydrate Lipid Protein Carbohydrate Lipid Protein
Penaeus setiferus*
1 3,292 35,05 16,652 3,212 9,502b 27,4820
2 4,083 20, 49b 20,522 2,21b 9,200 2i,71b
3 4,550 16,51€ 22,592 2,150 14,870 28,082
4 4,57b 16,26¢ 22,288 2,37¢ 17,60¢ 27,6030
5 4,3428b 15,01¢ 23,702 2,20b 8,772 24,918b
Penaeus aztecus*
1 3,408b 28,152 18,26 2,162 28,032 8,48°
2 3,20b 27,53% 21,059 2,228 23,002 9,848
3 3,442 24,952 23,04b 2,252 25,23b 14,86°
4 3,508 23,902 23,04D 2,81b 27,30¢ 19,068
5 3,358b 24,230 25.62b z,072 22,522 10,299

* These data are limited to the reproductive location (Biocks B and C for P, setiferus and
Block A for P, aztecus), season (May-September for P. setiferus and July-October for P,
aztecus) and size (>160 mm TL) for each species,
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Figure 26. Organ weight and carbohydrate, lipid and protein content of
ovary and hepatopancreas of Penaesus setiferus and P. aztecus females by
ovarian maturation stage, Vertical bars represent standard error.
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The percentage composition of protein in
the ovary did not change significantly among
maturation stages in P. aztecus and increased
only from Stage 2 to Stage 3 in P, setiferus
(Table 8), The percentage composition of
carbohydrate iIn the ovary increased signifi-
cantly from Stage 3 to Stage 4 and decreased
significantly from Stage 4 fo Stage 5 in both
species, The percentage composition of lipid
in The ovary Increased significantly from
Stage 2 to Stage 3 to Stage 4 and then de-
creased significantly from Stage 4 to Stage 5
in both species,

DISCUSSION
Maturation Stages

The gross external and dissected appear-
ance of the ovary in Stages 1, 2, 3 and 5 of
P. setiferus were similar to those of P, az-
tecus with the exception of differences in
pigmentation on the dorsal surface of the
ovary, The most marked interspecific differ-
ence was In the color of the ovary at Stage
4, The ovary color of P, aztecus at Stage 4
ranged from blue-green to yellow=-green, while
that of P, setiferus ranged from dark yelliow
to yel low-orange, These descriptions match
those of Cook and Murphy (1952), Srown and
Patlan (1974) and Aquacop {1975 for P, az-
tecus and agree closely with those of King
(1948), Heegaard (1953) and Cook and Murphy
(1969) for P, setiferus, However, Cook and
Murphy (1969} described an olive or green
tint in ripe ovaries of P, setiferus that
neither we nor Burkenroad and Gunter observed
(see Heegard, 1953; editorial note, p, 79).
The reported green coloration may refer to
(1) the pigmentation on the dorsal surface of
the ovary and not to the ovary per se; (2) to
the color of the ovaries In the process of
resorption; or (3) to ovaries of dead shrimp,
(We have observed that shrimp ovarles occa-
sionally turn green after death,) It is also
possible fthat differences in ovary coloration
may result from dietary differences of the
females colected at different locations in
different years, The darkest ovary colors
(Tables 2 and 3) in both P, setiferus and P,
aztecus were associated with the largest
standardized ovary weights and with the most
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advanced maturation stage,
Reproductive Performance

Little information has been published con-
cerning mating and spawning of P. setiferus
and P, aztecus, Heegaard (1953) was unsuc-
cessful in obtalning viable eggs from mated
P. seftiferus, Johnson and Fielding (1956)
reported spawning of P, setiferus in ponds,
but he did not estimate percent of females
spawning, fecundity or hatching rate, Brown
et at, (1979) and Lawrence et al, (1980} 1n-
duced maturation and spawning of E: setiferus
in captivity, but Brown et ai, (1979) did not
obtain viaole eggs, and neither monitored in-
dividual fecundity and hatching rate, Aqua-
cop (1975) achieved spawning of uni!aterally
ayestalk-ablated P. aztecus in captivity and
reported poor fecundity ard hatching rate,
Biolegists at the Galveston Laboratory of the
National Marine Fisheries Service have pub-
lished numerous papers on rearing of postiar-
vae from eggs of wild P, sefiferus and P, az-
tecus (Cook and Murphy, 1966, 1969, 1971;
Cook, 1969; Brown, 1971; Mock and Murphy,
1972; Mock and Neal, 1974), However, only
Mock (1972) reported fecundity and hatching
rates -— and his data were limited to only
three P, aztecus females,

Biologists at Marifarms,
clal shrimp farm near Panama City, Florida,
have extensively studied the availabitity of
mated P, setiferus as a source of fertile
eqgs for thair culture operation (Howel| and
Akamine, pers, comm,), Their data indicated
peak abundance of mated females near Apa-
lachicola Bay, Florida, from April through
September, from three hours before sundown

Parker (19 7)
Inc,, and found

Inc,, a commer-—

until one hour after sundown,
col laborated with Marifarms,
their time frame effective for collecting
mated P, setiferus off Port Aransas, Texas.
The present study confirms these results,
Mated P, setiferus were coltlected from May
through September with a diurnal peak one to
two hours before sundown,

Persyn (1977) noted that 11 to %0 percent
of the ripe P, setiferus collected off the
coast of northwest Florida near Apalachicola
Bay were mated, Howell and Akamine (pers,
comm,) indicated that 25 percent of the 2,795



rips P, setiferus collected during 1980 were
mated. In the present study, approximately
26 percent of the Stage 4 P, setiferus col-
lected within two hours of sunset had mated,
These estimates of natural mating frequency
may be conservative because some females
probably lost thelr spermatophores during
capture, Also, the sperm mass of some mated
females in advanced prespawning stages [when
the geminate body of the spermatophore be-
comes disengaged from the female (Perez-
Far-fante, 1975)1] is difficult to detect and,
at ‘imes, may have escaped notice, For exam-
ple, Howell and Akamine {pers, comm.) and
Brown {pers, comm,) have recorled fertile
spawns of P, setiferus females that had no
visiblz spermatophore or remnant when removed
from the trawl, The percentage of Stage 4
P. setiferus capable of viable spawns has
been estimated by artifizially inseminating
all Stage 4 females with no spermatophore and
no visible sperm mass immediatly after cap-
fure (Bray et al,, 1982), Most of the insem-
inated females spawned at least a few viable
eqgs, 32 percent spawned with four percent
viable eggs; 27 percent spawned with 10 per-
cent viable -ggs; and 11 percent spawned with
50 percent viable egqs, Thus, at least 10
percent of the apparently unmated, ripe fe-
males were capable of yielding hatching rates
equivalent to mated females,

Almost all P, aztecus females of reproduc-
tive size appeared to be mated regardless of
season or maturation stage (Burkenroad,
1939), Females with a soft axoskeleton, in-
dicating 2 recent molt, typically still dis-
played a portion of the freshly attached
spermatophore externally, Thus, P, aztecus
followed the pattern of other closed=-thelycum
penaeids, such as P, Japonicus, of which 99,5
percent of the soft=-shelled females (n
1,424) were Impregnated (Hudinaga, 1942), and
P. indicus, of which 95,4 percent of the fe-
males were Impregnated (Emmerson, 1980),

Parker (1977) indicated that 65 percent of
the 108 mated P, setiferus that he collected
ytelded complete, viable spawns that averaged
222,500 eqgs with a 55 percent hatching rate,
Bray et al, (1982) reported that three of the
four mated females he collected yielded
spawns that averaged 454,000 eggs with a 50
percent hatching rate, In the present study,
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77 percent of the 13 mated P. setiferus
yielded complete spawns that averaged 257,000
eqas with a 55 percent hatching rate, Fecun-
dity was logarithmically related to total
length of females, Similar logarithmic rela-
tionships between fecundity and total length
have been reported for P, semisulcatus, Meta-
penaeus stebbingi, Trachypenaeus granulosus

aztecus

(Badawi, 1975) and Metapenaeus monoceros (Na-
lini, 1976},

Mock (1972) reported that three wild P,
females, averaging 191 mm total
spawned an average of 231,000 egqs

71,000-380,000) with an average
hatching rate of 12,8 percent (range: 0,5-
35.7 percent’y, Howe!l and Akamine (pers,
comm, } spawned two ripe P. aztecus females
averaging 150,000 eggs per spawn with a 67
percent hatching rate, Aquacop (1975)
duced small P, aztecus (15-20 g} to mature
and spawn In captivity using unilateral eye-
stalk ablation and reported spawns of only
16,000 to 20,000 eggs, with hatching rates
between 0 and S0 percent, These spawns took
place when the ovaries were poorly developed,
and many of the eqgs were abnormally devel-
oped, We suspect that a large percentage of
the Stage 4 P, aztecus that we placed in
spawning tanks were probably induced to spawn
prematurely due to handling and stress and
the increase in temperature between water In
their bottom habitat and the surface water
used to f1ll the spawning tanks, Thus the 12
spawns of 2,000-60,000 eqgs with an average
hatching rate of 55 percent were considered
abortions, while the five spawns of 116,000-
206,000 egqs (mean: 167,800) with an average
hatching rate of 77,6 percent were considered
"normal "

The mean fecundity estimate for P, aztecus
(167,000 eggs per spawn) in this study was 35
percent lower than that for P, setiferus
(257,000 eggs per spawn), The lower fecun-
dity of P, aztecus relative to P, setiferus
might be explained by the 33 percent smal ler
standardized ovary dry weight in P, aztecus
at Stage 4 than P, setiferus., However, tne
egg diameter in P. aztecus (0,26 mm, Cook and
Murphy, 1971) is smaller than that of P. se-

length,
(rang=:

in=

tiferus (0,28 mm, Heegaard, 1953), which may

result in more eqgs per gram of ovary for P,

aztecus than P, setiferus,



Organ Weight and Biochemical Composition

Size at First Maturity

Total lengths for temales at onset of mat-
uration and at first maTurity were estimated
to be 150-160 mm and 160=-170 mm, respective-
ly, for P, setiferus and 140-150 mm and 160-
170 mm, respectively, for P, aztecus, These
estimates represent mean ~- not minimum --
lengths, Some individuals wouid be expected
to mature at sizes smaller or larger than
these means, For example, elight percent of
P. setiferus and 29 percent of P, aztecus
that spawned on board were smaller than the
length at first maturity, However, none of
these females yielded normal spawns, although
all were larger than the length at onset of
maturation (Table 4), Renfro and Brusher
(1954) stated that female P, azfecus begin tfo
develop ovaries at 90 mm and are saexually ma-
ture and capable of spawning at 140 mm,

Broad (1965) interpreted the length frequency
data of Lindner and Anderson (1956) and esti-
mated that P, setiferus females reach maturi-
ty at 140 mm, Apparently, Broad (1965) se-
lected 140 mm because it represents the ap-
proximate minimum length that Lindner and
Anderson (1956} recorded for Stage 3 femaies,
However, according to Figure 27 of Lindner
and Anderson (1955), Stage 4 females were
seldom found as small as 145 mm and generally
measured at least 160 mm, Anderson and Lind-
ner (1958) used the difference in length-
weight curves between mature and immature P,
setiferus to demonstrate that all shrimp
length were mature
and that an increasing percentage were mature
between 170 and 190 mm,

Total lengths for males at onsaet of matur-
ation and at first maturity were estimated to
be 150-160 mm and 170-130 mm, respectively.
for P. setiferus and 110-120 mm and 150-160
mm, respectively, for P, aztecus. Burkenroad
(1934) reported that P, setiferus males first
develop ripe sperm at a carapace length of 25
mm {(abcut 119 mm total length) but the sperm-
atophores are not fully developed until the
carapace length is 35 mm (about 165 mm total
length), Eldred (1958) aotsd the presence of
spermatozoa in the spermatophore of a 90-mm
P. duorarum, MNo information was found on
size at first maturity of P, aztecus males,

larger than 190 mm totai
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Ovary weight increased with increasing fo-
tal length from the length at first maturity
to the maximum length encountered, This
agrees with spawning data, which indicated a
logarithmic relationsnip between fecundity
and total length, Male gonad weight appeared
to level off at a maximum size despite fur-
ther increases in total length, The asymp=
tote occurred at 170-180 mm for P, setiferus
and 150-160 mm for P, aztecus., This agrees
with Burkenroad's (1934) statement that
spermatophores of large mature male P, seti-
ferus were no jarger than those of smaller
mature males, ‘

Spatial Variations

The spawning grounds of P, setiferus and
P. azfecus were readily distinguished by
in abundance

overwhelming species diffterences
of mature animals between nearshore and deep
blocks, Block A was a primary spawning area
for P, aztecus, with virtually no P, seti-
ferus, while Blocks B and C, the nearshore
blocks, were primarily spawning grounds of

P. setiferus., Only & small portion of mature
P. azfecus were found in the deepest stations
of Block C (Gallaway and Reitsema, 198&1),
Thus, the location of the brine diffuser in
Block 8 incurred minimum impact on reproduc-
tion of P, aztecus,

Comparisons of P, setiferus populations
betwaen Blocks B and C indicate that abund-
ance was three Times greater at Block B
(1,590 shrimp collected) than at Block C (436
shrimp coliected), but the percentage of ma-
ture females in the caftch was slightly great-
er at Block C (14 percent) than at Block B (9
percent}, Aiso, Block C yizlded eight mated
females, compared to six from Block B, Thus
Block C was approximately as proauctive a
spawning area as Block B despite much less
abundance of shrimp., Bryan and Cody (1975)
found that the area near Block C (Pass Caval-
Ia) was the most productive area between Yair-
borough Pass and High Isiand., HNo significant
differences in gonad weight or biochemical
composition were found in E, setiferus be-
tween Blocks B and C, rlowever, Stage 4 fe-
males from Block B had significantly larger
hepatopancreas weights than those from Block
C. Also, hepatopancreas carbohydrate levels
were greater in botn male and female P, seti-



ferus from Block B than in those from Block
C. This was considered to reflect primarily
a different nutritional -- not reproductive
=~ state of shrimz befween Blocks B and C,
because hepatopancreas carbohydrate levels
are more sensitive than 1ipid and protein to
starvation and re-feeding (Heath and Barnes,
1970), Also, hepatopancreas carbohydrate
levels are consistently low in penaeid shrimp
(Lawrence et al,, 1979b), crabs (Heath and
Barnes, 1970) and crawfish (Armitage et al,,
1972) and therefore are of dubious value as a
significant metabolic reserve for reproduc-
Tion,

Mature P, setiferus were most abundant in
the shallowest (10-15 m) stations of Blocks B
and C during the peak spawning months of May,
June and July, In addition, all six mated
P. setiferus from Block B were captured from
the shallowest (10 m) s*ation in Block B, and
four of the eight mated P, setiferus from
Block C were captured from the shallowest
station (12 m) in Block C, This concurs with
the conclusion of Bryan and Cody {1975) that

the principal spawning depth for P. setiferus

on the Texas coast is about 11 m,

During Auqust and September the abundance
of mature fb setiferus decreased sharply, and
the few remaining animals moved to deeper
(15-23 m) stations of Blocks B and C., This
pattern of nearshore spawning during mid-
summer, folfowed by movement to deeper water
has also been reported by Bryan and Cody
(1975) for P, setiferus off the Texas coast,

Most reproductive activity of P, setiferus
occurred in the depth range of 10-15 m, Un-
fortunately, no collections were made during
March or April when Lindner and Anderson
(1956) reported strong reproductive activity
in 15- to 30-m depths off the coast of Loui-
siana, Howaver, Bryan and Cody (1975) col-
lected at depths of 7, 11, 15 and 22 m during
the spring off the Texas coast and reported
tittle reproductive activity at 22 m,

Seasonal Variations

Variations in standardized gonad dry
weight indicated pronounced gonzdal develop-
ment of both male and female P, setiferus
from May through September, The mean month |y
standardized ovary dry weight reached a peak
of 1,23 g (gonad index, 11.8) during May,
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tecus was much less pronounced,

Pillay and Nair (1971) noted *hat the mean
monthly ovary index for Metapenaeus affinis
reached a peak of 11,7 g during December,
Lawrence et al, (1979b) calculated a mean go-
nad index of 5,10 for 52 P, setiferus females
collected during June and July in the north-
western Guif of Maxico, The corresponding
mean gonad index for 216 P, setiterus females
collected during this study was 8,5,

A regression model with sine and cosine
functions of day-of-year of collection pre-
dicted a synchronous peak in gonad waight of
both male and female P, setiferus during
ear ly June, Mated female P. setiferus were
collected from May through September with
peak abundance in May and Julv,

The abundance of mature P, setiferus based
on external maturation stages of females in-
dicated a peak at Block B during June and
July and at Block C during May (Gal laway and
Reitsema, 1981), Bottom tows with a Guif v
plankton sampler from June through September
indicated peak abundance of nauplii and pro=
tozosae during June and July (Gallaway and
Reitsema, 1981), Thus, variations in goriad
welght, mating frequency, abundance of maturs
fermales, and abundance of nauplii and proto=-
zoeae indicate a peak reproductive period of
May through July for P, setiferus, Lindner
and Anderson (1956} and Bryan and Cody (1975)
examined the abundance of mature female P,

setiferus and concluded that the paak spawn-

ing pariod was in June-~July and June,
respectively. Baxter and Renfro (1966) found
that June was the month of peak migration of
postlarval P. setiferus into Galveston Bay,

Tha seasonality of reproduction of P, az-
Plots of
standardized gonad dry weight Indicated ele-
vated gonadal development in some females for
all months except February and March, The
mean monthly standardized ovary dry weight
reached a peak of 0.62 g (gonad index, 5,9
during October, A regression model with sine
and cosine functions of day-of-year of col-
lection pradicted peak qonadal development in
November, The abundance of mature females
varied strongly from a low in February to a
peak in July through October (Gallaway and
Reitsema, 1981),

P, aztecus males showed only a slight de-
pression in gonadal development in February



and March and a slight peak in September,
Pillay and Nair (1971) also found a depressed
cycle of male gonad development 1n Metapenae-
us affinis, Sperm from males of this spe-
cies, like P, aztecus, is inserted within the
thelycum of the famale, Thus, spermatophore
size may be more Iimited in these species
Than in P, setiferus and other open-thelycum
species, Plankton collections with a Gulf V
bottom sampler from June through September
vielded P, aztecus nauplii and protozoeae on-
ly during August and September, On-board
spawning of P, aztecus was attempted only
during August and September and vielded via-
ble larvae in both months, Thus, the compo-
site data indicate that the peak reproduztive
months for P, aztecus at Block A (35-44 m)
were from Augqust through October. This
agrees well with Temple and Fischer's (1967)
conclusion that larvae of P, aztecus are most
abundant in the Gulf from September to Novem-
ber. Renfro and Brusher (1982) stated that
spawning of P, azfecus at 46 m occurs
throughout the year but that peak activity
occurs from Qctober through December and a
smaller peak extends from March until May,
The seasonal peak in reproductive activity
varies from year to year and with location as
a function of changes in environmental fac-
tors, Consequently, one shou:d be cautious
in applying conclusions reached in this study
to different locations or future years,

Variations with Ovarian Maturation

During maturation, the standardized ovary
dry weight of both P, sefiferus and P, aztec-
us significantly iIncreased between Stages 2
and 4 and decreased between Staqes 4 and 5,

A similar trend was reported for Parapenaeop-
sis hardwickll (Nagabhushanam and Kulkarni,
1979). However, this species reached a mean
ovary index (wet weight) of only 5.9 at Stage
4, In the present study, the mean ovary in-
dices of P, setiferus and P, aztecus at Stage
4 were 15,1 and 10,1, respectively,

The percentage composition of ovarian car=-
bohydrate, lipid and protein in P, setiferus
varied similarly among maturation stages to
The percent protein re-

that of P, aztecus,
mainad relatively constant, while percent

tipid increased significantly between Stages
2 and 4 and then decreased between Stages 4
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and 5 in both species, Kulkarni and Nagab--
hushanam (1979) found the same general trends
of increase in percentage composition of tip-
id and glycogen (the major component of +otal
carbohydrate), but they also noted a decrease
in percentage composition of protein between
Stages 4 and 5, which was not observed in the
present study,

P. setiferus and P, aztecus differed In
relative composition of protein and lipid in
the ovary, In P, setiferus, mean percent
ovarian protein in =2ach maturation stage (22-
28 percent) exceeded percent ovarian tipid
(9-18 percent), while the reverse occurred in
P. aztecus (protein, 8-19 percent; tipid, 23-
28 perecent), Carbohydrate levels (two to
three percent) were simila- in both species,
Gehring (1974) reported a range of 4,2 +o 7,7
percent (wet weight) ovarian lipid compo-
sition (equivalent to about 16,1 to 29.6 per-
cent dry weight, assuming a 26 percent dry
weight of ths ovary) among maturation stages
of P, duorarum, This range agrees wall with
that obtained for P, aztecus Tn the present
study,

However, Gehring reported a significant
decrease rather than an increase in percent
lipid between Stages 3 and 4, This might be
attributed to ovary resorption, because the
females used by Gehring were <ollected off-
shore and transported |live to a laboratory
for dissection rather than being dissected
immediately after collection. Farmar (1974)
observed that ovary resorption in the Norway
lobster, Nephrops norwegicus, turned the
muscles of the animal a brilliant green,
have observed a yel low-orange color of the
abdominal muscles of Stage 4 P, setiferus 5
to 10 hours after collection offshore,

Lawrence ef al, (1379b} analyzed the pro-
tein, Vipid and carbohydrate composition
(percent dry weight) of spawned eggs of P,
setiferus (42, 20 and 3 percent, respective=-
ly) and P, stylirostris (37, 16 and 3 per-
cent, respectivsly) and found consistentiy
greater protein levels thean “hose obtained
for P, setiferus and P, azfecus in this
study, Lipid levels for each of the three
species that Lawrence et al, (1979b) analyzed
are similar to those of P, setiferus but less
than those of P, aztecus In the present
Carbohydrate levels were similar

We

study,



among all four species encompassed by both
studies,

The simitarity in biochemical composition
of P. setiferus, P, stylirostris and P, van-
namei may be a reflection of thelr taxonomic
relationship as members of the open-thelycum
subgenus Litopenaeus, while P, aztecus and
P. duorarum are members of the closed-thely-
cum subgenus Farfantepenaeus, The ovarian
composition of Parapenaeopsis hardwickii
(protein, 3-6 percent; lipid, 3-5 percent;
glycogen, 23-32 percent) was lower in protein
and lipid and higher in carbohydrate (glyco-
gen) than any of the species discussed above
{Nagabhushanam and Kulkarni, 1979), These
differences may be due In part to differences
in diet, Colvin (1976} reported that the
percent dry weight lipid composition of whole
P. indicus increased from four to six percent
after the animals were fed diets supplemented
with various seed oils, Bottino et al,
(1980) found that diet greatly influences
fatty acid patterns in shrimp, Undoubtediy,
some of the differences noted above are also
attributable to interspecific differences and
analytical techniques, Unfortunately, insuf-
ficient data are available to differentiate
these effects because the above studies
represent the only published literature on
protein, lipid and carbohydrate composition
of ovaries and eggs of penaeid shrimp,
Pandian (1967) reported percent lipid and
protein (dry weight) of Crangon crangon eggs
to be 59 and 33 percent, respectively, Lipid
content of eqgs of Palaemon serratus varied
from 30 percent at the beginning of embryonic
development to 16,7 percent at the end (Mar-
tin, 1978), Carbohydrate, lipid and protein
composition (dry weight) of eqgs were 5, 44
and 47 percent, respectively for the European
lobster Homarus gammarus (Pandian, 1970), and
4, 49 and 42 percent, respectively, for the
isopod Ligla oceanica (Pandian, 1972), Lipid
flevels of these eggs were significantly
greater than those given above for penaeid
ovaries and eggs, However, considering the
different analytical techniques used, the
protein and carbohydrate levels are compar-
able to those in the present study and to
those of Lawrence et al, (1979b) but differ
significantly from those reported by Nagab-
hushanam and Kulkarni (1979),
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The standardized dry weight of the hepato-
pancreas did not change significantly from
Stage 1 to Stage 4 in elther P. setiferus or
P. aztecus., However, percent lipid decreased
during these stages (although not signifi-
cantly In P, aztecus), while percent carbo-
hydrate and protein increased. From Stage 4
to Stage 5, standardized dry weight of the
hepatopancreas decreased in both species.
Collatz (1969) reported a decline in hepato-
pancreas 1ipid of Orconectes |imosus during
ovarian development and suggested that the
lipid was transported to the ovary, Armitage
et al, (1972) hypothesized that lipid trans-
fer from the hepatopancreas to the ovary also
occurred in O, nais. Lipid, glycogen and
protein levels decrease markedly in the
hepatopancreas of Parapenaeopsis hardwickii
during ovarian maturation, when they also in-
crease in the ovary (Nagabhushanam and Kul-
karni, 1979),

In the present study also, dramatic in-
creases in carbohydrate, lipld and protein
content of the ovary between Stages 3 and 4
coincided with decreases in these components
in the hepatopancreas, The decline in thepat-
opancreas |lipid during maturation was partic-
ularly apparent in females as they reached
and exceeded the size at first maturity
(Fig. 22), The importance of the hepato-
pancreas as a reserve for ovarian nutrients
is also suggested by the larger hepato-
pancreas dry weight of females than males of
similar size (Figures 22 and 23), However,
the magnitude of increase in carbohydrate,
Iipid and protein in the ovary between Stages
3 and 4 was much greater than the magnitude
of decrease in the hepatopancreas. Decreases
in hepatopancreas carbohydrate, [ipid and
protein content between Stages 3 and 4
amounted to only 13,5, 9.4 and 7.9 percent,
respectively, of the corresponding increases
in ovary content of P, setiferus and 1,0,
11,0 and 0,3 percent, respectively, of the
corresponding increases in ovary content of
P. aztecus, Thus, both P, setiferus and P,
aztecus probably depend on immediate food
intake for most of the nutrients required for
vitellogenesis, Lipid appeared to be the
most significant of the hepatopancreas con-
stituents used by P, aztecus during ovarian
maturation, while carbohydrate, protein and




lipid appeared to function as organic re-
serves in P, setiferus, However, the role of
carbohydrate as a significant reserve is
questionable because of the typically low
levels reported for crustaceans (Armitage et
al,, 1972; Pandian, 1967, 1970, 1972; Law-
rence et al,, 1979},
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