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ABSTRACT

Salinity Preference of Postlarval Brown and White Shrimp (Penaeus

aztecus and P. setiferus) in Gradient Tanks

Brown and white postlarval shrimp {Penaeus aztecus and P. setif-

erus) were collected at the beachfront and tested at constant Tow level
red illumination in tanks containing salinity gradients ranging from

0 to 50 ppt and O to 70 ppt and in control tanks having uniform sa-
linity. Gradients were stable for as long as 119 hours with maximum
deviations in salinity of 3 ppt. Generally, final gradient salinities
were identical to initial gradient salinities or differed at a given
point by only 1 or 2 ppt.

Postlarvae of both species sought salinities lower than those
generally found in the open Gulf of Mexico. It is suggested that post-
larval shrimp orient to bays by utilizing natural salinity gradients
that extend seaward from the estuaries. Proposed water diversion pro-
jects, such as the Texas Water Plan, would restrict or curtail fresh-
water inflow to the estuaries thereby altering natural gradients of
both salinity and dissolved organics. This might affect the immigra-
tion of shrimp and other estuarine-dependent organisms to the estuar-
ies.

Brown shrimp postlarval distributions in gradient tanks differed

significantly according to the season of the year. Spring postiarvae
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preferred higher salinities than those tested in the summer or fall,
Field studies have shown that brown shrimp postlarvae in the spring
are found in the estuaries in salinities considerably lower than those
that would be expected from their distribution in laboratory gradient
tanks. In contrast to findings for brown shrimp postlarvae, white
shrimp postlarval distributions in gradient tanks differed seasonally
only at Tow salinity levels,

During the summer, the average median salinity difference between
brown and white postlarval distributions was only 3.2 ppt. This sug-
gests that there is less difference in salinity preference between the
two species at the postlarval stage than has been suggested for larger
stages of the life cycle.

Experiments designed to determine whether the red illumination,
acclimation salinity, and temperature influenced salinity preference
were inconclusive. There was no evidence of any endogenous tidal
rhythms for brown or white shrimp such as has been reported for post-
larval pink shrimp.

Occasional striking variation was noted between experiments.
Further work is required to recognize the causes of this presently

unexplained variability in shrimp behavior.
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ENTRODUCTION

The shrimp resource of the Gulf of Mexico is the most valuable
fishery resource of the United States (Kutkuhn 1966). Gulf landings

are composed primarily of three species--Penaeus aztecus, brown

shrimp; P. setiferus, white shrimp; and P. duorarum, pink shrimp.

A1l three species spend part of their life cycle in the estuaries.
The shrimp fishery is but one of several commercial fisheries that 1is
estuarine-dependent. Although the importance of the estuaries to
commercial fisheries is recognized (Chapman 1966; Kutkuhn 1966], es-
tuarine modification continues to occur along the Gulf Coast. This
includes dredging, marsh reclamation, hurricane protection projects,
and water diversion projects. Whereas the effects of dredging and
marsh reclamation on the productivity of the estuaries have been
investigated (Hutton et al. 1956; Odum 1963; Mock 1966; Taylor and
Saloman 1968; Sykes and Hall 1970; Cronin, Gunter, and Hopkins 1971),
the effects of restricting freshwater inflow to an estuary are not
fully understood (Copeland 1966; Odum 1970). Obviously, salinities
would rise as a direct result of Tess freshwater. Related to a de-
crease in flowrate would be a decrease in nutrient inflow, a probable
reduction in turbidity, an alteration of circulatory currents within

the system, and a modification of existing salinity gradients. How

The citations follow the style and format of Transactions of
the American Fisheries Society.




the above factors would affect the suitability of the estuary as a
nursery ground is not known, but modifying the salinity gradient may
have a direct effect on the natural influx of pastlarval shrimp. The
need to obtain answers to the above questions bacomes apparent when
one examines the projections of the Texas Water Plan, which proposes
to dam every major river in Texas and divert water from the estuaries

to agricultural and industrial usage {Chapman 1966},



STATUS OF THE PROBLEM

The general 1ife history of the commercial penaeid shrimp
found in the Gulf of Mexico has been reported by many authors (Broad
1965; Williams 1965; Baxter and Renfro 1967; Kutkuhn 1966; Trent
1966; Farfante 1969; Pullen and Trent 1969; Cook and Lindner 1970;

L indner and Cook 1970). Bibliographies on shrimp biology have been
compiied by Chin and Allen (1959) and Allen and Costello (1963). The
adylt shrimp spawn in offshore waters. The eggs hatch after several
hours into nauplii which pass through several molts, first intoproto-
zoaea, then mysis stages, and finally metamorphosing into postlarvae
which approach the shoreline. The postlarvae enter estuarine waters
and grow rapidly into juveniles. The shrimp then return to the open
sea where they mature sexually.

Fstuarine areas supply the proper conditions of salinity, temp-
erature, substrate, food, and cover to enable postlarval shrimp to
grow into juveniles (Broad 1965; Kutkuhn 1966). Summarizing field
surveys, Pearse and Gunter (1957) stated that the early stages of
shrimp apparently require oceanic water, but the older larvae must
reach bay water or perish. Extensive field investigations have shown
both brown and white shrimp to be present in waters both hypo- and
hypersaline with respect to seawater (Simmons 1957; Joyce 1965). On
the basis of field distribution data, Gunter (1961a) suggested that
smail shrimp (P. setiferus) are not killed or precluded by high sal-

inity as if it were poison; they simply do not do well in it for



unknown reasons. Laboratory studies (Zein-Eldin 1963) indicated
that postlarval brown shrimp can both survive and grow over a sa-
linity range of 2 to 40 ppt. Further studies (Zein-Eldin and
Aldrich 1965; Zein-Eldin and Griffith 1969) show that combinations
of low salinity and low temperature are detrimental to both white
and brown postlarval shrimp. Wiesepape, Aldrich, and Strawn (1972}
investigated the effects of temperature and salinity on thermal
death in postlarval brown shrimp. They found that acclimation to
5 ppt provided near optimum thermal resistance at 5 ppt as well as
at higher salinities up to 25 ppt. They concluded that living in
low salinities permitted postlarval brown shrimp to resist high
temperatures.

Laboratory studies indicate that juvenile and adult brown and
white shrimp are physiologically adapted for somewhat different sa-
Tinity regimes. McFarland and Lee (1963) found that white and brown
shrimp could osmoregulate over a wide range of salinities; however,
white shrimp were better adapted to tolerate low salinities, and
brown shrimp were better adapted to higher salinities. Low tempera-
tures decreased the ability of white and brown shrimp to osmoregulate
at lTow salinities {Wiliiams 1960; McFarland and Lee 1963).

Juvenile white and brown shrimp are often found in different
areas of the estuarine nursery grounds. Generally, white shrimp pen-

etrate further up the estuaries into less saline water than do brown



shrimp. Gunter (1950) using minnow seines and otter trawls found the
greatest abundance of white shrimp in South Texas within a salinity
range of 10.0-14.9 ppt, while brown shrimp were most abundant in
salinities from 15.0 to 19.9 ppt. Loesch (1962) reported that the
greatest numbers of white shrimp in experimental trawl catches were
taken in waters between 1 and 5 ppt during summer and fall months.
During this same period, trawl catches of brown shrimp were most
numerous in water having a salinity ranging from 10 to 15 ppt.

Field observations suggested to Gunter (1961b} that white
shrimp have a greater tolerance to Tow salinities than brown shrimp.
Correspondingly, the greatest production of white shrimp has always
been from the vast estuarine area of the Louisiana coast, and the
greater brown shrimp production has come from the drier Texas coast.
Gunter and Hildebrand (1954) found a correlation between white shrimp
production and rainfall. A later study demonstrated that the white
shrimp catch in Texas was related to the annual rainfall of the pre-
vious 2 years (Gunter and Edwards 1969). They concluded that this
correlation was apparently related to salinity per se or some other
factor governed by salinity.

The manner in which the postlarval shrimp orient to the estuar-
ine nursery grounds is not clearly understood. Several investigators
have taken postlarvae mostly on incoming tides (Pearson 1939; Tabb,
Dubrow, and Manning 1962; S$t. Amant, Broom, and Ford 1966, Caillouet,

Fontenot, and Dugas 1968). Anderson, King, and Lindner (1949}



6

postulated that white shrimp postlarvae need a favorable incoming
current and are perhaps responsive to a salinity gradient. In lab-
oratory experiments, Aldrich (unpublished results) found that post-
larval brown shrimp, caught along the ocean beach, actively moved
towards lower salinity waters in a salinity gradient tank. The sal-
inity range preferred by the young shrimp seemed to be refated to the
past salinity history of the organism (Aldrich 1963). Joyce (1965)
suggested that postlarval shrimp have the ability to choose a tide
favorable for transport or to leave an unfavorable one. Hughes
(1969a) tested the response of postlarval pink shrimp (P. duorarum)
to tidal changes. Using laboratory experiments, he found that fol-
lowing a decrease in salinity, postlarval pink shrimp settled to the
bottom; when salinity was increased, they became active in the water
column. He hypothesized that in nature this response would allow
postlarval shrimp to use incoming tides (high salinity} to penetrate
the estuaries, but as the tide changed, the shrimp would settle to
the bottom, thereby avoiding offshore displacement by the ebb tide
(Tow salinity). Hughes did not explain how tidal influence could
bring about salinity change within a water mass. In a later paper,
Hughes (1969b) stated that further experimentation showed that a
decrease in salinity was not invariably followed by a decrease in
activity; freguently the shrimp remained active on or just above the
substrate. Hughes reported on the response of postiarval pink shrimp
to salinity discontinuity barriers. He found that postlarvae were

able to perceive and respond to salinity differences of as little as



1 ppt. He proposed that this would enable postlarvae to discriminate
between ebb and flood tides. On the basis of these experiments,
Hughes concluded that postlarval pink shrimp have an "aversion" to
penetrating waters of Tower salinity, but that within a period of 1
week, this "aversion" is considerably reduced. Presumably within this
period, the postlarvae would have reached the Tow salinity estuarine
waters. The avoidance response, which initially prevented their
following the Tow salinity ebb tide seaward, would no longer be need-
ed. In his most recent experiments, Hughes (1972) subjected post-
Tarval pink shrimp to a currentof constant velocity and recorded their
swimming direction. The results showed a pattern of up- and down-
stream swimming that appeared to be in phase with the tidal cycle in
nature. Hughes proposed that the shrimp have an endogenous rhythm to
synchronize their activity with the tidal cycle; however, the swim-
ming direction observed in the laboratory was seaward--upstream at
time of flood tide and downstream at time of ebb tide. This would
not seem to facilitate shoreward movement of the organism. Hughes
explained this discrepancy by hypothesizing that the postlarvae's
presence or absence in the water column at the time of ebb or flood
tide determines their dispiacement--not the actual swimming orien-
tation of the organism.

The transport mechanism that initially brings the postlarvae
into the estuaries remains unknown. Hughes' latest theory resulting
from iaboratory experiments with pink shrimp may explain certain

aspects of shoreward movement, but depends on the presence of



predictable tides. In Galveston Bay, wind direction and amplitude
often override gravitational influences in determining tidal stage.
One alternative possibility is that the animals display a more active
role in determining their distribution through responses to natural
salinity gradients existing in coastal waters adjoining estuaries.

In recent preference experiments, brown shrimp postlarvae selected
salinity levels lower than those occurring along the Gulf of Mexico
beach where they were collected (Aldrich, unpublished results).

The objectives of this investigation are to determine if there
is a seasonal variability in the salinity preference of postlarval
shrimp, to test for responses of white shrimp to experimental saiin-
ity gradients, to determine if differences exist between salinity
preferences of white and brown shrimp postlarvae, to investigate
the effect of acclimation salinity on salinity preference, to in-
vestigate the relationship of temperature to salinity preference,
to test for the effect of age on salinity preference, and to relate

these findings to existing ecological knowledge of these species.



METHGDS

The present apparatus evclved from earlier experimentation by
Aldrich (1963). He established a continuous salinity gradient rang-
ing from 1to 70 ppt in a cylindrical 7-1, 1.2 m vertical column
to study postlarval peraeid shrimp. This arrangement was not com-
pletely satisfactory because the crustacean Tarvae, having a higher
specific gravity than seawater, tended to sink in the vertical col-
umn. This tendency required them tc swim continuously to maintain
their position in the column {abnormal behavior). The above problem
encountered with Aldrich's (1963) vertical column was eliminated by
making a resting place or "bottom” avaiiable to shrimp in the gra-
dient (Keiser and Aldrich 1973}. This was accomplished simply by
slanting the gradient tank at an angie of 25°. The sloping tank
permitted postlarval shrimp to rest at any level in the gradient,
using as a "bottom” what was a vertical wall when the tank was up-
right. Another problem, the presence of "blind spots" in the cy-
Tindrical chambers, was eliminated through the use of square cross-

sectional design.

Description of Apparatus

The apparatus consisted of two tanks, their supports, and light-
ing. The experimental tanks were constructed of 0.6 cm Plexigias
with inside dimensions 3.6 m x 10.2 cm wide x 10.2 cm high, apen at

one end. The tanks were construcied of these dimensions to maximize
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the use of available space and for ease of handling. The 3.6 m Tong
sides were made by joining end-to-end two pieces of Plexiglas and
overlapping the joints with 4-cm Plexiglas braces. The Tocation of
the joints was varied between adjoining walls to further strengthen
the tank {Fig. 1A}. The two tanks rested on wooden boards 1.8 x

22.8 em ("1 x 10" in) and were stacked one on top of the other on a
framework of 3.7 x 14.0 cm (2 x 6" in) boards (Fig. 1B). A1l wooden
supports were painted dull black to reduce Tight reflection. Six

122 cm (4 ft) 40-watt Rapid Start fluorescent fixtures were mounted
ona 1.8 x 28.4 c¢cm ("1 x 12" in) board in 2-3.6 m rows and positioned
43.3 cm behind the tanks. The distance between the back surface of
each tank and the 1ight was spanned by 0.6 cm plywood which directed
the illumination. A 7.6 cm space between the board and the lamps
allowed for dissipation of the heat generated by the bulbs. Imitial-
1y, the apparatus had a plywood cover; however, experimentation
showed that a 1id was unnecessary in a darkened room. Lines parallel
to the floor were affixed to the outside of the tanks at 5 cm inter-
vals. This provided a grid with which to define the position of the
animals in the tank.

Forty-watt red fluorescent lamps provided the only i1llumination
during the experiments. Waterman (1961) noted that the few marine
crustaceans which have been examined possess photopigments that would
reduce their visual sensitivity to light of long wavelengths. This
suggested that the use of red light might Tikewise minimize the

sensitivity of penaeid shrimp to visual stimuli. The intensity of
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FIGURE 1. A. Diagram showing detail of tank. (1) external Plexiglas
hrace at joints. A1l dimensions in meters. B. Detailed cross-section

of apparatus. (1) longitudinal supports, (2) transverse support, ({3)
angle iron brace. A1l dimensions in centimeters.
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visual light emitted by fluorescent tubes decreased towards the ends
and often differed among tubes. We used a photometer (model 250;
Science and Mechanics, New York, N.Y.) to select tubes of similar
illumination. Light illumination was measured at approximately the
center of each 5 cm interval on the far outside wall of the water-
filled tanks away from the 1ight source. Illumination ranged from

10 ft candles at the ends of the bulbs to 20 ft candles at the middie
of the bulbs. Figure 2 shows the typical distribution of Tight
transmitted through an experimental tank. An examination of shrimp
distribution in control and experimental tanks showed no pattern re-

sembling that of the light illumination distribution.

Collection and Holding of Postlarvae

Postlarvae were coliected at several locations along the Gal-
veston beach front, in Bolivar Roads Pass, and in tidal ponds. Fig-
ure 3 indicates the location of the collection sites. The majority
of the shrimp were collected at East Beach near the South Jetty
(Table 1).

A hand-drawn beam trawl (Renfro 1963) was used to collect the
postiarvae. The catch was transported to the laboratory in an in-
sulated ice chest. During transfer, the water was aerated by a
battery operated airpump. At the laboratory, the shrimp were sep-
arated from other organisms and debris in the catch and placed in

Instant Ocean (Aquarium Systems, Eastlake, Ohio) seawater medium;
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TABLE 1.--Dates, sites, and field conditions for collections of
pastlarval shrimp tested in salinity gradient experiments

Exper- ... _ 7 Collection Conditions
1§§?t code Shrimp species Date Time Site*S?ggz;ty Iﬁrge?g)
i AB P. aztecus 9/02/ 71 - A 31 28
2 A.B P. setiferus 9/14/71 - A 27 27
3 A,B P. setiferus 9/21/71 - A/B 24 27
4 A,B P. setiferus 9/21/71 - A/B 28 27
b Not run
6 A.B P. setiferus 11/16-17/71 -~ ¢ 29 22
7 A,B P. aztecus 10/27/71 - b 30 21
8 A,B P, aztecus 2/25-26/72 - B/E 25 17
9 A,B P. aztecus 2/25-26/72 1000 B/E 25 17
10 A.B P. aztecus 2/25-26/72 1000 B/E 25 17
11 Not run
12 A,B P. aztecus 3/13-14/72 1600 B 21 19
13 A,B P. aztecus 4/02/72 1030 E 27 21
14 Not run
15 A-D  P. aztecus 5/03/72 1030 E 23 26
16 A-D P. aztecus 6/19/72 0800 E 22 23
17 A,B P. setiferus 6/30/72 1000 E 34 30
17 €,D P. aztecus 6/30/72 1000 E 34 30
18 A,B P. setiferus 7/26/72 1115 E 24 30
18 ¢.,D P. aztecus 7/26/72 11-5 E 24 30
19 A-D P. aztecus §/24-25/72 1200 E 33 31
20 A-D P. aztecus 8/24-25/72 1200 t 33 31
21 A,B P. aztecus 8/24-25/72 1200 E 33 31
21 ¢,D P. aztecus 9/08/72 1500 E 30 32
22 A-D P. setiferus 9/14/72 - F 24 29
23 A,B P. setiferus 10/14/72 - E 26 26
23 A,B P. aztecus 13/14/72 - E 26 24
24 A,B P. aztecus 11/02/72 - E 26 23
24 A,B P. setiferus. 11/02/72 - E 26 23
25 A,B P. setiferus 11/02/72 - G 26 23
26 A-D P. setiferus 10/14/72 1000 E 26 26
27 A-D P. aztecus 11/18/72 - D
28 A-D P. aztecus 11/18/72 - D
2% A-D P. aztecus 11/18/72 - D
30 A-D P. aztecus 3/03/73 1030 G 23 15
31 A-D P. aztecus 3/17/73 1500 E 26 20
32 A,B P. aztecus 3/17/73 1500 E 26 20
32 C,D P. aztecus 3/03/73 1030 G 23 15
33 A-D P. aztecus 4/01/73 1100 E 12 22
34 A.B P. aztecus 5/08-09/73 1030 E 13 25
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TABLE 1.--{continued)

TTtollection Conditions

Exper-- rapk . : L1 -
o I ot sie S0 T
34 c.0b P. setiferus 5/08-09/73 1030 [ 13 25
35 A-D P. aztecus 5/18/73 0830 E 21 24
36 A-D P. aztecus 5/25/73 1400 E 30 27
37 A.C P. setiferus 5/27/73 - E 27 27
37 R,D P. aztecus 5/27/73 - E 27 27
38 A-D P. aztecus 5/28/73 - D 30 25
39 A,B  P. setiferus 5/27/73 - E 27 27
40 A-D P. aztecus 5/28/73 - D 30 25
43 A-D P. setiferus 6/26/73 1245 E 12 30
42 A,C P. aztecus 7/01/73 1030 E 27 20
42  B,D P. setiferus  7/01/73 1030 ¢ 27 20
43 A,B P. aztecus 7/15/73 0830 E 33 28
43 ¢,D P. setiferus 7/15/73 0830 E 33 28
44 A-D P. aztecus 7/15/73 0830 E 33 28
45 A-D P. aztecus 7/15/73 0830 E 33 2%
*A - Entrance to East Lagoon
B - Tidal Stough, South Jetty
¢ - Tida} Pond near 7-mile road
D - NMFS Hatchery
E - Front Beach, South Jetty
F - Bolivar Roads Pass
G - Front Beach, 30th Street
H - Front Beach, &lst Street
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the acclimation salinity varied depending onthe salinity atcollection
and experimental design (Table 2). It wasalsonecessary to distinguish
the two species of Penaeus postlarvae. Size was one of several cri-
teria used as brown shrimp were generally 3 to 4 mm Tonger than
white shrimp postlarvae. The other criteria utilized were slight
differences in body proportions between species. Initially, identi-
fication was confirmed by killing a sample of brown and white shrimp
separated visually, and examining them microscopically for the pres-
ence or absence of dorsal carinal spines according to Zamora and
Trent (1968). As less than 1% of the shrimp were found to be mis-
identified using the visual method, microscopic confirmation was
discontinued after experiment 6. At the end of an experiment, the
shrimp were identified to species using the method of Zamora and
Trent. At that time they were measured to the nearest millimeter
from the tip of the rostrum to the tip of the telson (total length).
Animals were held in the laboratory for 3 to § days. The
reasons for holding the postlarvae were to allow time for acclima-
tion to the artificial seawater medium and to salinities or temp-
eratures different from those in the field, and to select only the
hardiest individuals for testing; mortality caused by handling or
other stress would occur during holding rather than during experi-
mentation. The varying length of pre-experimental acclimaticn was
the result of several factors. One of these was the availability of
postlarvae. Postlarval distribution inthe field is characterized by

its irregularity. One day a 5-min tow might yield 1000 postlarvae
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while on another day, collecting for 3 hr might yield only 10. Thus,
to obtain sufficient numbers of postlarvae, it was often necessary
to begin collecting for an experiment while another was in prcgress.
If the postlarvae were all collected during the first day of an on-
going experiment, they would necessarily be held for 4 to 5 days;
however, if they were caught during the third day, they would probably
be held for only 3 days. Another factor was the length of time re-
quired to drain the tanks from one experiment and refill them for the
next. This procedure required a minimum of 1 day. Preparing the
Instant Ocean is a 3-day process; 1 day for mixing and stirring: 1
day for settling and decanting to remove flocculant precipitate, and
1 day for aeration of stock solutions. Two experiments were delayed
by a breakdown in the distilled water system. Although standard-

izing the holding time is desirable, it is often unfeasible in prac-

tice.

Gradient Preparation

Three stock solutions were used in each experiment. Two cf
these--the most saline water to be tested and the water to which tne
experimental animals had been acclimated--were prepared using dis-
tilled water and Instant Ocean; the third stock solution was dis-
tilled water. A1l were aerated for at least 24 hours before use to
assure oxygen saturation. The most saline stock solution (50 or 70
ppt) and distilled water were used as the extremes in the gradient

tank and were mixed to provide intermediate salinities. The control
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tank was filled with the acclimation solution. This tank was used to
test the response of the animals to water pressure or other possible
cues associated with the experimental apparatus. The experimental
tank was identical to the control tank, except that it contained a
salinity gradient ranging from the bottom to the top (70 to O ppt or
50 to O ppt). To construct a salinity gradient ranging from 70 to 0
ppt, the gradient tank was first filied to the 40 c¢m line with 70 ppt
solution. The remaining solutions--63, 56, 49, 42, 35, 28, 21, 14, /
and 0 ppt-~were siphoned in that order intc the tank using 4 mm i.d.
plastic aquarium tubing. Each solution occupied a 10 cm (2.7 1)
region of the tank. As each Tess dense solution was added, the flow
rate was adjusted using a pinch clamp to confine mixing to the top

5 cm of the preceeding compartment. The mixing process was clearly
visible with the back-lighted illumination of the apparatus. When
filled to a Tevel of 140 cm, each tank held 38 1. Constructing the
broader salinity gradient of 50 to O ppt required a similar pro-
cedure. The first 30 cm was filled with 50 ppt solution, the 42,

35, 28, 21, 14, 7 and 0 ppt solutions were then siphoned in that
order into the tank as above. A1l except the C ppt sclution occu-
pied a 15 cm segment of the tank; the 0 ppt solution filled the top
20 cm of the tank. Filling of the gradient and control tanks re-
quired approximately & hours. Most discontinuities were eliminated
by gently stirring the column with a 3.6 m section of 2.1 ¢cmo.d,

PVC pipe fitted at one end with a #13 stopper.
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Gradient Measurement and Adjustment

The gradient was then measured using a 3.6 m long siphon fash-
ioned of 30 cm pieces of 3 mm i.d. rigid plastic and glass tubing
joined by short sections of flexible aquarium tubing. Glass tubing
was used at the lower end to provide weight, which facilitated intro-
ducing the siphon into the tank. Beginning at 20 cm from the tank
bottom, salinity was measured with a precision of + 0.5 ppt using a
Goldberg refractometer (American Optical Co., Rochester, N.Y.) at
10 cm intervals. When each desired level was reached, a 70 ml
sample was drawn through the siphon to flush out water from the
previous depth (the volume of the siphon was Tess than 60 ml1). The
salinity of the new depth was then measured. The volume of water
withdrawn during measurement (840 ml1) was replaced at the surface by
slowly siphoning in an equal amount of distilled water. After the
tank was refilled to the 140 cm level, a surface sample was taken
with an eyedropper. At the termination of the experiment, this
procedure was repeated, beginning at 140 cm and ending at 20 cm.

During measurement of the gradient, a graph was made of salin-
ity and depth. This relationship was usually quite lirear. If sa-
linity discontinuities caused the slope of this line to deviate from
linearity, the gradient was adjusted by remixing the levels in ques-
tion. This was accomplished by slowiy pushing the 3.6 m rod, des-
cribed above, to the level of the discontinuity. The discontinuity

was "smoothed over" by a series of 15 cm to 30 cm Tong thrusts. The
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gradient was then remeasured beginning 10 cm below the adjusted

region.

Temperature Regulation

The apparatus was housed in severai temperature-controlled
rooms which provided a combined temperature range of 12 to 40 C.
Although the rooms were temperature controlled, there were differ-
ences in air temperature from the floor to the ceiling. The experi-
mental tanks rested at an angle of 25” which placed the top of the
tanks 1.5 to 1.8 m higher off the floor than the bottom. Conse-
quently, temperature was measured at various levels in the water
column to determine whether temperature gradients were present that
might influence the distribution of shrimp in control and gradient
tanks. In order to measure temperatures at various depths, thermom-
eters were suspended in the water column and the indicated tempera-
ture read through the Plexiglas sides of the tank. Only slight dif-
ferences in water temperature occurred between top and bottom Tevels
of the same tank and between tanks at corresponding levels. Gen-
erally, these differences did not exceed 1 C. 1In several experi-
ments, temperatures were raised or lowered to test the response of
postlarvae to salinity over a range of temperatures. The length of
time for tanks to reach a new equilibrium was determined to be 9 to
12 hours for tanks at 23 C raised to 30 C, and 15 to 20 hours for
tanks at 30 C Towered to 23 C. After the equilibrium time was de-

termined and vertical temperature gradients were found to be minimal,
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1 measured water temperature only in the top 10 cm of the water

column.

Introduction of Postlarvae Into Experimental Tanks

A releasing device (Fig. 4) was designed to avoid exposing the
postlarvae to great salinity changes while introducing them into the
tanks. It consisted of an outside cylinder (5.0 cm i.d. x 11.2 cm
long) connected by a rubber stopper to Plexiglas tubing 1.6 m long
and with 9 mm i.d. A Plexiglass rod 1.8 m Tong and 6 mm in diameter
passed through the rigid tubing. To this rod were glued, 7 cm apart,
a rubber stopper and a polyethylene-Plexiglas disc. Together they
formed the releasing chamber. Pushing on the rod while holding the
sleeve tubing opened the chamber; pulling the rod closed it. To
load the releaser with animals it was inverted and opened approxi-
mately 2.5 cm. The postiarvae in about 75 cc of holding water were
poured into the releaser. The chamber was then filled with more of
the same water, closed, and Towered slowly, to avoid disturbing the
gradient, into the tank to a depth corresponding to the salinity of
the holding tank water. This depth was easily calculated from the
salinity/depth graph. When the desired depth was reached, the
chamber was opened, and the inside disc moved forward pushing the
animals out. The releaser was closed and removed from the tank,
withdrawing water of the same salinity and volume as was introduced

with the animals. This procedure did not disturb the salinity
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gradient. Animals were similarly released in the control tank at the

same depth as in the gradient tank.

Qbservation Procedure

In the preliminary experiments, the postlarvae were counted once
hourly for 24 hours beginning 2 hours after introduction into the
experimental tanks. I modified this procedure after experiment 6.
From that time on, shrimp were counted every 6 hours for 5 to 7 times
at 5-or 10-min intervals. This procedure was less fatiguing and ob-
tained approximately the same amount of information--i.e., the total
number of shrimp counted during an experiment remained the same.

Both methods had their advantages and their disadvantages. The for-
mer method gave an hourly record of shrimp distributions throughout

a 24-hr period while the latter method gave detailed information on
shrimp movements within a narrower time frame, but Tittle insight into
shrimp movements in the 5-hr interval between observation periods.

For each experiment, an equal number of shrimp was counted out for
introduction into the control and experimental tanks; however, there
were differences in the total number of shrimp actually observed,
these resulted primarily from counting errors. The small size of
the postlarvae made them difficult to locate. At times, the post-
larvae were resting permitting accurate counting. However, at other
times, they were extremely active with as many as 10 to 14 swimming
rapidly within a 5 c¢m region, making it impossible to count them

accurately. Also, loading the shrimp into the releaser occasionally
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resulted in the loss of individuals. Very small shrimp {7 mmor less)
had a tendency to get sucked behind the releasing chamber of the in-
troducer during loading. When the shrimp were very active, occasian-
ally some would jump out as they were transferred from the hoiding
beaker to the releaser. In addition, some shrimp died during the
experiment. The number of dead shrimp observed was recorded. Dead
shrimp were not removed as this would have risked disturbing the
experimental animals and the salinity gradient. Mortality was
caused by injury during introduction, long-term exposure to lethal
salinities, or starvation (long-term experiments only). A1l of the
above factors explain why identical counts were usually not obtained

in two tanks intended to contain equal numbers of postlarvae.

Duration of the Experiments

The duration of the salinity preference experiments was from
25.5 to 118.8 hr (Table 2, p. 18-20). The gradients were very stable
throughout this time period. In general, at the termination of the
experiment, only occasional salinities deviated as much as 3 ppt from
initial values and most levels had changed 1 ppt or less. The ijeast
stable portion of the gradient was near the top of the column. The
water in this region was of lower salinity and hence, was less vis-
cous than the water near the bottom. This was the region most likely
to change when larger (>15 mm), more active postlarvae were used.

Dissolved oxygen values at three different levels of control and

experimental tanks were determined at the end of 48 hours. The



Modified Winkler Method (Amer. Public Health Assoc. 1971) was used
to determine oxygen values. O0Oxygen values were approximately the
same at all Tevels within control tanks (Table 3). The tank at 15 C
had higher oxygen values than the one at 23.6 C as a resuilt of the
increased solubility of oxygen in water at lower temperatures. In
the salinity gradient tanks, there was less oxygen at 0 cm than at
140 c¢m due to decreased oxygen solubilities with increasing salini-
ties (Sverdrup, Johnson, and Fleming 1942). The lower oxygen con-
centration at 85 cm compared to those at 0 and 130 cm in the 23.6 C
gradient tank was the result of a concentration of postlarvae be-
tween 80 and 90 cm. This pattern of oxygen distribution did not
develop in the tank at 15.6 C where the animals were less active than
those at 23.6 C. None of the oxygen levels found was believed low
enough to influence the shrimp's salinity preference.

For the maximum time tested (118.8 hr), the salinity gradient
was stable; we believe, however, that 48 hr should probably be the
upper time 1imit for testing postiarval shrimp in this type of sa-
linity gradient apparatus. The animals were not fed after introduc-
tion into the tank so that their condition probably decreased rapid-
Ty. In addition to mortality resulting from starvation, the bottom
region of the tank was occasionally fouled by shrimp that succumbed
to the trauma of introduction and shrimp which became disoriented,
and consequently died, in regions of lethal salinities. Animai con-
dition and water quality were more 1limiting than gradient stability

in determining the maximum time an experiment could be conducted.
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TABLE 3.--Shrimp distribution 49 hr after introduction and dis-
solved oxyaen (ppm) at three levels in four tanks of experiment
44. Fifty shrimp were introduced into each tank.

Mean number of
shrimp observed
within + 5 cm
of 1evel of oxy-
gen measurement

Level of
Tank measurement Temperature  Oxygen
(cm from (C) {ppm)

tank bottom)

A 0 4.24
(Gradient) 85 5.00
130 15.6 7.40
B 0 6.08
{Control) 85 6.00
130 15.6 6.01
¢ 0 4.60
{Gradient) 85 3.32
130 23.6 6.48
D 0 4.96
(Contral) 85 5.24
130 23.6 5.40

0
1
0

2 MO On
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Statistical Treatment of Data

Shrimp were not normally distributed in either the gradient or
control tanks. To pemit comparison of experimental results between
and within experiments, the 5th, 25th, 50th {(median)}, 75th, and 95th
percentiles (P5, P25, P50, P75, and P95, respectively} were computed
in centimeters; for the gradient tanks, these percentiles were con-
verted to salinity. Avoidance levels were defined by P5 and P95 as
they each represented boundaries crossed by 5% of the shrimp during
an observation period. The percentiles were plotted for each obser-
vation period to facilitate visual comparison of shrimp distribu-
tions. To compare the distribution of shrimp in control and gradient
tanks, summary histograms were prepared for approximately the first
24 hours of observations. These graphs are arranged by experiment
in Appendix A (Figs. 1-100). Several experiments were designed to
investigate the salinity preference of shrimp at different tempera-
tures. For those experiments in which temperature changes occurred
within the first 27 hours of the experiment, the histograms repre-
sent only those observations made at the initial temperature range.

The data consisted of successive observations made on the same
animals over a period of time. Some experiments lasted for 119 hr,
but only the first 21 to 27 hr of observations were used in the sta-
tistical analysis. Shrimp were counted five times during this 21 to
27 hr period. Time 1 started 1.5 to 4.0 hr after the shrimp were

introduced and Time 5 began between 22.9 and 27.0 hr following intro-
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duction of shrimp. To investigate the possible influence of diel
rhythms on shrimp distribution, these five time intervals were coded
into "day" and "night" according to the Sunrise and Sunset Tables
(U.S. Coast and Geodetic Survey 1970a; U.S. National Ocean Survey
1971a, 1972a}.

Preliminary analysis of the data suggested seasonal differences in
salinity preference of brown shrimp. In some experiments, shifts in
shrimp distribution also occurred with time. Spiit-plot analysis of
variance (Steet and Torrie 1960) was used to determine statistically
the significance of these trends in both brown and white shrimp. The
split-plot design enabled the testing of significance of shifts with
time as well as overall seasonal differences. The five percentiles,
interquartile range (|P75-P25|) and the "overall" range ([P95-P5|) were
considered as observations for seven separate analyses. The data were
also unbalanced in the sense that the same number of experiments were
not run in each season. The regression procedure program (PROC REGR)
of the Statistical Analysis System {Barr and Goodnight 1972) compensd-
ted for the above factor and occasional missing observations. The cor-
rect error terms were derived from the output according to Dr. Charles
[. Gates, Institute of Statistics, Texas A&M University (personal com-
munication).

A total of 28 gradient experiments (17 with brown shrimp and 11
with white shrimp) and 23 control experiments (13 with brown shrimp and
10 with white shrimp) were analyzed by the above procedure. There are

several reasons why there were fewer "controls" than "gradients". In
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some experiments, all four tanks contained salinity gradients. In one
instance, the experiment was designed to test for similarity in post-
larval response to salinity gradients in all four tanks. Other ex-
periments also consisted only of gradient tanks; in these, animals in
one gradient tank had been held at standard testingconditions: 23 C,
30 to 33 ppt, while shrimp in the other gradient tanks had been accli-
mated to different salinities and temperatures. In these experiments,
the shrimp in the gradient tank tested under the "standard conditions”
defined above served as "controls".

Many experiments tested brown and white postlarvae at the same
time or tested the influence of different acclimation conditions on
postlarval distributions in gradient tanks. Since this procedure re-
sulted in not all experimental tanks being replicated,a replicate term
was not included in the statistical model described above. Data from
the replicate experiments are analyzed in the following section.

The distributions of white and brown shrimp that had been col-
lected together were compared statistically. The distributions were
characterized by the average values of the five percentiles, inter-
quartile range (|P75-P25|) and overall range (|P95-P5|). These values
were compared using the sion test (Steel and Torrie 1960) to determine
if one species consistently chose higher or lower salinities than the
other. Similar analyses could not be performed on the control distri-
bution data as there was an insufficient number of control tank

distributions.

The variances of the five percentiles, interquartile and overall
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ranges of brown and white shrimp distributions were compared using
the test of homogeneity of variance {Steel and Torrie 1960} to de-
termine if one species responded more variably in the gradient and

contrel tanks.

Replication

In several experiments, the variation in response exhibited by
shrimp collected at the same time and held under the same acclimation
conditions was examined. Initially. both experimental tanks were
used as controls to test the similarity in response of brown and white
shrimp {(experiments 1 and 2). Acquisition of an additional pair of
experimental tanks made it possible to test for similarity in re-
sponse in both gradient and control tanks when sufficient numbers of
postlarvae were available (experiments 15, 16, 19, and 20). In ex-
periment 31, two groups of shrimp were tested in salinity gradients
ranging from 0 to 70 ppt (tanks A & C} and one group in a gradient
ranging from 0 to 50 ppt {tank B). The other tank was used as a
contrél {tank D). In experiment 35, all tanks contained salinity
gradients; two tested salinity response of shrimp acclimated to 20
ppt while the others tested salinity response of postlarvae accli-
mated to 30 ppt. In experiment 36, shrimp acclimated to 30 ppt were
tested in four salinity aradients ranging from O to 70 ppt.

The shrimp tested in the control tanks had similar distributions
(experiments 1, 2, 15, 16, 19, 20, and 31; Appendix A, Figs. 1, 2,

19-21, 22-24, 31-33, 34-36, 61-63, respectively, p. 115, 115, 137-
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141, 142-146, 155-159, 160-162, 193-195). The shrimp in 5 of the 7
replicate gradient studies (experiments 15, 16, 29, 31, half of
experiment 35: tanks B & D) had very similar distributions. The
shrimp tested in experiment 31 (Appendix A, Fig. 61-63, p. 193-195}
which utilized two different salinity gradients confirmed that the
shrimp were responding to salinity and not to depth; there was
virtually no difference in response to salinfty between shrimp
tested in the 0 to 50 ppt gradient and those tested in the 0 to

70 ppt gradients. In three experiments {19, 35: tanks A & C, and 36),
there was poor replication. Through an oversight, the tanks in ex-
periment 19 (Appendix A, Figs. 37-33, p. 155-159) were not cleaned
before use, and the shrimp may have been responding to the presence of a
thin and variable film of algae or bacteria on the four tank walls.
After the tanks were cleaned, shrimp from the same holding tank as
those tested in experiment 19 were used in experiment 20. There was
good replication in both gradient (A & C) and control tanks (B & D)
in this experiment suggesting that the presence of an algal or bac-
terial filmdid influence postlarval distributions in experiment 19.
In experiment 35, the shrimp acclimated to 30 ppt did not respond
similarly to salinity although other shrimp collected at the same
time, but acclimated to 20 ppt, had similar distributions. I can
offer no explanation for this difference in response between two
groups of shrimp collected at the same time. The dissimilarity of

distributions by shrimp in experiment 36 also cannot be explained.
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The shrimp in four tanks all exhibited a similar cyclic pattern in
their distribution (Appendix A, Fig. 74-75, p. 208-210); however, the
shrimp in tank A exhibited a preference for higher salinities than

did shrimp in tanks B, C, and D.
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RESULTS

Distribution of Shrimp in Gradient and Control Tanks

The distribution of shrimp in the control and gradient tanks was
strikingly different. In the control tanks, shrimp showed a tendency
to congregate in the bottom and top regions of the tanks with gen-
erally more shrimp being present in the bottom 10 cm than at the top.
In the other regions of the tanks, the shrimp were randomly dis-
tributed. In the gradient tanks, the use of salinity extremes (50
or 70 ppt at the bottom and O ppt at the top) resulted in markedly
fewer shrimp being present at the tank ends than in the other regions
of the tank. An examination of histograms of control and gradient
tanks in all experiments (Appendix A) shows clearly that the animals
responded differently to the two test situations. In experiments
where two different salinity gradients (0 to 70 ppt and 0 to 50 ppt)
were utilized, postlarvae sought similar salinities and not similar

tank levels indicating that shrimp in the gradient tanks were re-

sponding to salinity.

Seasonal Trends in Experimental Shrimp Distributions

The average values of the five percentiles for 2 years of exper-
imental data were plotted by month (Fig. 5). The graph suggests that
the salinity preference of brown shrimp varies with the time of year.

From March to early April, brown shrimp postlarval distributions
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showed a median salinity average of 29.9 ppt (Table 4). The distri-
bution of those shrimp tested from May through July had a median sa-
Tinity average of 20.6 ppt while the median salinity average for the
remaining two groups of shrimp was 27.4 ppt. The temperature of the
water at collection varied during the year ranging from 15 C in March
to 22 C in April and continuing to rise from 24 C in May to 30 C in
July. MWater temperatures began to decrease at the end of August
falling to 22 C in mid-November (Table 1, p. 15-16). Three seasans
were arbitrarily defined--spring: March to early April; summer: May
through July; and fall: end of August to November. Brown shrimp dif-
fered significantly in their seasonal response to salinity gradients
at the 0.05 level for all percentiles with the 25th percentite and

the median being significant at the 0.01 level (Table 5).

TABLE 4.--Average salinity value of five percentiles, interquartile
range (]P75-P25|), and overall range {1 P95-P5| ) of brown shrimp
(P. aztecus} distributions in gradient tanks during spring, sum-

mer and fall

Season Numggr of Salinity (ppt)

experiments P Pos  Psg P75 Pgs P75-P25 Pg5-P%
Spring 6 49.1 38.1 29.9 él.g 11.4 16.2 37.7
Summer g 41.4 28.9 20.6 13.9 7.2 15.0 34.2
Fall 2 47.3 36.0 27.4 19.2 10.0 16.8 37.3

White shrimp were collected and tested only during summer and

fall. Except at low salinity extremes (P95), white shrimp did not
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TABLE 5.--Split-plot analysis of variance for five percentiles, inter-
quartile range {}P75-P25|), and overall range (1 P95-P5| } of dis-
tributions of brown shrimp (P. aztecus) in gradient tanks during
spring, summer and fail. "Time" consists of five observatian peri-
ods during the first 24 hr of observations/experiment

o F-Statistics

Source df - pg P25 Pso P75 Pos  phe zgf:
Season 2 5.00 8.19** 7.13** 5.97% 4.50 0.30 0.64
Error a 14

Time 4 0.45 0.19 0.53 4.27% 17.02*% 2.30 1.71
Time x

Season 8 0.16 2.56* 5.07** 4.48** 1,85 0.47 0.5

Error b 48

*significant at 0.05 level
**significant at 0.01 level

exhibit seasonality in response (Table 6). [In the fall, the average
P95 for white shrimp was 5.8 ppt compared to 11.1 ppt in the summer
(Table 7).

The data from the control tanks were analyzed in the same manner
described for the gradient tanks. No seasonality was apparent in
either the brown or white shrimp distributions (Tables 8 and §).
Average values of the percentilesand ranges are presented in Tabies

10 and 11.
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TABLE 6.--Split-plot analysis of variance for five percentiles, inter-
quartile range {|P75-P25|), and overall range {|P95-P5[) of dis-
tributions of white shrimp (P. setiferus) in gradient tanks during
summer and fall. "Time" consists of five observation periods during

the first 24 hr of observations/experiment

F-Statistics

Source df - pg P25 Pso P75 Pos E;g- EgS'
Season 1 0.88 2.16 217 3.78 5.83* 0.63 2.19
Error a S

Time 4 0.17 0.40 1.80 6.30** 7.43** 311 2.10
Time X

Season 4 0.81 1.2} i.64 1.95 0.79 0.16 0.66

Error b 29

*significant at 0.05 level
**significant at 0.01 level

TABLE 7.--Average salinity values of five percentiles, interquartile
range (|P75-P25!), and overall range (|P95-P5]) of white shrimp
(P. setiferus) distributions in gradient tanks during summer and

fall

Salinity {ppt)

Number of .
Season o veriments 5 o5 Pso Ps Pogs PrsPos PosoPs
Surmer 6 43.5 34.5 28.0 21.1 11.1  13.4  32.3

Fall 5 4.0 28.5 21.1 13.6 5.8 14.9 35.2
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TABLE 8.--Split-plot analysis of variance for five percentiles, inter-
quartile range (|P75-P25]), and overall range (|P95-P5 } of dis-
tributions of brown shrimp (P. aztecus) in control tanks during

spring, summer and fall. "Time" consists of five observatio: peri-
ods during the first 24 hr of observations/axperiment

F-statistics

sourcedf - py P25 Pso P75 Pos gl 85
Season 2 1.15 0.09 0.32 0.56 1.10 1.89 1.04
Error a 10
Time 4 0.27 0.56 0.62 0.76 0.50 0.42 0.8]
Season x

Time 8 1.38 0.79 0.63 0.68 0.32 1.17 0.76
Error b 36

*significant at 0.05 level



TABLE 9.--Split-plot anmalysis of variance for five percentiles, inter-
quartile range { [P75-P25] ), and overall range ( |P95-P5| } of dis-
tributions of white shrimp (P. setiferus) in control tanks during
summer and fall. "Time" consists of five observation periods dur-
ing the first 24 hr of observations/experiment

F-Statistics

Source  df pg P25 Psg P75 Pgs E;g- ﬁgg?f
Season 1 2.00 0.65  0.00 0.85 1.34 4.91 2.87

Error a 8

Time 4 0.55 0.49  0.16 0.25 0.76 0.29 0.5]

Time x

Season 4 0.84 1.64 2.20 3.03* 2.83* 1.50 ¢.02

Error b 27

*significant at 0.05 level
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TABLE 10.--Average centimeter values of the five percentiles, inter-
quartile range ( |P75-P25| ), overall range {!P95-P5[} of brown
shrimp (P. aztecus) distributions in control tanks during spring,

summer and fall

o S, By
' P25 Ps
Spring 5 4.1 26.0 58,7 68B.6 132.8 72.7 128.7
Summer 6 5.2 26.7 64.3 105.3 135.0 78.5 129.8
Fall 2 3.5 21.3 5.0 102.0 135.C 80.7 131.5

TABLE 11.--Average centimeter values of five percentiles, inter-
quartile range { |P75-P25|), overall range {!P95-P5| ) of white
shrimp (P. setiferus) distributions in control tanks during
summer and fall

Centimeters

Number of Centimeters from tank bottom

Season ; P75-  Pogs.
t P 3
experiments 5 2?5 Psop  P7g Pg5 Pos pe
Summer 5 5.4 25.8 53.6 87.6 126.7 61.8 121.2
Fall 5 3.4 18.9 52.4 98.2 133.0 79.3 129.6

Variation in Shrimp Distributions within Experiments Reilated to Time

Temporal influence.--In some instances, shrimp exhibited a con-

stant preference for salinity during an experiment, whereas at other
times, obvious shifts in salinity preference occurred. The split-
plot analysis of variance tested variation in shrimp response among
the five observation periods (Times 1-5) made during the first day of

observations. Shifts in brown shrimp distributions during the
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experiment were significant for the 75th and 95th percentiles and the
interaction of Time x Season was significant for the 25th, 50th, and
75th percentiles (Table 5, p. 41'. To aid in the interpretation of
these results, the mean values of these percentiles for each obser-
vation period were plotted by season and for all seasons (Fig. 6).
The seascnal graphs of the 25th percentile showed that preferred sa-
linity tended to increase in the spring as the experiment proceeded,
decrease in the summer, and remain fairly constant in the fall. An
examination of the median, plotted by season, showed that in the
spring, there was a trend for the shrimp to seek higher salinities
after the second observation period. This contrasts with the response
of shrimp tested in the summer which sought progressively lower
salinities as the experiment proceeded. The medians calculated for
experiments conducted in the fall (experiment 19, tank A; experiment
23, tank A) were approximately the same for all observation periods.
The graph of the 75th and 95th percentiles averaged over all sea-
sons (Fig. 6, p. 46 showed that both percentiles tended to decrease
during experiments. The 75th percentile also differed significantly
by season. Shrimp in the spring evidenced a variable response to
salinity at the 75th percentile while those tested in the summer
tended to move into less saline water as the experiment proceeded.
Shrimp in the fall also tended to move into Tess saline water until
the fifth observation period when they again moved into higher

salinities. The interaction of Time x Season was not significant
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at the 95th percentile as the shrimp responded in a 1ike manner among
seasons (Fig. 6, p. 46},

White shrimp data were similarly analyzed. The 75th and 95th
percentiles differed significantly (Table 6, p. 42 . Both of these
percentiles showed a tendency to decrease from the beginning to the
end of the experiment (Fig. 7) as noted previously for brown shrimp
(Fig. 6, p. 46). There were no significant Time x Season inter-
actions, as the shrimp distributions generally followed a similar
pattern for both seasons (Fig. 7, p. 48).

Analysis of control tank distributions of both species (Tables
8-9, n.42-43) showed that there were no significant shifts among the
observation periods averaged over all seasons. Only the 75th and
95th percentiles for white shrimp reveal signficant Time x Season
interactions. The white shrimp tested in the summer tended to move
towards the top of the tank during the experiment; however, those

tested in the fall tended to seek Tower levels (Fig. 8).

Day-night influence.--To investigate the possibility of diel

periodicity in shrimp movements, the five time periods were codec
into day and night. The analysis showed no significant day-night
differences in brown and white shrimp distributions in either

gradient or control tanks (Tables 12-15).

Tidal influence.--In certain experiments, there were pronounced

shifts that suggested that the shrimp might be responding to tidal
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FIGURE 8.—Distribution of postlarval white shrimp (P. setiferus)
in control tanks in the summer and fall.
observation periods during the first 24-hr of observations/experiment.
Distributions are characterized by the average values of the 5th,
25th, 50th {(median), 75th, and 95th percentiles. ** indicates that
the distribution differs significantly between seasons for that per-

centile at the 2.071 Tevel.

"Time" consists of five
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TABLE 12.--Split-plot analysis of variance for five percentiles,
interquartile range ( P75-P25{ ), and averall range {|P95-P5| ) of
brown shrimp (P. aztecus) distributions in gradient fanks durinc

spring, summer and fall. The five observations taken during 24
hours of observations were coded into "day" and "night" for

analysis
- F-Statistics o
Source df Ps Pos Peg Pys Pgs g;g- ;25_
Season 2 4.82* B.41** 6.79* 572 4.17%  0.47 0.€9
Error a 14
Day-Night 1 0.15 1.21 0.05 0.45 0.03 3.07 G.04
Day-Night

x Season 2 0.00 0.16 0.18 0.76 0.08 0.94 Q.06

Error b 57

*significant at 0.05 Tevel
**significant at 0.01 level
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TABLE 13.--Split-plot analysis of variance for five percentiles,
interquartile range {|P75-P25| ), and overall range (]| P95-P5|)
of white shrimp (P. setiferus) distributions in gradient tanks
during summer and fall. The five observations taken during 24
hours of abservations were coded into "day" and "night" for
analysis

F-Statistics

f S T
source 9T pg ppg  Psp  Pps g5 25 0%
season 1 0.80 1.90 1.80 3.20 470 0.42  1.45
Error a 9

Day-Night 1 1.31 2.25 1.64 0.12 0.30 0.49 1.12

Day-Night
x Season 1 1.29 0.07 0.56 1.60 0.91 1.53 0.00

Error b 35

*significant at 0.05 level
**significant at 0.01 level
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TABLE 14.--Split-plot analysis of variance for five percentiles,
interquartile range (|P75-P25} ), and overall range (| P95-P5 |)

of brown shrimp (P. aztecus) distributions in control tanks

during the spring, summer and fall.

The five observations taken

during 24 hours of observations were coded into "day" and "night”

for analysis

F-Statistics

source I Pos  Pso P75 P35 o E§5‘
Season 2 2.53 0.27 0.32 0.56 0.98 1.89 0.9
Error a 10
Day-Night 1 3.07 0.34 1.47 1.39 0.99 0.79 0.11
Day-Night

x Season 2 0.56 0.28 0.31 0.02 0.01 0.09 0.03

Error b 45

*significant at 0.05 level
**gignificant at 0.01 level
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TABLE 15.--Split-plot analysis of variance for five percentiles,
interquartile range (] P75-P25| ), and overall range (I P95-P5i )
of white shrimp (P. setiferus) distributions in control tanks
during the summer and fall. The five ohservations taken during
24 hours of observations were coded into "day" and "night" for
analysis

F-Statistics _

Source df B P75-  Pgs-
p p p P p -
5 25 50 ?5_,_ﬁ 94%7‘_-[3_2—5__”_ _P_B .
Season 1 0.68 0.30 0.01 0.98 1.48 4.73 2.7¢
Error a 8

Day-Night 1 3.36 0.36 0.73 0.33 0.11 1.25 0.0

Day-Night
X Season 1 3.36 1.35 1.43 0.83 (.24 0,04 0.04

Error b 33

*significant at 0.05 Tevel
**gignificant at 0.01 level
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rhythms. To test this possibility, tide levels (U.S. Geodetic Survey
1970a; U.S. National Ocean Survey 1971a, 1972a) and tidal currents
(U.S. Geodetic Survey 1970b, U.S. National Ocean Survey 1971b, 1972b)
were plotted for those gradient tank distributions that exhibited
shifts as well as for several that did not (Appendix B, Figs. 1-13..
No relationship was found between tidal stage and shrimp distribu-
tion for either white or brown shrimp postlarvae. Shifts in control

tank distributions for the above experiments showed no relationship

with tidal phase.

A Comparison of White and Brown Shrimp Salinity Preferences

Several times white and brown shrimp were collected together and
tested several days later at the same time. The average values of
the shrimp distributions and the interguartile and overall ranges
from those experiments conducted during the summer were compared
using the sign test. The chi-square value was significant at the
0.05 level for the median and 75th percentile (Table 16). Although
these percentiles for white shrimp distributions corresponded to
higher salinities than did those for brown shrimp distributions, the
average salinity difference between the medians and the 75th percen-
tiles was only 3.2 ppt and 3.9 ppt. respectively. In the one exper-
iment conducted during the fail, all five percentiles of white shriwp

distributions were lower than those for browns {Tabie 17).
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TABLE 17.--Average salinity values of five percentiles, inter-
quartile range (jP75-P25]), and overall range (iP95-P5|) for
brown (P. aztecus) and white (P. setiferus) shrimp distributions

i gradient tanks during the fall in experiment 23

Salinity (ppt)

Species ] P75- PgL-
B B Ps Pes  Pso P15 P95 pps  ps
P. aztecus 48 .5 37.3 29.1 23.0 10.3 27.0 35.2

p. setiferus  39.0 28,0 21.1 13.0 10.3 150  34.6

The median values of the control tank distribution (Table 18)
were not treated by the sign test as it requires a minimum of six
pairs of observations to detect significant differences (Steel and
Torrie 1960). Visual comparison shows that in the summer months,
white shrimp were not consistently found in Tower levels of the tanks
than brown shrimp. In the fall, white shrimp were found at higher
tank levels than the brown shrimp (Table 19).

The overall variance of the two species calculated during the
analysis of variance was used as an index of species variability.
The variance of the five percentiles, the interquartile range { P75~
P25 ) and the overall range {|P95-P5i) of each species were compared
using the F-test for homogeneity of variance. The results show that
the variances of the two species did not differ significantly
(Table 20).

The control tank percentiles were likewise compared for homo-

geneity of variance using the F-test. Calculated F values were
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significant for all percentiles indicating that the variance of white
and brown shrimp differed significantly: white shrimp consistently

had the higher variance (Table 21).

TABLE 19.--Average centimeter values of five percentiles, inter-
quartile range (|P75-P25|}, and overali range (|P95-P5F) for brown
(P. aztecus) and white (P. setiferus) shrimp distributions in con-
trol tanks during the fall in experiment 23

Centimeters from tank bottom Centimeters
Species P75- Pgs-
P P P
P. aztecus 2.6 15.5 50.0 99.0 133.9 84.4 131.3

P. setiferus 4.7 27.7 67.7 109.0 135.0 81.3 130.3

TABLE 20.--Test of homogeneity of variance of five percentiles,
interquartile range (?P?B-PZSi). and overall range {|P95-P5!) for
brown (P. aztecus) and white (P. setiferus} shrimp distribution

in gradient tanks

Variance .

Brown white F-Statistic
Pg 42.03 24.99 1.68 n.s
P25 40.76 50.52 1.24 n.s
P5Q 43.83 61.72 1.41 n.s
P75 37.21 52.61 1.41 n.s
Pgs 17.79 26.61 1.50 n.s
P75-P25 17.83 14.69 1.21 n.s
Pg5-Pg 45.07 23.14 1.60 n.s




TABLE 21.--Test of homogeneity of variance of five percentiles,
interquartile range ({P75-P25!), and overall range ([P95-P5!)
for brown {P. aztecus) and white (P. setiferus) shrimp dis-
tributions in control tanks - C

Varijance L

Brown White F"Stat1stli
P5 3.50 6.71 1.92*%
Pog 94,40 171.20 1.82*%
P50 203.69 427 .88 2.10%*
P75 170.75% 444 .72 2.62%*
Pgs 20.27 138.70 6.84x*
P75-P25 39.78 285.00 3.17%
Pgg-Pr 3.50 6.71 7.44%x

*significant at 0.05 level
**significant at 0.01 Tevel

Effect of Age ypon Salinity Preference

Field animals.--Studies were designed to determine whetner sa-

linity preferences of brown and white shrimp vary with size and age.
Initially, postlarvae were introduced into the experimental tanks
within 9 days of collection. Other individuals collected at the
same time were tested 11 to 61 days after coliection.

The data show that generally postlarvae held in the labcratory
for 11 to 61 days were distributed at Tower Jevels in both control
and gradient tanks (Tables 22-25) than were postlarvae held for less
than 9 days. The parallel movement of postlarvae in both control and
gradient tanks suggests that some factor other than size or age alone

influenced the response of shrimp in these studies.
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Hatchery animals.--Hatchery reared brown shrimp were obtained in

December, 1972 from the Naticnal Marine Fisheries Service Laboratory
{NMFS). They were not of uniform size and were separated by eye into
two size groups. At the start of experimentation (experiment 27),
the shrimp were 35 days old, at which time the two groups measured
7.6 and 11.7 mm, respectively. Figure 9 presents a summary of the
salinity preference shown hy each size group of shrimp tested from
the November 18th hatch. It appears that the size of the shrimp was
more important than age in determining salinity preference. The /.6
mm shrimp preferred a median salinity approximately that of seawater
while the 11.7 mm shrimp preferred salinities 6 ppt Tower. Shrimp
remaining in the holding tanks were tested at the age of 42 days
{experiment 28). The smaller shrimp at this time measured 8.9 mm
and the larger postlarvae, 12.4 mm. As previously, the smaller
shrimp preferred a higher median salinity (29.5 ppt) than did the
larger postlarvae (25 ppt). The overall ranges of the two groups
of 42-day shrimp, however, were more similar than those of the two
groups of 35-day postlarvae.

On January 8th another group of shrimp from the November hatch
was obtained from the NMFS hatchery. These shrimp measured 18 mm
and were more uniform in size than the first group. They were spiit
into two groups for holding and then tested at 56 days of age.
Unfortunately during this experiment (experiment 29), the salinity
gradients in both experimental tanks changed. As the point in time

when this salinity change occurred could not be determined, the
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initial salinity measurements were used to compute the salinity
preference of the shrimp in the first two observation periods, and
the final gradient measurements were used for the last observation
period. The distribution data for shrimp at other observation
times were not used. These shrimp appeared to prefer salinities
similar to those selected by the 11.7 mm, 35-day shrimp and the
12.4 mm, 42-day shrimp.

Distribution of animals in the control tanks was fairiy similar
for all sizes and ages of shrimp {Appendix A. Figs. 51-54, 56-57,
p. 179-184, 186-187). The 7.6 mm shrimp had the weakest bottom-
seeking tendency with only 20% of the shrimp being found in the
bottom 10 cm. This compares with 25 to 30% of the shrimp of other
ages and sizes present in the bottom 10cmregion of the control tank.

Brown shrimr obtained in June, 1973 fromthe NMFS hatchery were
tested {experiments 38 and 40) in an attempt to verify whether
salinity preference is related to the size of the shrimp. Unfor-
tunately, these shrimp were far less hardy than those obtained pre-
viously. They were also about 1 rm smaller than the smallest size
group previously tested., Within 2 hours of introduction 33% of
the shrimp had died in the gradient tanks. Eight hours later, the
mortality had increased to 77%. Mortality was also higher than
normal in the control tanks, 20% dying within 2 hours and 330 dying
within 8 hours. Shrimp from this hatch were tested again 21 days
later. High mortalities were still observed. Twenty-three hours

after introduction, 48" had died in one gradient tank and 66
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of the postlarvae in the other. The majority of the deaths occurred

in salinities greater than 58 ppt. Because of the high mortality.

the results of these experiments are not presented.

Effect of Acclimation Salimity upon Salinity Preference

The effect of acclimation salinity upon salinity preference of
brown shrimp seemed to be variable. In experiment 30, shrimp accli-
mated to 24 opt were found in higher salinities (Appendix A, Fig. 58,
n. 188) than those held at 32 ppt. In experiment 33, the median sa-
linity of shrimp acclimated to 12 ppt was 24 ppt (Appendix A, Fiq.
67, p. 199) compared to 33.5ppt for those held at 24 ppt for the same
period of time. Another group of shrimp was held for 23 days (ex-
periment 45). At 20 hours after introduction, the distributions of
shrimp acclimated to 12 and 26 ppt had similar medians and 75th anc
95th percentiles (Appendix A, Fig. 98, p. 244); however, the P5 and
P25 levels were 8 ppt higher for the shrimp acclimated to 26 ppt
indicating that these shrimp frequented higher salinity extremes
than those acclimated to 12 ppt.

Acclimation salinity seemed to have only a short-term effect on
white shrimp. In both experiment 22 and 41 (Appendix A, Figs. 41 and
84, p. 167 and 221), there was an initial difference in salinity
preference with those shrimp acclimated to the lower salinities select-
ing lower salinity levels than those acclimated to the higher salinity.
By the end of 22 and 34 hr {experiments 22 and 41, vespectively) the

distribution of shrimp in each experiment was similar.
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Brown shrimp in experiments 30 and 45 exhibited a variable re-
sponse in the control tanks to acclimation satinity. Shrimp accli-
mated to 24 ppt for 5 days were agenerally found higher in the control
tanks than those acclimated to 32 ppt at each observation period:
however, the summary histograms were similar for the first 27 br of
observations (Appendix A, Fia. 60, p. 192). Brown shrimp acclimated to
26 ppt for 23 days were found higher in the coentral tanks than were
+hose acclimated to 12 ppt (Appendix A, Fig. 100, p. 246)}.

White shrimp selected similar levels in the control tanks ir-
respective of their acclimation salinity (Appmendix A, Figs. 42 and

85, p. 168 and 223).

Effect of Temperature on Salinity Preference

Two types of experiments were designed to determine the effects
of temperature upon salinity preference. Postlarvae were either
acclimated to different temperatures and tested in experimental
tanks at their respective acclimation temperatures or acclimated to
one temperature and tested at that temperature and then at higher
or lower temperatures. In several experiments of the latter type,
final observations were made at temperatures close to initial temp-
eratures {Table 26).

The response of brown shrimp postlarvae to temperature was in-
vestigated using shrimp from 12 collections. No consistent differ-
ences in salinity preference were observedas temperature increased or

decreased (Table 26.p. 62 ). In experiments where final and initial
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temperatures were similar, final distributions of shrimp in the sa-
linity gradients generally differed from initial distributions.
Usually, the final distribution was characterized by lower values
{experiments 15, 17-19, 23); however, in experiments 16 and 30,
most of the final values were higher than initial values (Table 26,
p.69 }. These results suggest that the length of time in the ex-
perimental tanks rather than temperature alone influences salinity
preference. This possibility was investigated in experiment 35 by
holding 2 of the 4 tanks at constant temperatures and varying the
temperature in the other two tanks. The results of this experiment
were inconclusive because the distributions of the 30 ppt-acclimated
shrimp in the two tanks were not similar at the initial temperature
(tank A & C; Table 26, p. 69, Appendix A, Fig. 73, p. 207). The
distributions of 20 ppt- and 24 C-acclimated shrimp between 32.9 and
51.0 hr were determined at temperatures averaging near 30 C (tank B;
Appendix A, Fig. 71, p. 205) and 24 C (tank D; Appendix A, Figa. 72,
p. 206}, The 25th and the 75th percentiles for the 30 C shrimp were
nearly 7 ppt higher than for those tested at 24 C, whereas distribu-
tions differed by less than 2 ppt at the other percentiles.

The response of white shrimp postlarvae to temperature
(Table 27) was investigated in three experiments. Shrimp tested
in the summer appeared to seek lower salinities with increasing
temperatures. This, however, was apparently more related to the
Tength of time they had been in the experimental tank as when

temperatures were again lowered, the median salinity remained the
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same or continued to decrease.

Distribution of white and brown shrimp in the control tanks
seemed to be unrelated to temperature {Tables 28, 29). In some
instances, lower median levels in the tank were associated with

higher temperatures, but the opposite response was alsc observed.

Influence of I1lumination upon Salinity Preference

Two experiments (37 and 42) were designed to determine whether
the red illumination had an effect upon salinity preference of brown
and white shrimp postlarvae. In experiment 37, the tanks were main-
tained in complete darkness except for half-hour periods of light
every 6 hr. The distribution of shrimp was recorded within 1 min
after the red lights were turned on behind the tanks. This first
observation was considered to characterize the distribution of
shrimp in darkness. Five observations made at 5-min intervals.
beginning 10 min after illumination, formed the second group. The
above classification will hereafter be referred to as "dark” and
"light", respectively.

Light had a variable effect on shrimp distributions. In experi-
mant 37, 1ight had little influence on the salinity preference of
brown shrimp. In the early part of this experiment, distributions
were similar except at the 5th percentile, which indicated tnat
some brown shrimp moved deeper into the tank into more saline
waters in the light {Appendix A, Fig. 76-77, p. 211-212}. Liagnt

had a pronounced effect on the distribution of white shrimp in
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experiment 37. 1In the light period, distributions were lower at all
percentiles than in the dark, indicating that the shrimp moved down-
ward in the tanks in the light into more saline waters (Appendix A.
Fig. 79 and 81, p. 215 and 217}, The response of brown and white
shrimp tc dark and light conditions was variable in control tanks
{Appendix A, Fig. 78, p. 214).

Another collection of brown and white shrimp was made 5 weeks
later. Four salinity gradients were prepared (experiment 42), two
of which had dark and Tight periods as in experiment 37, while the
remaining two were continuously illuminated. Intermittent and con-
tinuous lighting had little influence on either postliarval brown
or white shrimp distributions except at salinity extremes. Brown
shrimp tended to be found at higher salinity extremes (P5) in the
dark than during either periodic or continuous light (Appendix A,
Fig. 87. p. 226). White shrimp distributions were similar in the
dark and intermittent illumination; however, under continuous iliur-
jnation, white shrimp occurred at lower salinity extremes (P95)

(Appendix A, Fig. 88, p. 228).
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DISCUSSION

Oceanic Phase of the Shrimp Life Cycle

nhases. To evaluate the responses of postlarval shrimp to saiinity
gradients, it is necessary to review current knowledge of the
oceanic phase of their life cycle and the forces or mechanisms

that act to transport the postlarvae to the beachfront and from
there into the estuaries.

The mechanisms by which postlarval shrimp find their way shore-
ward from spawning areas as far as 360 kilometers from land to the
estuarine nursery grounds have not been clearly identified. Al-
though laboratory studies have shown that low salinity is not essen-
tial for growth and survival of postlarval shrimp (Zein-Eldin and
Aldrich 1965, Zein-Eldin and Griffith 1969), these shrimp generally
utilize the low salinity estuarine areas as nursery grounds
(Williams 1965).

It is not known whether the postlarvae are at the mercy of
water currents alone or if they are capable of active shoreward
movements, or if both factors are important. Since current velocity
and direction may vary with depth, the delineation of differences “n
vertical distribution of larval stages is prerequisite to under-
standing the role of water currents in transport. In a series of
cruises, Temple and Fischer {1965) found QirtiaT vertical separa-

tion of immature stages in the water column when a well-defines
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discontinuity layer was present and the water was exceptionally
clear. Protozoeal and mysis stages were found more frequently in
the deeper portions of the water column (18 and 34 m) while post-
larval stages occurred more frequently near the surface. No dif-
ferences in vertical distributions were found when the water

column was isothermal and reiatively turbid. When a discontinuity
layer was present, immature stages migrated into surface waters as
darkness approached and returned to deeper waters with dawn. There
was no difference in day-night distributions when the water column
was isothermal.

Jones et al. {1970} alsoc found that the vertical distribution
of pink shrimp (P. duorarum) larvae varied with age. At 15-fathom
stations, postlarvae were generaily more abundant at the surface
and mid-depths than at the bottom. Sigrificantly more protozoae
and mysis were collected at the surface during the night than
during the day. No significant difference was detected between tne
numbers of postlarvae caught at the surface during the day and dur-
ing the night. They did not relate vertical distribution of shrimp
to the presence or absence of thermal stratification.

Williams and Deubler (1968) tested the possibility that wind-
generated onshore currents were important for transporting post-
larvae shoreward into the gyres off the North Carclina coast and
from there towards the inlets; however, their 10 years of data, ob-
tained from collections made at flood tides in tidal passes and at

estuarine stations, did not support this hypothesis. Wind direction,
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when postlarvae were present in collections, was nearly evenly
divided between onshore and offshore showing that wind direction at
time of catch had no effect on sampling success. There was also no
relationship between the magnitude of currents and the number of
postlarvae collected.

King (1971) found a pesitive correlation between wind direction
and the number of postiarval brown shrimp caught on flood tides in a
Texas tidal inlet. His resuits indicated that more postlarvae were
captured when wind direction was offshore. His results are puzzling
since he also observed that the greatest density of postlarval
shrimp was at the surface. If wind-directed surface currents exist
in the transport of postlarvae into the estuaries, one would expect
jmmigration peaks to bepositively correlated with onshore winds.

In the Northwestern Guif of Mexico, the variation in surface
currents is believed to be largely a function of prevailing winds.
If northerlies are stronger than usual during the winter and their
influence is apparent until late spring, then there is a delay 1in
the establishment of onshore surface drift (Kimsey and Temple 1964).
In a current study conducted off Galveston Island, 32% to 647 of the
drift bottles recovered were found along the beaches of the Texas
coast indicating that onshore surface currents were present (Baxter
1967). Further south, Watson and Behrens (1970), using drift bot-
tles, concluded that currents on the shallow sheif can be generated
by local winds. HNearshore current flowed in opposite directions

during winter and summer just as did prevailing winds. Ringo
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(unoublished manuscript) found that the time of peak postlarval
occurrence in Galveston Bay corresponded to south and southeasterly
onshore winds. In view of these various findings, the role of cur-
rents in transnorting nostlarvae to the bays remains unclear.

Once in the vicinity of the tidal passes, postlarvae may utilize
the tides to facilitate movement into the estuaries. Several investi-
gators, sampling throughout tidal cycles, have caught postlarvae pri-
marily on flood tides. St. Amant, Broom, and Ford (1966) collected a
preponderance of brown postlarvae on incoming tides, and Baxter (1966)
caught greater numbers of postlarval brown shrimp on flood tides than
on ebb tides. On the basis of similar work, Caillouet, Fontenot, and
Duqgas {1968) and Caillouet, Perret, and Dugas (1970) concluded that
postlarvae of both white and brown shrimp were carried shoreward by
incoming tidal currents. King (1971), collecting only on flood tides,
found that the rate of brown shrimp inmigration was positively corre-
Jated with tidal amplitude. Tabb et al. (1962) caught the majority of
pink shrimp on flood tides during the night. Eldred et al. {1865}
caught most of the postlarval pink shrimp collected in their study
during flood phases of full moon spring tides. Hughes (1969a) and
Jores et al. (1970) also collected more postiarval pink shrimp on
flood tides thanm on ebb. Jones et al. proposed that migration of
shrimp may be facilitated by tidal currents, the tarvae being carried

hy the flood currents, but clinging to the bottom during ebb flow.
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The laboratory experiments reported here suggest that postlarval
brown and white shrimp may utilize salinity gradients to orient to
the estuaries. Brown and white postlarvae were observed to seek
salinities Tower than those usually found in the open Gulf of
Mexico. Postlarvae could conceivably follow salinity gradients that
extend from the estuary secaward. Aldrich {1966} showed that post-
larvae are capable of extended swimming. He estimated that swimming
alone could transport larvae 4.8 km per day. His laboratory esti-
mate of the rate of postlarval movements is comparabie to the ab-
served rate of postlarval movement into the Galveston Bay System
(Ringo, unpublished manuscript).

Qur results are at variance with some of those reported by
Hughes (1969b) who observed that postlarval pink shrimp (9.2 to
11.1 mm} had an aversion to penetrating waters of low salinity.
There are two factors that may explain this discrepancy. Hughes
exposed postlarvae to salinity discontinuities, whereas  tested
the response of postlarvae to continuous salinity gradients. It 15
also possible that pink shrimp have salinity responses which differ
from those of brown and white shrimp.

From further laboratory experiments, Hughes (1972) proposed
that postlarval pink shrimp had an endogencus rhythm which synchro-
nized their activity with tne tidal cycle. He suggested that fhis
would result in the postlarvae present in the water column being
carried shoreward at the time of flood tide. During ebb tides. they

could settle to the bottom. Results of Hughes' study appear
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cantradictory. In current-chamber studies., he found that postlarvae
swam upstream at time of flood tide and downstream at time of ebb;
thus, the shrimp swam "seaward" at a time when they might be trans-
ported "landward". If endogenous rhythms assist shrimp in synchro-
nizing their position in the water column with tidal cycle, one
might expect postlarvae to express these rhythms in the salinity
gradient and control tanks by regularly shifting their distribution
in accordance with tidal stage. Although shifts in shrimp distribu-
tion occasionally occurred in the experimental tanks, these shifts
were not regular and could not be related either to changes in

tidal stage or to magnitude of tidal currents (Appendix B}.

Several factors may explain the lack of tidal synchrony in var-
iations of postlarval distributions in the apparatus used in our
study. Laboratory studies which have elicited behavioral responses
of postlarvae to tidal stages have employed currents. Hughes (1969
a, b, c and 1972} simulated tides by reducing salinity in a
cylindrical current-chamber, whereas the salinity gradient appa-
ratus we used was a static system. Perhaps the response of post-
larvae to tide is governed by moving water as well as by changes
in salinity.

Hughes' (1969c¢} experiments with juvenile pink shrimp suggest
that entrainment by the tidal cycle may also affect behavior of
postlarvae; juvenile shrimp captured at different tidal stages

responded differently tc his current-tank apparatus.
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The persistence of tidal rhythms of shrimp held in the labora-
tory has not been demonstrated. It is possible that tidal rhythms
require reinforcement, and in the absence of environmental cues,
would not persist. The postlarvae tested in these experiments
were held for a minimum of 3 days under constant conditions of il-
lumination and temperature in calm water stirred only by currents
produced by gentle aeration.

Shrimp may utilize environmental cues to respond to tide which
were not provided in the salinity gradient and control tanks.
Aldrich {(unpublished data) tested postlarvae in experimental tanks
within 1 day of capture and found no evidence of tidal rhythmicity.
In other experiments, swimming behavior of animals recently col-
lected at the beach were observed in standing water aquaria. The
number of postlarvae swimming in the water column was recorded at
regular intervals over a period of several days. If, as Hughes
{1972) proposed, postlarvae have an endogenous rhythm that results
in their being present in the water column at flood tide and close
to the bottom at ebb, one would expect more shrimp to be present in
the water column during flood than during ebb tide. This was not
the case, however, for postlarvae did not vary their swimming ac-
tivity with tidal stage {Aldrich unpublished data).

It is possible that an endogenous response to tide is not the
whole mechanism of postlarval transport. Galveston Bay is a shal-
low, well-mixed estuary. Accordirgly, the water column does not

usually exhibit vertical differences in salinity. Tidal rise and



84

fall is less than a meter and,as a result of dominant wind effects,
the tide is frequently irregular in cycles. An endogenous response
to tide would not appear to have as much transport value on the
Texas coast as it might elsewhere.

Several investigators have proposed that other marine organisms
respond to tidal cycles and utilize the tides for transport. Verwey
(1953) reported that targe numbers of a swimming crab, Portunus
holsatus, were present at the surface during ebb tide, but were not
observed during flood tide. He also reported on an earlier paper by
Peters and Panning (1933) who found that the megalops of the Chinese

crab, Eriocheir sinensis, travel up the River Elbe during the fiood

tide and avoid seaward displacement by seeking the bottom during the
ebh. Creutzberg (1958) caught 3 to 10 times more eel elvers during
flood than during ebb tide. Carriker (1951), from his field invest-
igations, observed that changing salinity apparently stimulated
oyster larvae to swim up from the bottom on flood tide. Bousfield
(1955) observed that vertical movements enabled estuarine barnacle
larvae to escape from the seaward-moving surface layers. He found
that the Tarval stages were carried seaward by surface water cur-
rents. As the larvae matured. they sought deeper waters resulting
in their being transported back up the bay. Bousfield alsc observed
that cyprids migrated vertically to take advantage of flood tides.
He proposed that the stimulus to migrate upwards on flood tide need

not be salinity, but mere mechanical stirring of the bottom.
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In order to utilize tidal currents effectively, animals must be
able to distinguish tidal stages; however, the manner by which ani-
mals distinguish these stages is largely unknown. Creutzberg (1961)
found that elvers responded not to differences in salinity, but to
the presence or absence of "scent" of inland waters. In his initial
investigations, he found that the elvers did not respond to artifi-
cial ebb and flood tides simulated by changes in salinity. Later
when the tidal cycle was simulated by the addition and Tater dilu-
tion of inland waters, the elvers left the bottom and rode the
"flood tide" current. During "ebb tide", they remained close to
the bottom and headed into the current. Creutzberg was unable to
determine how elvers could determine the end of flood tide when
they were in higher water Tevels: nevertheless, in his experiments,
the elvers returned to the bottom at the end of the flood tide.

Haafter and Verwey (1960) tested the response of nudibranchs
to water containing the scent of a prey species. They found that in
the absence of a scent, the slugs generally swam with the current;
however, when water containing scent was introduced, the animatls
headed into the current. Haafter and Verwey concluded that currents
take over the role of orienting the animal so that it will be led
to the place of scent origin. Scent has not been studied in post-
larval sirimp, but such a study would provide useful information on

possible orientation mechanisms utilized by them.
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Field surveys disagree as to whether postlarval shrimp exhibit
diel rhythms. Various researchers have investigated diel periodic-
ity in postlarvae by taking samples in tidal pass entrances at reg-
ular intervals during 24-hr periods. Tabb et al. (1962) found
immigrating pink postiarvae almost exclusively in the water column
during hours of darkness. They believed 1ight to be a negative
stimulus, as they caught almost as many postlarvae during a flood
tide on a dark, cloudy day as they did after dark on a flooding
tide on the same day. Eldred et al. (1965}, however, caught ap-
proximately the same number of postlarval pink shrimp in the day-
time as at night. Young of other genera caught during their
studies revealed much more pronounced nocturnal rhythms--98% of

Trachypenaeus postlarvae and 88% of Sicyonia postlarvae were caught

at nighttime during the study. Baxter and Furr (1964) estimated that
70% of the postlarval brown shrimp in their samples at the Bolivar
Roads entrance to Galveston Bay were caught between 9 PM and 6 AM,
but a similar study done at nearby Rollover Pass showed no relation-
ship between time of day and number of postlarvae caught (Berry and
Baxter 1969). Copeland and Truitt (1966) found that brown shrimp
postlarvae were generally found near the surface at night;whereas
they detected no difference in vertical distribution during the day.
Williams and Deubler (1968) also reported that generally more grooved
postlarval shrimp were present in surface plankton tows at night than
during the day; furthermore. a bright light at night in the vicinity

of their collection station drastically reduced their catch. In



addition, they found that higher catches were made at times of new
moon than at full moon. St. Amant et al. (1966) found no signifi-
cant differences between numbers of brown shrimp caught during the
day and the number caught at night. Caillouet et al. (1970}, sam-
pling every 2 hr over a 98-hr period, found no significant differ-
ences between numbers of postlarval brown shrimp in day and night
catches. Caillouet et al. {1968) investigated the diel rhythms of
white shrimp using the sampling program described above for brown
shrimp. They reported that peak catches of white shrimp occurred
at night 2 to 4 hr after high water and at the lowest water temp-
eratures during each of the four 24-hour periods. During their study,
however , tides were diurnal with flood tide occurring near midnight
and ebb tide occurring near noon. They did not discuss whether
time of day had a greater influence on postlarval abundance than
tidal stage. King (1971) found no relationship between rate of
jmmigration and time of day for either brown or white shrimp.

Our experimental work produced no evidence for diel cycles in
shrimp distribution relative to depth or to salinity. Perhaps the
Tack of a suitable substrate or other factors associated with the
apparatus or experimental conditions prevented the expression of
diel cycles. Hagerman (1970) investigating diel behavior of Crangon
vulgaris found it was necessary to provide the proper substratum for
the animals to exhibit diel locomotory activity in the laboratory.
In the absence of sandy substratum, Crangon had a very high constant

Jevel of swimming activity. When substrate was provided, the anima.s



88

exhibited typical patterns of a single activity peak and a pro-
nounced difference between day and night activity.

Hughes (1972) found no evidence of diel periodicity in pink
shrimp postlarvae tested under continucus red light iliumination.
He concluded that the observed confining of pink shrimp activity
in nature to nighttime is a direct response to prevailing Tight
intensities. Only in one experiment (#37) didwe observe postlarvae
responding to Tight. In this experiment, the tanks were maintained
in complete darkness except for observation periods. Light was
apparently the stimulus that elicited the response of shrimp in the
gradient tank. Our attempt to duplicate the results of this experi-
ment (#42) was unsuccessful; little difference was observed be-
tween "light" and "dark" distributions. The variance in response
to red 1ight observed in the laboratory and the irreqularity in
diel activity reported from the field may indicate that postlarval

shrimp have a variable response to light in nature.

Estuarine Phase of the Shrimp Life Cycle

The major influxes of postiarval brown and white shrimp occur
at different times of the year. The peak immiaration of brown
shrimp usually occurs during March or April, and in some years there
is a minor peak in late summer. White shrimp do not appear in the
estuaries until May. Seasonal distribution of white shrimp post-
larvae suggests that two peaks of abundance may occur each summer

(Baxter and Renfro 1967).
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There is a paucity of information on field distribution of
postlarval shrimp. Investigations by Truesdale (1870), Conte (1971),
and Caillouet et al. (1971, personal interpretation of raw data)
suggest that salinity per se (except for salinities less than 1 ppt)
does not influence spacial distribution of postlarval white and
brown shrimp in the estuary.

Our data show that the salinity preference of brown shrimp dif-
fered significantly according to the season of the year. From March
to early April, brown shrimp postlarval distributions showed a med-
jan salinity average of 30 ppt, 9 ppt greater than that found for
brown shrimp tested in the summer. This striking difference in
response between spring and summer brown shrimp postlarvae is dif-
ficult to explain. One possible explaration is the different age
of the shrimp being tested. As a result of prolonged slow growth
at low temperatures offshore, shrimp entering the estuaries in the
spring are larger and apparently older than shrimp entering in the
summer (Aldrich, Wood, and Baxter 1968; Temple and Fischer 1968).

Field studies show that in the spring, brown shrimp postlar-
vae are distributed in the estuaries in salinities considerably
Tower than would be expected from their distribution in laboratory
salinity gradient tanks. Truesdale (1970) concluded that salinity
per se had no effect on postlarval distribution and abundance in
a portion of Trinity Bay near the Trinity River except during
periods of high river discharge. DOuring these times, the salinity

of large expanses of his study area decreased to 0 ppt.and the
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postlarvae disappeared from the collecting areas. He concluded
that the shrimp either nerished or were swept away. Conte (1971)
caught numbers of postlarval brown shrimp in the shallow waters (1
to 1.5 m) of two marsh embayments near West Bay of the Galveston
Bay System. These areas were characterized by salinities ranging
from 11 to 22 ppt. He noted no relationship between salinity and
the distribution of postlarval shrimp in his study area.

Other field studies suggest that salinity may affect survival
of postlarvae in the estuaries. St. Amant et al. (7966) suggested
that salinities greater than 15 ppt appeared to enhance survival
and growth of postlarvae. Gaidry and White {1973) reported that
commercial catches of brown shrimp were poor in those years when
salinities were Tess than 15 ppt at the time postlarvae were present
in the estuaries. Correspondingly, years of high production were
always associated with salinities greater than 15 ppt. The rela-
tionship between salinity and production was not clearly defined
since years of low salinity were also characterized by low tem-
perature.

Parker (1970) found that salinity apparently did not influence
the distribution of juvenile brown shrimp in Galveston Bay. In the
spring, they were encountered in areas where bottom salinity ranged
from 0.9 to 36.5 ppt. He reported that juvenile shrimp were most
abundant in salinities less than 5 ppt during 1 year and in salin-

ities of less than 10 ppt the next.



Laboratory studies showed that juvenile brown shrimp have the
ability to osmorequlate over a wide range of salinities, but tThere
was some indication that brown shrimp were adapted to regulate in a
salinity range of approximately 23 to 43 ppt (McFarland and Lee
1963).

There is no evidence to suggest that brown shrimp postlarvae
are adapted to specific salinities. In laboratory experiments at
non-1imiting temperatures, salinities ranging from 2 to 40 ppt did
not affect the growth rate of postlarval brown shrimp (Zein-Eldin
1963, Zein-Eldin and Aldrich 1965). Zein-Eldin and Griffith (1969)
reported that extremes tolerated by 80% of brown shrimp postlarvae
were salinities greater than 40 ppt and less than 5 ppt.

Temperature is apparently more important than salinity to post-
larval growth and survival. In the laboratory, postlarval brown
shrimp demonstrated a decreased tolerance to Tow salinities at
temperatures lower than 15 C (Zein-Eldin and Aldrich 1965). Field
studies indicate that low temperatures in the spring may be detri-
mental to postlarvae. Gaidry and White (1973) found that years of
low commercial landings of brown shrimp were associated with pro-
longed estuarine temperatures of less than 20 C at the time of
postlarval immigration to the estuary. Other studies indicate that
estuarine temperature may determine when postlarvae enter the estu-
aries. St. Amant et al. (1963) stated that ". . . maximal post-
larval densities do not appear in Louisiana until water temperatures

remain above 20°C." Similarly, more than half the shrimp collected
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at the entrance to Galveston Bay, Texas, in the spring were collect-~
ed at water temperatures of 18 to 22 € (Aldrich, Wood, and Baxter
1968). Lahoratory experiments showed that temperature is important
to postlarval survival at low salinities (Zein-Eldin and Aldrich
1965). Their experiments suggest that postlarvae would have a hard
time surviving in the peripheral marshes since these areas in the
spring are of low salinity and are subject to rapid cooling. Other
laboratory experiments (Aldrich, Wood, and Baxter 1968) suggest that
postlarval shrimp in nature reduce the degree of temperature change
to which they are exposed by burrowing into the substrate at the
onset of cool temperatures. This adaptive response would enable
them to utilize large areas of the peripheral marsh in the spring.
In contrast to the marked seasonal differences in salinity
preference exhibited by brown shrimp postlarvae, there was no sig-
nificant difference in the salinity preference of white shrimp
postlarvae tested in summer and fall except at the 95th percentile
(the low salinity region of shrimp distribution). In the summer,
brown and white shrimp postlarvae did not exhibit markedly differ-
ent preferences for salinity. Only the median and 75th percentile
were significantly higher for white than for brown postlarval dis-
tributions, and the average salinity difference between the medians
was only 3.2 ppt. This suggests that there is less difference in
salinity preference between the two species at the postlarval stage

than has been suggested for larger stages of the lTife cycle.
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Laboratory studies indicate that juvenile and adult brown and
white shrimp are physiclogically adapted for somewhat different
salinity regimes. McFarland and Lee (1963} found that white and
brown shrimp could osmoregulate over a wide range of salinities;
however, white shrimp were better adapted to tolerate low salinities,
whereas brown shrimp were better adapted to higher salinities. On
the other hand, there is no evidence to indicate that postlarvae of
the two species have different salinity optima. Zein-Eldin and
Griffith (1969) reported that salinity extremes tolerated by 80%
of the shrimp were very similar. At non-limiting temperatures, the
extremes defined for brown shrimp postlarvae were salinities greater
than 40 ppt and less than 5 ppt and for white shrimp postlarvae,

40 to 45 ppt and 4 ppt. In laboratory studies, salinity per se
did not affect the growth rate of postlarval shrimp (Zein-Eldin and
Aldrich 1965, Zein-Eldin and Griffith 1969).

Some studies suggest that different size shrimp may utilize dif-
ferent areas of the estuary. Joyce (1965) observed that smaller
brown and white shrimp occupied shallower waters than larger indi-
viduals. St. Amant et al. (1966) and Parker (1970) mention that the
shrimp move from the periphery to deeper waters as they increase in
size, but they did not indicate whether the shrimp were also moving
into more saline water. Lindner and Anderson (1956} observed that
there was a general progression from inside to outside waters in the
size of trawl-caught white shrimp. The largest shrimp were collect-

ed in the outside waters where salinity was greatest. They found
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that the distribution of shrimp was not related to specific salini-
ties, but with locality. Parker (1966) reported that generally the
smaller brown shrimp were concentrated in the areas of lower sa-
linity of the estuary and,as they grew, migrated into the higher
salinity enviromment. Schmidt (1972) found that the mean size of
brown and white shrimp increased as distance offshore and distance
downbay increased. Our data are inconclusive as to whether shrimp
differing in age and size have different salinity preferences.

Some investigators have shown an apparent relationship between
distribution of juvenile brown and white shrimp and salinity.
Williams (1955} reported that populations of juvenile white shrimp
occurred in nursery areas of low salinity. In areas where white
shrimp were abundant, few juvenile brown shrimp were present.
Gunter, Christmas, and Killebrew {1964} reported that white shrimp
juveniles were more abundant in salinities less than 10 ppt while
brown shrimp juveniles were more abundant in salinities between
10.0 ppt and 19.9 ppt. They pointed out that most white shrimp are
taken off Louisiana where the inside waters are relatively fresh
while the greatest concentration of brown shrimp is off Texas where
bay salinities are generally higher than in Louisiana. Gunter and
Hildebrand (1954) found a correlation between rainfall and commer-
cial catches of white shrimp off Texas. They proposed that increas-
ed rainfall and dilution of coastal waters might be favorable to
white shrimp in Texas. Gunter and Edwards (1969) found no corre-

lation of brown shrimp production with rainfall, but suggested that



a longer time series of data may show a negative correlation. Al-
though the above studies suggest that brown and white shrimp may
exhibit distinct salinity preferences in nature, an examination of
shrimp distributions shows that some juveniles are present over a
wide range of salinities. Brown shrimp have been collected in
salinity extremes of 0.1 ppt (Williams and Deubler 1968) to 69.0
ppt (Simmons 1957} and white shrimp have been collected in extremes
of 0.22 ppt {Gunter and Hall 1963) to 47.96 ppt (Hildebrand, per-

sonal communication cited by Lindner and Cook 1970).

Competition between brown and white shrimp.--The information

available suggests that postlarvae of both species utilize Spartina
marshes as nursery areas for the first few weeks after they arrive
in the estuary {Mock 1966, Truesdale 1970, Conte 1971). Competi-
tion on the nursery groundsis reduced by temporal isolation curing
the period of major abundance on the estuarine nursery grounds
since the major influxes of brown and white postlarvae occur at
different times {Baxter and Renfro 1967). When the white shrimp
are entering the estuaries as postlarvae, the brown shrimp have
moved to deeper waters in the estuary or have emigrated to the sea.
During the summer, both species are present on the nursery grouncs
in lesser numbers. At this time, it is possible that the species
actively compete for the available shelter in the marshes.

On the basis of laboratory experiments, Giles and Zamora (1973}

suggested that competition for grass beds may occur between white
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and brown shrimp juveniles. They found that when brown and white
shrimp were tested separately, both preferred the planted area of
the tank. When the two species were tested together, however, the
majority of the brown shrimp were found in the planted haif of the
tank, while the majority of the white shrimp were in the unplanted
half. The authors suggested that should such competition take

place in nature, brown shrimp would displace white shrimp. It would
be useful to determine whether postlarval shrimp Tikewise show a
preference for grassy areas and whether species competition plays a
role in distributing them throughout estuaries.

Competition might be studied in gradient tanks. In one exper-
iment (#24),we attempted to test the salinity preferences of brown
and white shrimp together in one tank; however, under these experi-
mental conditions, we were unable to distinguish between the species
using only size and other gross morphological characteristics. To
test both species concurrently in gradients, one would have to mark
the postlarvae to enable accurate species determination.

It is possible that the two species are present in the same
nursery areas, but do not utilize the same food. Karim (1969)
showed that white shrimp postlarvae were more selective of food
than were brown shrimp postlarvae. He suggested that food may be
less limiting to the distribution, survival, and multiplication of

brown shrimp than it might be for white shrimp.



o
~

Variation in Experimental Results

The salinity gradient apparatus was designed to test the re-
sponse of organisms to salinity under controlled conditions. To
achieve this goal, animals were acclimated under constant conditions
of temperature and salinity, and temperature was controlied during
the experiments. In addition, the tanks were housed in Tight-tight
rooms so that the only source of illumination was red fluorescent
bulbs. Control tanks were utilized to detect any inherent compon-
ent of the experimental apparatus that might also elicit responses
from postlarval shrimp. In spite of these precautions, postlarvae,
at times, exhibited variations in distributions that could not be
explained.

The response of shrimp in gradient tanks may have been infiu-
enced by constant holding conditicns in the laboratory, as, in the
field the shrimp would have been exposed to a wide range of sa-
linities and temperatures. The temperature preference investiga-
tions by Norris {1963} suggested that prolonged acclimation to
uniform temperatures can produce gualitative changes in the type
of response. He reported that the normal responses of a fish,

Girella nigrans, which had been acclimated for 21 days, seemed

dulled, and the fish would often stop in temperatures which it
normally would never enter. His results suggest that holding ani-
mals in the laboratory under constant conditions may modify their

responses to enviromnmental stimuli. Uniform holding conditions,
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therefore, may also have an effect on the salinity preference of
postlarval shrimp.

Variations between experiments was striking. The distributions
of shrimp collected together and tested at the same time were gen-
erally more simiiar than those of shrimp collected at different
times and held for equivalent pericds before testing. In one ex-
periment (#3), the average median salinity of white shrimp distri-
butions was more than 8 ppt Tower than that of any other group of
white shrimp tested during the 2 years of investigations. Shrimp
also responded variably to acclimation salinities and to type of
illumination (periodic vs. continuous).

One source of variability between experiments may be differ-
ences in the ages of the postlarvae being tested. Presently there
is no way of determining the age of postlarval shrimp collected
at the beachfront. Size cannot be used as an index of age. For
example. shrimp collected in the spring are similar in size yet
they probably hatched at different times during the winter months
(Aldrich, Wood, and Baxter 1968; Temple and Fischer 1968). Shrimp
taken at the beachfront could differ in age from a few days to a
month or more depending on the season. Variation in age may be mini-
mized by using hatchery animals since records of the spawning dates
are available; however, NMFS personnel have noted variation be-

tween groups of Taboratory spawned shrimp. Shrimp spawned in the
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laboratory differed in survival between larval stages, in their
rate of growth, and in their response to selected environmental
conditions (Anon. 1972). The variability in survival of hatchery-
reared postlarvae was also observed in my salinity gradient exper-
iments. Survival ranged from 23% (experiments 38 and 40) to 100%
(experiments 27 and 28). The above responses may be related to

the lack of selection in hatchery populations of shrimp.

The shrimp may be responding to some factor other than sa-
linity which is at present unrecognized. Further evidence of this
unexplained variation are the shifts that occurred during the exper-
iments. These shifts could not be related to either temperature,
time of day, tidal phase, or to oxygen depletion. The results of
the homogeneity of variance tests (Tables 19 and 20, p.58 } are
also difficult to interpret. It is possible that the presence of
a salinity gradient may have been a sufficient stimulus to override
the variability that was exhibited by the white shrimp in the ab-
sence of a salinity gradient in the control tank. We can offer no
explanation for the fact that white shrimp exhibited greater var-
fability than browns.

The preceding discussion indicates the presence of unexplained
variability in results of experiments with postlarval shrimp. Var-
jability of response may be an adaptive characteristic of postlarval
shrimp populations that allows shrimp to successfully utilize the
widely fluctuating conditions present in the estuaries. In some

cases, the observed variability may represent an intrinsic variation
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within the shrimp population. In others, the shrimp may be re-
sponding to a factor other than saiinity which is at present,

unrecognized. Further study will be reguired to recognize the
causes of this presently unexplained variability in shrimp be-

havior.

The Importance of Freshwater Inflow to the Estuaries

The relationship of estuaries to commercial fisheries is well
established {Chapman 1966, Gunter 1967, McHugh 1967). Chapman
ectimated that 98% of the commercial catch of Texas, by weight, was
composed of estuarine-dependent species. Freshwater inflow is an
integral part of an estuarine system. This is implicit in the
definition of an estuary by Pritchard (1967): ". . . an estuary
is a semi-enclosed coastal body of water which has a free connec-
tion with the open sea and within which seawater is measurably
diluted with freshwater derived from land drainage." Because of
the major role freshwater plays in the estuaries, one should view
with concern the proposed Texas Water Plan which would divert large
amounts of freshwater from estuaries to agriculture and industry.
The total effect of the planned Texas Water Plan would be to reduce
freshwater inflow to the estuaries from a 1941-1957 average of 19.8
million hectare-meters per year to an average of 10.5 miilion
hectare-meters per year. Moreover during very dry years, total
discharge possibly would not exceed 3 million hectare-meters per

year (Chapman 1966). This is Tess than the amount of discharge
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during the worst years of Texas droughts. The implementation of
the Texas Water Plan could reduce the nursery areas of the estu-
aries. Truesdale (1970) stated that the proposed Wallisville
Reservoir on the Trinity River would destroy 30,880 hectares of
nursery areas by converting present marshland upstream of the dam
into a freshwater lake.

Freshwater may have another important rote in estuaries. Re-
sults of the present study suggest that postlarval shrimp utilize
salinity gradients for orientation to the estuarine nursery
grounds. Odum (1970) proposed that estuarine organisms may use
gradients of dissolved organics as "roadmaps" to orient themselves
to the estuaries. The sharp curtailment of inflow and the subse-
quent decrease in the seaward extent of these gradients could affect

the immigration of estuarine-dependent organisms into their nursery

areas.
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CONCLUSIONS

1. Postlarvae tested in artificial salinity gradients selected
salinities lower than those generally present in the open
Gulf of Mexico. In the fieid. postlarvae may use natural
salinity gradients which extend from the estuary seaward to
orient themselves to the estuarine nursery grounds.

2. Brown shrimp exhibited a seasonal difference in salinity pref-
erence. Shrimp tested in the spring preferred higher salini-
ties than those tested in the summer and fall. The probable
older age of spring postlarvae may explain their differences
in salinity preference.

3. White shrimp postlarvae, in contrast to brown shrimp postlar-
vae, showed a seasonal difference in salinity preference only at
the Towsalinity portion of the shrimo distribution.

4, In the summer, the distribution of white and brown shrimp
postlarvae, which were tested at the same time in gradient
tanks, did not differ greatly. Information on the distribu-
tion of postlarvae in the estuaries is sparse; however, those
studies that have been conducted aiso indicated that salinity
per se does not influence the distribution of white and brown
shrimp postlarvae,

h. I1lumination, acclimation salinity and temperature had a var-
iable influence on postlarval distribution in salinity

gradient tanks.



Occasionally, shifts occurred in shrimp distributions during an
experiment that could not be related to time of day or tidal

stage. At these times, shrimp were apparently responding 7o

some factor other than salinity which is presently unrecognized.

Further study will be needed to determine the cause of these
unexplained shifts.

The interruption of freshwater inflow to the estuaries by
water diversion projects such as the Texas Water Plan would
affect natural gradients of both salinity and dissolved
organics. In view of the results presented here, alteration
of these gradiehts could affect the immigration of shrimp as

well as of other estuarine-dependent organisms.
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A - Distribution of postlarval brown and white
shrimp (P. aztecus and P. setiferus) in
experimental tanks

Figures 1 through 100
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FIGURE 10.—Distribution of postlarval brown shrimp {(P. aztecus)
and salinity in experiment 7, tanks A & B, during observations
made from 2.0 to 26.5 hours after shrimp were introduced. Tempera-
ture approximatad 25 C. Number of shrimp introduced into tank A =
25, tank B = 25. N = total number of shrimp counted in a series of
observations.
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FIGURE 12.—Distribution of postlarval brown shrimp (P. aztecus:
and salinity in exner1ment 8, tanks A & B, during observations
made from 1.5 to 25.5 hours after shrimp were introduced. Pnst-
larvae were collected between 2/25/72 and 2/26/72 and acclimatad
€5 9 days to 30 0. Temperature approximated 31 C durinn experi-
=aps o lymhes of shrimp introduced into tank A = 34, tank B = 34
| = *5tal nw-her nf shrimp counted in a seriec of observations.
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FIGURE 13.—Nistribution of postlarval brown shrimp (P. aztecu:
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B = 36. N = total number of shrimp counted during a series of

observations.
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FIGURE 16.—Distrihution of postlarval brown shrimp (P. aztecus)
and salinity in experiment 12, tanks A & B, during ohservations
made from 2.0 to 28.5 hours after shrirp were introduced. Tempera-
ture approximated 25.5 C during the experiment. MNumher of shrimp
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shrimp counted in a series of observations.



i35

70 1 GRADIENT TANK 13-4
=
Z B0 4
e
8
I 50 4 .
e [ _ o
g o | ’\_,__r/\/ St j
i 7a) 7y .
= -] ?5¢th =
£ 30 4 =
-~ l =
g Ys B S S [ S S [ 50th ¥
= ] ]
2 10 - S [T~ | 75th =
0 T 95th
DAY NIGHT DAY NIGHT
- T T T 1 T T ' T T I
ELAPSED TIME (hrs}) 5 W 15 20 25 20 35 40 A5 5]
DATE (1972) a6 476 Y5 B Y B Y a/7  &/8 48 48
OBSERVED K 284 254 265 235 2% 239 236 237 235
MORTALITY {3y (1) {12y (15  (18) {16y {16) (17 07
TEMPERATURE (C) 17.9 18.3 8.2 18.3 18,4 21.7 23.1 23.4  23.4
CONTROL TANK 13-B
Y ——r &5th
El?ﬂ - -
2 100 4 25
z X 50cth 4
w80 1| — T ] -
g 60 ’/ Z'
@ ] 25th ¥
(Y] i —mmm i
;:' a0 ] _“"“-._,/"‘*—"““'-—-—/' \\_\____._.--—' =
= 20 -5
=
s . - A 1 5th
-mﬁm
ELAPSED TIME [hrs) 5 w15 20 25 30 35 40 45 83
CATE (1972) /6 4/6 a7 AT 477 4/7 478 a8 48
OBSERVED K 329 339 337 332 347 4 3 225 336
MORTALITY 0y (o {6} (o () 0y (o) [{s))] i
TEMPERATURE () 18.3 8.4 18.s A.3 18,4  22.¢ 23.2  23.5 23.6

FIGURE 17.—Distribution of postlarval brown shrimp (P. aztecus)
under low level red illumination in experiment 12, tanks A & B.
Vertical lines indicate distributions. Midline represents medians
and the other four tines show the 5th, 25th, 75th and 95th percen-
tiles; percentiles are oriented by tank depth. Observed N = total
number of shrimp counted in a series of observations. Mortality
= number of observations of dead shrimp during an observation
period; dead shrimp not removed.



136

T 7 T7rrrT1° T T T TOrTT T T T TTT T TTTTT T T

70 T7 7T TN SaaDIENT TANK a
60 - 13A b2

\.\*. .

50 7 SALINITY— " - s o
540 :
2 . | e
3 30 o 19 =
3 Y SHRIMP INTRODUCED AR 5
— - b kS .
20 7| __ GRADIENT 4/6/72 S _ 2

7 '\I: T -~
& 15 - GRADIENT 4/8/72 lj ! L =
1 s
i e R
g 0 ‘_! ) S s s s H N A o R A S N Y"r s s J _:
- 1o - CONTROL TANK _'15 5
= 13-8 . D
| L [y
= 30 10 o
u | SALINITY“} T
20 47 o
L P o IR
o4 L el LT =
L N=1688 |
O T 0 1 3 T T 1 1 T T T T T 1 1 T 1 T F 1 7 T 11 T b T l""' O

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
CENTIMETERS FROM TANK BOTTOM

FIGURE 18.—Distribution of postlarval brown shrimp (P. aztecus)
and salinity in experiment 13, tanks A & B, during observations
made from 1.5 tc 25.5 hours after shrimp were introduced. Tempera-
ture approximated 18 C during this time interval. Number of shrimp
introduced into tank A = 50, tank B = 503. M = total number of
shrimp counted during an observation period.



137

‘PIACWDL 10U dwiays peap

$poLuaad UOLIRPALDSQO UP BULAND diilayS PRap JO SUOLFBAUISYO L0 42QUNU = AJL{RIAOK "SUDLIRAUISQO }0O

S3LABS B UL pajunod dwidys 40 JGUNU B0} = | POAABSQQ "SI LJU30Uad Y156 PUB HIG/ “UIGZ ‘YIS

BUl MOYS ‘W07330q 01 d03 WO4) €SBUL| JN04 JIYIO0 JYJ pue SUBLPA SIUISIJCAL JUL|[PLY “suoLing

-L43SLp 93EDLPUL SAUL} [BDL343p " (s8jeni|dad) ) % v SYUR} ‘G| IUBWIABAXB UL UOLJBULWNI|L P3u
[9AB] MOL SNONULILOD 43PUN (SNIIILE “¢) dWLyS UMOULQ [RA4R|3SOU JO UOLINQLUISLO— 61 Fdivld



138

FIGURE 19

[
i
God

a/s
08 Gt 174

59 03 85

Oud = 1y

8/¢

822 627 ¢°CC
(£} {2} (e
BT 90f S0
8/S  8/8 /s
0z St 0L

foh

ALy JUSAVG T6edl
ALTTvLY0A
N 0zrRISH0

{2e6l) 3lva

{S4u) WIL 03s4v13

4
=
5
)
I
3
o
m
=
=]
X
[}
=
(¥
=y
=
=

{23 Funiwysdel

ALL To Ll

N Q3443580

(2e6L) 31%0

{544} 3dIL 0350¥13

F o
T 1 1
[ | r D...
R oo
e 2
o 0f
]
——" - o
- og
- 09
3-51 ¥NYL INI{QvYD L o
£y2 00 2°0E 962 STiZ §'H2 6°BE L22 Y'2 £6I 66l
(%) v (t) (¥} {vl ¥} {v} {v) {r) (¥) (£}
et §2§  §26  sef 926 0ZE 8L BIE  GLE  OKf 95¢
/s 6/ &/5 615 6/5  8/S  B/S  B/S 8/ L/S L
ca & GL 89 0% 85 65 S¢r 0¥  SE  GE & 0z &1 ql
L H 1 “h 1 . n & A A 1 1 1 1 i | T
AV LHOIN AVU LHOIN AvVd IHOIN 0
R P L 0t
- 02
F ot
- - Op
- 05
09
L ot

¥-S1 ANVL INZIGWHD

{ONYSNOHL 43d Sidvd) ALINIIWS



139

*pRAQWSJ 10U dwLays peap

‘potuad ucileAUdSqO Ue Huranp dwtays peap 4O SUOLIBAUSSGO 30 JIGUNU = K7L [EIJ0K "SUOL]RALIST0 JO

S3LUSS B UL PIJUNOCD dULJYS 4O JBGUNU [P0} = N PAALISQQ °S9|LFUddMAd y3g pue “yisz “Yig/ “ulsp

9yl MOYs ‘u0330q 03} dol WoJdj “S8UL| JNO} ASYIO Y] PUE SUBLPAM SIUSSAAdaL BUL{PLY - SUCLINg

-LA3SLIp 33PILpuUL SBUL{ [BILIJABA  *(S33LOL[dBA) ¢ B g SYURF ‘Gl JUSWLAIAXD UL UOLIBULWN|[L pad
L9A3] MO| SNONULIUGD 43pun (Sn3ajze “d) dwiays umoaq |[eAaR|3sod JO UOLINGLAISLG— 07 RANYI4



FIGURE 20

140

Qi 9°0¢ €0 170§ §°82 81l BEZ €2 yEZ 412 9w RPEETIOEY R AREN
{0) (03 {0} {6 (o) {0) (D} ) {0} {0} (o) nad Tosala
282 {62 GLE LLE €L {26 9EE BT SET pEE € N GdAl iS5G
01/s 6/ 64§ 6/ 6/5 8/5 g/s 8/ 845 i/ Iis (2e6l) 4%
M\ &L 6/ sy 09 %% 6% Sk Gy & 6t sz 02 6l Gl 5 S+y) 3411 03Sav3
! 1 — ..l.., i i L L — .- - |||“-Ii.-|Lll. | .h||1.||..— A L glul.:ll
— T — T T [ ¢
T 14 .|\1\..\.. - ==
T . [ N St be -
i i " 5 i
T - gy
T 2
/ 1||..III|;1\\\.\. ”Qw M
T.|.|.|rl|!|..|.rIIJ.|lIi-|I.IJ|I.\\\\\ ,//\ - OF M
it B -
\/ \\\ t./f i Dn__.”_
T s =1
7 ] ozl 2
L =
- O
G-G1 ANy TOWLNGD
L2 £'08 0L '8 282 6°€2 L°f2 £f2 yEZ BER §EE {2) JNLveacil
N () {0} (o} {a) o} (o) fuy (v} (v} 5y ML
3t (€ EZE lzE gt eve 08¢ g5 epE 2st Bk N C2AGI5EY
CLis 6/ B/ B/% 675 ®IS 8/ B/S 8IS L/ {05 {2c61) 3LvG
G 8L 0L 9§ 55 s S O s& Ot s 02 sl 0L 5 (sa) WL 035613
- VT IO va X Avd MmN lo
S A— | N ,2
...|..|.|.||||||.I..!|I|I||||rf||‘r|!.._\\\ / \/ | -
" T
/’rll\.-f/![ l b nlu.
/ r &=
I 1// i
S
B 1///;//. ffffflf\\\\\\\f////;/ - og M
/ r =z
. ool =
] - &
/ /\./\\/ W DN_.M
=
oyl

=51 WYL TOHINGD



141

"SUOLIPALDISQO JO SOLUDS B ULl PI3uUn0od duttays Jo Jaqunu [e303

=N ‘0§ = 0 quel ‘p§ = J juel Qg = g jJuel Qg = Y Juel 03Ul paIdNPOJIUL duidyS JO 43q

-unp  csajedL|dad 3de ) B Y SHURL | RAADIUL 3uwLY SLy} Burunp 7 £z pIjewixoddde suanjedadwa]

‘PR2NPoAI UL SdamM dWLAYS 4BY4E SJNOY £°9Z 03 G2 WOLS 2pew SuoLIeAUDSQo BuLanp g jusw
-149dxa uL ApLuL|es pue (Sndajze “¢) dwldys umoug |eAde[3sod O UOLINQLUISLO—' |2 FUNY L4

KCLLOB WYL WOYH SHILIAILNDD WOLLGE ANVE WOHA SHILIATLNID
Drl OEL 021 QiL OOL 0§ ©B O£ 0P OS5 Or OC 0L ©L ¢ OFi OLL OLL OLi OOL 06 OF 0f 0% &6 Or OFE DL 0OV ©
WA N N N Y NP VRN W N N NN NN N NN T N SN N N Y | i -] I R T I S 1 el e, i)
G 7 hr@ ! P N | Q D LoL 4L i »b» A 1l i A ﬁ_
(=N e (S I
m jr ol | . Jl._l-lrl‘lrru oL
_ - 02 robe
= ALLNI'IVS - ALINITVS L
g { BE m ALY { e 7
m ==z
2 a-51 [ o = 5 8-t S
<l HNYL IDHING? = 2 51 VL T0ELLET -
=
= 0 UV U TS S SN0 U W VN S W T TR T T A R B 0 = a I T VRN T R A SN T S U S S T U A S R S 2
5 i e =1 2 g’ | = "
o L (=]
- LESL=N - 0l (& BEGL=ht Loz
e
& .y 2L/ 1INsIoWD -o- | g T m S 2U/LLIS INTOWES <o | o
2o . 2LL0/s o = | 5 [~ . 2L/L0/5 INITUVED g
1 — w5
3 (. QINCOMINT dwizHS | 2 5 o . GINCOULNT diles k[ OF %
[ia] . = = : =2
5 st - o 2 ) [ or
- ALINITYS = RLINITYS
o L 05 — - S
02 - 3-51 L 09 0z v-gl - 08
INYL INITQVHD | o XYL INIICVRD -
| N TN TS NN Y N N T W T T T T TN AU N S S NN S R SN R N F T T R T TSPV N NN W Y AU 0 T R A R R T N B R N A |




142

"poACWSA J0U dULAYS PEIP  POLASBU UULIBAISSYO UR DULJT

dUtdysS peap 40 SUOLIPALDSAD J0 4aQUNU = ALYL[PIA0K "SUOLIRAJISGO JO SILUOS P Ut pagunod dulisys
40 Jaqiinu jejoy = § paAdldsqy  "UOLINGLAISLD Yoea Jd04 $8[Ljussdsd Yl pue yiss ‘yisz ‘uig

U} MOUS "w0R0q 03 Gul WO “SBUL| 4N0Y JBYI0 BYL PUER SURLpal sjuasaddad all [Pl "SuoLINg
“141S1D 93BDLPUL SBUL| |eDdLidsp " (SeledL{dsd) J g Y SHURY ‘g JuuwldadXs UL UOLIRULWIEYL pad

{2AS] A0 SNONULIUCD Jspul (SN283Ze "d) dwLaysS umoudqg peade[isod jo UCLINQLALSI(=—"2¢ ddhyly



-
.~

14

8761 922 (62 962 962 €6l 842 Sy EE2 2 LlE 0 o
(6 {o1) {8) & {9 in {9) {s}) (v} v} (v (v (9)
iz £42 82 v62 L0 t6Z2  BOE 96t LiE t62 LlE 90 9of

82/9 1249 249 (279 92/9 9249 9249 §2/9  €2/9  GI/9  S2/9 WS wefy

56 Uh 9% & T4 ol 59 [oL:] S5 0% 19 oF SE Ut 5 Q2 sl ai 5

L 1 — % Il L i i H 2 L 1 L o Fl I

EE— —. ™1
S —
.II|.]I.||.|||[
llllll.l.ll.'.ll’lL P .|.|-l||||1
— | |
\l\\ll\l\
]
2+94 INVL (NI1QVHD
20 £'e2 £'08 208 E0E L6 82 9z v L@ LW v T
{r) {¥) (w) ) {1} (o) (0] (@ (o o) (g (0} {0
6v2 052 $52 652 BT 062 082 82 262 98¢ BB 6L 62
82/9 £2/9 L2f9 2/9 9zie /e 9219 52/9 S2/9  S2/9 SU9 w9 wmM
s6 06 S8 0B S O/ 59 09 § 05 Sb OF S€ Of 9 02 S o S

IN

¥-91 ANYL INITOWD

ol

JRIA

- 0%

{3) anlvdidwil
AT WiHOW
N 03443580

(2e61) w0
{54y} 3FdIL Q3Sd¥T3

i1

05
09

{ONWSNOHL, 834 SLUYd) ALINITYS

- 0L

{2) WDLVEINIL
ALI TvLH0W
K G3IAEI590

{Zisl) 3w
{s44) IKIL Q35d¥3

0
w
oL =
=
oz 2
=
g S
-
oy 2
x
=
05 m
[ =
0o 2
2

0L



144

"noADWaL jou dwiays pesp
‘potdad UOLJRAJSSAO ue LHuLANp dulldys Peap JO SUOLJRAJBSY0 JO UBQWNU = AJL[RIUAON "SUDLIRAISSQO

3O SBLUDS B UL pIUN0d dwidys jO J3QUNU |80 = N PBALSSHD UOLINGLAISLP 4IRS 40y SB[ 13uadsad

YIS PuUR UIGZ UG/ “YIGE BY3 MOUS SBUL| JNCH JBYIO0 DY PUR SUBLPA SIUISBUUDA BULIPLY SUOLING
~143S1P 93EOLPUL S3UL| |BDL34BA  "(S93Edi[dad) @ % § Sjue} ‘9| juaultuadxs UL UOLJRULUN{LL Pad
{9AS| MOJ SNONULUOD J3pun (SNDD3ZE 'g) QWLAYS WMOU] |RALBLISOU O UCLINGLAFSIQ— €2 FuliH14



145

zoz 2

X4 Z

0ot "0 0o e 242 38 74 5722 P 222 222 o2
3] {0} {0) {0) {0} {w) {0} (o) {0} (c) (o} (o) {0}
662 £82 60E LLE 12¢ Sif 92¢ f¥A3 Zte 9ce {28 ZEE 02e
8z7/9 2279 i2da LTie 92/%  w2/y 92/9 §¢/% 42/9 52/9 S2/9  ¥2/9 v2/9
Gh 11 SR ng G2 BT 5% 09 14 0s GV ot SE [+ 52 e gL GL S
rﬂuw .‘ ‘ S — n —— ] I m i _ 1 1 L L L i -l.u
] —
/ \\\\}uufrffnl,lilllzx\l\l:fll\\\L/
l.llllll.lll
\l...|.||||l
]
T r——— ok el
0-91 ANYL 10HLINDD
802 L b2 B'0f DL POE ODE 8L 6'¥Z f°z2 822 922 9 bt
{0} {0) 0w oy {0 @ {0 (o) (0} (o) (o) (o) {0)
6LE 9z¢ 91£  ElE 628 S1E 9z O£ [fE  BEE  E£EE  9pf BYE
B2/ 1279 (219 (2 92/9  9z/9 9z/e §2/9  S2/9  S/9 ST/ $2/9 2/
S 06 S8 08 £ 0L S 09 S5 05 S O S of 62 0z S 0L ¢
LHOTN Avd IHDIN Lva avd IHOIK
— [ N
||.||!I.I11III.I..II
.\\l\\ll.. /'IIlI.l.rl.l
—— .
||.|-I..I|1|I|X
I./I.Illllf:l.lflllll\
L

8-91 WNVL 08INOD

(sH

JENLVHIAWIL
AW IHOW
N 03AN3SE0

(2¢61) 3ivwo

{544) L1 335d¥T3

¥ T Y T T T
= (=} = f= = [==]
= w o - ™~

T
=
(]
—

WOLLDE ANYE WOHA SHILIWILNID

- OFl

{9} TUNLYYIWIL

ALT T MO
N Q3AHISEQ
(2e61) 1w
{seU) INTL 0354YT3
-0
| (=]
™
=
roz =
r =1
oo A
F8
F 09 =
L 3
=
- 8 —
3 =
o T
o i=1
=1
Foozi g
- =
L opt




146

$3L43S € Ul pajunos duLdys J0 Jagunu [elo}
NUBY “/f = Y {UBF DJUL PIdNPOLIUL dWEAYS JO JBqUNy

9 9 ¢ SHURL T LRALDIUL BWEL Styd Buranp 9 G'gZgz pajewlxoddde sunjedaduis)

N

0%

*SUOLIBAUDSGO 4O

= @ }uel ‘p§ = D Juel ‘6f = d

*$33e01dad Bde (Q § g Sjuel pue

*pSoNpoJ}

UL SudM diiluys JB14R SANOY 27/Z 03 g°f WOJA4 3peW SUOLIRAUDSQO DULAND g| Juduwladdxd
UL A3LUL{PS pue (SNJ33Ze ‘() dulidys umoag [RA4E[}S0Od JO UOLINGLAISLA— "y¢ FUNDI14

(INI393d) IONTEHEN0T0 46 ARG

WHLACE RLUL WOED SHILINTLNGD

Gri OLL 02 B GOl 06 GR D¢ 07 0% Or OE OC QI O
c [ S N Y [ N T N N . yh 1 | N TN Y Y Y T N IS A N S B |
woi, Y
A e
s
Gi 1
a-91 i
gl ANYL GELNT
0 b g 4 A
—
5isn o '
§ | 2146279 INSICYES -
20/52/5 IN310¥D —
o OFNCQULND SAighs | T
St
ALIKITYS 3
02 4 -
ANYL

W4
ot

Gt

Op
08
05
0L

¥yd) ALINITES

{ONYSNIHL Hdd S

E

3n03y

3YENZI0 40 AN

L]

[EEERERRRERD

arl GTO QTL QUL o0t

[

0

WoLiog

04 OF 0L 09 OF Ov
TN R NP U N WO S S UO0F N TN R A T A S T WY

ANEL B0s SHILAWIINGD
or o 0L B

EOLL=N - .
G _|_|_r['jl_|_|— .,r|.q rr_u ﬁl_u Gl

A

Lé
Ly ﬁ_r.u.::._{r. L o m
-0 L g '
Yoo
5[ WKED TGHINGS =
-
IR -
¢ W A
S Y ]
=
5 ze/uz/% LNI10WEE - =
zefvese IO —- | U £
ot GINGOINI dWlahs | © OF %
s
- Gy
ol
o ALIKITYS R
0z <

I T U TV W T T W T TN TR A T S SO TR A T N T S N T |

¥-5i
AL IHIICHUD




147

pIAOWRA FOU dwilays peap tpoLaad UOLIBALDSQO ue bupanp duwiluys

pesp JO SUOLIBAUDBSQO 4O JBQWNU = A3L[RIJ0K “SUCLIRAUSSQO JO $ILUIS B Ul vac:ou dutdys Jo

A3QUNU {8307 = | PRALISYQ TUOLINQLALSLP YDe3d U404 SB[LIUd43d YIGe Pu® YagL ‘YisZ ‘4is syl moys

‘W03309 03 d03 wod4 “S3UL| Jnoy ;mspo 3yl pue sueipall S3udsSsAdad SUL|PLN TSUOLINQLAISLP 9TEILP

-UL SBUL| [PDL3J4®A D B Y Sjuel /| JudWLJIAXD up UOLJRULWN||L P34 |SAS| MO] SNONLLIUCD JL3pun
(snoajze g pue snaai13as "d) dwidys umouq pue 3jLym |eAde[isod JO uoLIngLAISLg—'GZ NI



148

FIGURE 25

e 208 tUot VDT 2°62 LB 2'S2 U'€R 62T ger 122 9TE
(e} (€} {£) {e) {t} (2) {2} {Z) (2} ¥4 {2} {2}
£1f e ¥t 87¢ 8EL  SkE  BEE  Zff BEL gt 8L 2L
¢ 9/ 5/! 9/ s/t S St s/ 1243 77 SN 1Y ¥/

pE SR OR §¢ 9. §9 09 55 0§ % 0r 5 0f S2 02 St ot

—_— 1 L i A 3 3 L L 1L ] N I i 1 g —

Ava IHOIN Avad LHIIN vd LHOIN AV

SNI37ZE 4

J-L1 ANYL LNIIOWED

z%e 508 §QF b0t E0f €62 562 L2 1°€2  Q'£Z 6IZ 6°ZF
(L) {Lty {0 (L (v 1ty (e (o) (0} (o} (o) o)
9%z 5sz 252 0%z §92 ¥52 Diz 992 52 99z  £9¢ 82
it 9/t 9l 9/{ 5/t S/t SfL it v/L i Wit Wt

06 S8 08 S5 O/ s 03 S5 05 S» O SE  QE S 02 0§ 0Ol

] 1 1 1 ] r 1 1 -I_
ava IHDIk AYD LHOIN v IHIIR AVQ
l.llllllll;\llll\l\.l
llrll.l! p—— L
rJr;r;::

SNI3J131a% g

Y-£L WWE LRI 10vY3

(1) THNLvdIdWIL
ALLTYLEOR
N G3AY3SE0

{2esL) 31va

{sau} IMIL 03SdY13

ov

0%

0%

{aNYSNOHL ¥3d SLuYe) ALINITYS

0L

{2} FunlveIdeal
ALTTYIHOW
N-GIAY3SED

{2:61) 3lva
(s} 1t 0354% 11

¢
v
0 &
=
02 2
=
of =
iy
v
ar b}
=
o5 E
&
03z
=2
ot



149

*PSAOWAA 30U dWLJyS peIp (poL4ad UOEIRALISQO ue BuLanp dwLays

pesp 40O SUQLIEAUDSQO JO JIGUNU |BI0F = AFL[BIA0W “SUOLIBAUISQO JO SILUIS © UL PIJUNOI dwiJays

40 43QUNU {P303 = N POAUISGQ UOLINQLASLP YDed 40} SI[LIUIDLId YIG pu® 4I§Z ‘YIGL “YiSe Iu}

MOYS ‘wo310q 03 dol wodj “S3uL{ JANOj 49410 pue SURipaWll SIUISAAdSA JUL|PLW "SUOLINGLJISLP BIBILP

~UL S3UL] [eoLIdap (1 % g Siuel /! JusiLJadXd uf UCLIRULWN||L PAJ [DADL MO| SNONULIUOD JBpUN
(sndalze "§ pue SNU3L3as “d) dwidys umoaqg pue 33iYym |eAde(3sod JO UOLINGLAISLd— 92 JUNYI4




150

FIGURE 26

tte 9gE 0L £T0E §TEZ kt62 tTgz H W (A F e i {30 PEERPET)
(0) (o {0 {6] (G (0 {0} (o) {0} (0] (o) ALITYLROM
tve i8¢ Th¢ S0t b 60¢ i2e €2 743 S2E §28 % D3ABISE0
iit 9/ 9/¢ S/L S/t &t 5/ v/l v/ viL [ 7H4 (2461} 3Lw0
06 S8 08  &f 59 55 0% S Or SE  OF §2 02 Sl oL (s4u} 341l G354V
E p— I- - A " _
_— e ol
]
I P S I 0z 3
[t ——
=
T 9 2
-
1
z
| oot 2
IIiJ.I....II\/ g
L4
=
Jpl
G-l ANYL T0ULKOD
SNDBLIE ¢
9°€g 670 L7000 ¥0f {62 5°62 £E2 EEZ €2 L€l TE2 {0} Iunivd3dkil
{0} {0} (0} {c) (0} {0} {0} {1} (0} {c) {a} ISR
i€2 SLE 2iE 62 X 143 5zt §2E 6lf  ZIE  sz&g K GIAYISED
it S/L 9/t Sid 5/c S/t Sft v/t Vit vid vic {2e61) w0
06 58 08 Si 59 5% 0% St Ob 1 0f s 02 st ol {544} IWIL 0354913
P|”“WH — _IlI.'_ I 1 L L 1 1 1 L ] _I
LHDIN AV LHOTIN AV IHDIN I\E[ 0 a
a— 6z 5
— | \ o
oy
w
\/ s 2
=
r/\-]frrl.rlfvlu.\l\.l \_r/ og ﬁ
=
=
Lol =
— | 0Le
f'-j'l.
(1171

#=£0 MNYL 02LNDD
SRiF 398 g




151

*SUOLFRPAUBSEO 40 SALA3S € UL pajunod
g Xuel QS = J juel ‘Op = § ueI 6F = Y jUBY OJUL PIDNPOAJUL
3 sty} Butanp ) gz patewrxoadde auanjeasdws) "PRONpOLIUL IuDM
g WAL peW SUCL}IRAJLDSGO DuL4np /| Juawliadxs ul AjiuiL|es pue
E_L:mczogawcmmpwzz_m>gmrpmoamo:o_a:awgum_onn.mwum:wmm

dutdys 40 A2qunu {e303 = N °0§
dwiiays 40 Jaguny CleABUL M

duLJys 49148 Sanoy grgg 03

(SNJo1ze ‘¢ pue SNUBSLI3S "d)

:
L
d

WOLLOR INWL WOBd SHILIWTENTS WOLLOS AKYL KOHd SHALIWIINGY
OrLOCL OT1 HI0 001 0¢ 0% O0f Q9 05 OF OC G 01 @ OFL OLL OLL O4L 001 06 OF O£ OF 05 OF OF OZ Of @
D (PN U R Y PO N NV SO I U NN DO O Y NP O AU SO JOU Y U N T I Y N | 4 4 1ty vy o4y ¥t o+ 041w r gyt £ 1
i gio(-k 0 0 ) 0
il - _ =2k
P o B Lr AL'IHIW - 091 rag}ﬂll ot
] nr_rJ|.|~| % 1
I oF wmovs PR G [ o ALINITYS s a2,
& { = Lo B 2ol | ' | pe &
m = = a- z
P ¢-{1 L (b f “ 2L L L =
m 5 ! ANVL TOELEGD = &g WUV WYINOD =
=4 - .-
- o . RS R T 'V N YO [ N .‘|n|“. T N S I T T 'l Q1 w m Q |-l 8,08 & .1 J d4_ 44 L F o ww
o A L 3 ] ” e
» £491=H - O -y 2 LOEL=N - 0L ®
e g = =
P LI INTIORY e | on = S are/e aewse - |3
Py == jm ol
T " ZEIWIE ANIIOWED — & = 244074 INITOTHY — =]
—= L L 07 o3 — - L
b I0NGOULNL ai1¥HS & ot ¢ =L QIDNA0HLNL SIEHS | 0t =
g ov 2 =
t o = ™ - O
=T = ¢ e KLINTTYS
e [0S = 05
Shlai7e g i3y 1138 ¢
02 - 0z L
ANYL ﬁ_ﬂ ” Y ”
| L o ANYL INITOVYS -
| T SN TN N T N N T N T N U T N N W A B SN N Al ¢ 1. .2 1 o .4 2 [ 3 4 J i .3.) h_0_F 1 J L 1) a1




GRATITEMT TANE T8-A

70 -
- P, ooetiferus
g 60 i .- g Sl
[T
=
g 50
a0
a2
E 30
F 20 4
=
210
-
[ 2e]
0 4
NIGHT
ELAPSED TIME (hrs}) 5 19 1% 20 25 30 35 a0 45 50 85 &0
BATE {1972) 7431 BA 8/1 81 81 8/2Z 8/2
OBSERVED ¥ 299 293 282 291 281 279 164
MORTALITY (1 (1} (zy (2) (2} (2} {2)
TEMPERATURE {C) 22,6 23,1 29.5 30.7 36.7 23.2 23.3
70 - GRADIENT TANK 1B-C
_- P aztecus
£ 60 -
=
g 50
&
I A
- [
E 30 |
= —"
> 20 "1
= I
i [
-4
(%]
0o -
NIGHT DAY
ELAPSED TIME {hrs) 5 10 15 20 2% 30 35 a3 45 50 55 60
DATE {1972) 773 BN 8/1 8/1 841 BA 8/2
CGSERVED N 73 389 380 372 349 197
MORTALITY {0} oy (M o) )] {0} fa}
TEMPERATURE (C} 20,8 23,3 28.8 30,2 30.9 23.8 23.?

FIGURE 28.—DNistribution of nostlarval white and brown shrirpo
(P. setiferus and P. aztecus) under continuous Tow level red
iTTumination in experiment 18, tanks A & C. Vertical Tines indi-
cate distributions. Midline represents medians and the other four
lines,from top to bottom, show the 65th, 25th, 75th and 95th per-
centiles for each distribution. Observed N = total number of shrimp
counted in a series of observations. Mortality = number of observa-
tions of dead shrimp during an observation period; dead shrimp not

removed,
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FIGURE 29.—Distribution of postlarval white and brown shrimp
(P. setiferus and P. aztecus) under continuous Tow level red
iTTumination in experiment 18, tanks B & D. Vertical lines in-
dicate distributions. Midline represents medians and the other
four lines, from ton to bottom, indicate the 95th, 75th, 25th
and 5th percentiles for each distribution. Observed N = total
number of shrimp counted in a series of observations. Mortality
= number of observations of dead shrimp during an observation
period; dead shrimp not removed.
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GRADIENT TANK 20-A

70
g 60 /
[+
5 40 - T
7 —] I—
g 0 4 L\ \
= I ———
= 201 = [a—
= 1D - ]
5
D4
DAY NIGHT DAY NIGHT
- f_‘r‘wﬁ_m
ELAPSED TIME (hrs) 5 v 20 25 I 35 40 45 50 55 60
oaTeE (1972) 9/6 9/6 9/6 97 8/7 9/7 9/8
OYSERVED § 325 3 326 309 291 275 27
MORTALITY {4} (3) (7 (8) {9} {10} (10)
TEMPERATURE (C) 0.7 20.8 2.3 3.0 30.5 72.0 21.0
70 . GRADIENT TAKK 20-C
2 &0
g
% 50 - U _'-______..-""'"
=
; a3 | ———]
."‘:'-é 30 A "\
=9
£ 20 ]
b h-k"""w_______‘_________.__f
o
T ‘- T T -—t '
ELAPSED TIME (Rrs) 5 15 20 2% 30 15 40 45 50 55 &0
ATE {1972) 96 96 9/6 7 97 T Y
OOSERVED N 335 305 285 284 283 250 208
MARTALITY {3} {50 (7Y () (9) {14 {16)
TEHFERATURE (L) 20.6 206 27.0 0.5 0.5 zz.i 20.8

FIGURF 34.—Distribution of postlarval brown shrimp (P. aztecus)
under continuous Tow Tevel red illumination in experiment 20, tanks
A & C {replicates). Postlarvae were collected between 8/24 and
8/25/72 and acclimated for 11 days to 22 C and 33 o/oco. Vertical
lines indicate distributions. Midline represents medians and the
other four lines, from top to bottom, show the 5th, 25th, 75th and
95th percentiles for each distribution. Observed N = total number
of shrimp counted in a series of observations. Mortality = number
of observations of dead shrimp during an observation period; dead
shrimp not removed.
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TEMPERATURE (C)
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9/6 946 496 97 87 9/1 8/9
137 318 3 348 34 318 325
(0) (o) (0 (® {0) (0) (0)
20.6 0.7 7.6 3.0 30.4 22.0 20.8

FIGURE 35.—Distribution of postlarval brown shrimp (P. aztecus)
under continuous low level red illumination in experiment 20, tanks

3 & D (replicates).

Postlarvae were collected between 8/24 and

8/25/72 and acclimated for 11 days to 22 C and 33 o/oo. Vertical
1ines indicate distributions. Midline represents medians and the
other four lines, from top to bottom, show the 95th, 75th, 25th and

5th percentiles for each distribution.
of shrimp counted in a series of observations.

of observations of dead shrimp during an observation period; dead

shrimp not removed.
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Observed N = total number
Mortality = number
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Z 60 4 T
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€30 A - S U 50th ¢
£ - Lo - N &2
ﬁhh““———-—... i L B
= 20 - L___., '_‘// P——75th o
2 5 b T | ~95th
= - ) e
2 S
D -
DAY NIGHT DAY NIGHT DAY
T T T T T T _I — .‘_ L] T T _-—1t
ELAPSED TIME (hrs} 5 W % 2 5 30 3™ A0 45 B0 55 60 &5
DATE (1972) 9/13  9/13  9/13 a4 8/ 9/15 9/15
QBSERVED N 292 261 264 214 213 W 2
MORTALITY {(6) (0 () {12) {16) {19y (25}
TEMPERATURE (L) 0.7 20,6 24.3 30.3 308 20.9 20.7
HT NK 21-
140 - /____f_” ROL TANK 21-B
. ——
E 120 [ ~—95th
& 100 ] ¥
) 7 b L.<
Z g0 E‘fo’// RRH“*‘H~= 75th o
= ] ._.____________q/‘ 2
= =
£ 60 4 S =]
i T——— o [}
el 40 "‘"‘—-1./ ‘-_-_1_—“"--—____ 5
b, S Tpoen £
= 20 - S
E i —-ﬁ-—-/ ] H‘h““werth
< 0 - gth
T ——= — N—— —_— ’ y T 1
FLAPSED TIME (hrs) 5 M 15 20 25 30 35 40 45 50 55 60 65
DATE (1972) 9/13 913 913 914 §/14 9715 4715
OBSERVED N 336 32 30 315 330 186 49
MORTALITY [6) {0y (0} (0} (0) (0 (0}
TEMPERATURE (C) 20.8 20,8 24.5 30.8  20.8 3.2 20.9

FIGURE 37.—Distribution of postlarval brown shrimp (P. aztecus)

163

under continuous low level red illumination in experiment 21, tanks

A& B.

and acclimated for 19 days to 22 C and 33 o/00.
Midline represent medians and the other

indicate distributions.
four Tines indicate percentiles; percentiles are oriented by tank

depth.
observations.

during an observation period; dead shrimp not removed.

Postlarval shrimp were collected between 8/24 and 8/25/72
Vertical 1ines

Observed N = total number of shrimp counted in a series of
Mortality = number of observations of dead shrimp
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70 | T 1 1 T T T 1 T ¥ T T H 1 H T T T ¥ 1 T T T 1
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60 A 21-A 20
- SALINITY
] 15 =
40 4 o
by or
= Y >
Z 30 A SHRIMP INTRODUCED g =
]
S .y | — GRRDIENT 9/12/72 <
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Wy L]
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40 - =
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T 11 1 L) 1 T ] ¥ 3 T T 1 1 T 1 F T 71 T T T 1 & 1 L T

0 10 20 30 40 50 60 70 B0 90 100 110 120 130 140
CENTIMETERS FROM TANK BOTTOM

FIGURE 38.—Distribution of postlarval brown shrimp (P. aztecus)
and salinity in experiment 21, tanks A & B, during observations
made from 12.5 to 18.4 hours after shrimp were introduced. Tem-
perature approximated 20.5 C during this time interval. Post-
Tarvae were collected between 8/24 and 8/25/72 and acclimated for
19 days to 22 C and 33 o/oo. MNumber of shrimp introduced into
tank A = 50, tank B = 49. N = total number of shrimp counted in

a series of observations.



70 1 GRADIFNT TANK 21-C
=
g 60
5
(=]
£ 50 4 2
o =3}
& 40 -
[ E-
£ 304 z
- &
E 20 o
= <
Z 104
4
NTGHT DAY HIGHT DAY
T T i __-I_‘- T T T T i 1
ELAPSED TIME (hrs) 5 W 16 20 25 30 35 40 45
DATE (1972} 9713 9/14  9/14 4/15 9716
OBSERVED M 02 785 295 284 40
MORTALITY {0) () (1} (1)
TEMPERATURE (C} 24.1 30,7 30.7 209 20.7
CONTROL TANK 21-D
L 0 g — e ——195¢th
E 120
(=)
o -
Swod T o 0
Z B R P T 75th [
[l ““"‘\ -
+ B0 m/ -
5 axhxkahx m
: 60 \ E
o
E a0 B 50th %
I o
£ 20
s - 25th
0 -
+— — T T T ¥ -, Sth
ELAPSED TIME (hrs} 5 19 15 20 25 30 35 40 45
DATE {1972) $/13 9/14  9/14 9/15 9/15
OBSERVED N 137 320 320 ng 47
MORTALITY {0} {0) {0) {0y (0
TEMPERATURE {C) 24,3 0.7 30.9 21.3 20.9

FIGURE 39.-Distributiocn of postlarval brown shrimp (P. aztecus)
under continuous low level red illumination in experiment 21, fanks
C & D. Postlarvae were collected 9/08/72 and acclimated for 5 days
to 24 C and 33 ¢g/on. Vertical lines indicate distributions. Mid-
Tine represents medians and the four other lines show the 5th, 25th,
75th and 95th percentiles; percentiles oriented by tank depth,.
Observed N = total number of shrimp counted in a series of observa-
tions. Mortality = number of observations of dead shrimp during an

observation period; dead shrimp not removed.
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FIGURE 40.~-Distribution of postlarval brown shrimp (P. aztecus)
and salinity in exneriment 21, tanks C & D, during ohservations
made from 15.5 to 21.7 hours after shrimp were introduced. Tempera-
ture approximated 30.7 C for this time interval. Number of shrimp
introduced into tank C = 50, tank D = 50. N = total number of shrimp
counted in a series of observations.
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GRADIENT TANK 22-A 30 o/oo Acclimation Salinity

70 7
2 60 o
=4
[oag
g 50 4
=
=40
(=9
-—-‘_--_-_-—‘—-
230
g
; 20 4 ] —
E A
2 T
0 4
DAY NICHT DAY ¥I1GHT
¥ - - . y m‘—“l
ELAPSED TIME {hrs} 5 10 15 200 2% 3 35 4D 45 50 85 60
DATE (1972) g/20 a/20  9/20  9/20 921 9721 321 9722
OBSERVED N 187 3 302 302 301 12 45 168
MORTALITY (2) {8y (&) (10 {4y  (5) (%) {5}
TEMPERATURE {C) 24.5 24,7 4.8 24,9 24.9 74.8 24.7 24.%
GRADIENT TANK 22-C 15 o/oo Acclimation Salinity
70 1
2 &0 4
g
g 50 4
£ 40 / \
Wy
30 A I \\_ﬁﬁ
£
> 20 4
= _/,/
E ]U- "_"-_'_—““—-—-____________ T
—
prd
U-
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"_'-‘_F—-l- T T 1 * T T T *31
FLAPSED TIME (hrs) 5 1 15 20 25 0 5 4q 45 50 55 €0
DATE (1972} 9720  9/20 9/20 9720 921 9/21 9/21 9/22
OBSERVED N 190 302 286 285 284 2 Al 147
MORTALITY (3} (4) (M {5} {7y (8] {8} {r
TEMPERATURE {C) 24.8 243 249 24.9 25.0  25.0 24.9 24,9

FIGURE 41.—=Distribution of postlarval white shrimp (P.setiferus)
acclimated to different salinities and tested under continuous low

level red illumination in experiment 22, tanks A & C.

indicate distributions.

Vertical Tines
Midline represents medians and the other four

Tines, from top to hottom, show the 5th, 25th, 75th and 95th percen-

tiles for each distribution.
counted in a series of observations.

Nbserved N = total number of shrimp
Mortality = number of observa-

tions of dead shrimp during an observation period; dead shrimp not

removed.
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MORTALITY {n) (0} (0} {0} {0} (o) (9} (0}
TEMPERATURE (C) 22.8 24.9 24.9 25,1 25.2 25.2 25.1 25.2

CIGURE 42.~Distribution of postlarval white shirmp {P.

setiferus)

acclimated to different salinities and tested under continuous Tow

Tevel red illumination in experiment 22, tanks 3 & D.
Midline renresents medians and the other four

indicate distributions.

Vertical lines

Tines, from top to bottom, show the 95th, 75th, 25th, and 5th percen-

tiles for each distribution.

Nhserved N = total number of shrimp
Mortality = number of observa-

counted in a series of observationrs.
tions of dead shrimp during an observation period;

removed.

dead shrimp not
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MORTALTTY (4) (8} (6) (5} {10} (19) (m (1)
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._WE:WW
ELAPSED TTHE (hrs) 5 i 15 20 25 30 35 40 A5 50 55 60 65
DATE (1972) 10/23 10428 10/24  10/24 10724 10/25 15/25 10/28
DBSERVED N 333 320 33 321 312 183 130 28
MORTALITY toy (1} (2 {2)  (3) {3) () {3)
TEMPERATURE (C) 21.6 22.6 22.7 73.0 229 32.0 3.9 2z2.8

FIGURE 44.—Distribution of postlarval white and brown shrimp
(P. setiferus and P. aztecus) under continuous low-Tevel red illumina-
tion in experiment 23, tanks A & C. Vertical Tines indicate distri-
butions. Midline represents medians and the other four lines, from
top to bottom, show the 5th, 25th, 75th, and 95th percentiles for
each distribution. Observed N = total number of shrimp counted in
a series of observations. Mortality = number of observations of
dead shrimp during an observation period; dead shrimp not removed.
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FIGURE 45, —Distribution of postlarval white and brown shrimp (P.
setiferus and P. aztecus) under continuous low level red iltumination
in exveriment 23, tanks B & D. Vertical 1ines indicate distributions,
Midline represents medians and the other four tines, from top to
bottom, show the 95th, 75th, 25th, and 5th percentiles for each distri-
bution. 0bserved N = total number of shrimp counted in a series of
observations. Mortality = number of observations of dead shrimp during
an observation neriod; dead shrimp not removed.
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EIGURE 48.—Distribution of postlarval white shrimp (P. setiferus)
and salinity during observations made from 3.0 to 25.9 hours after
shrimp were introduced. Temperature apprnximated 23 C during this
time interval. Number of shrimp introduced into tank A = 22,
tank B = 18. N = total number of shrimp counted in a series of ob-

servations.
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GRADIENT TAKK 20-A

[ P. aztecus - 18.2 ™
= Hatchery - 56 days
2 60 A
=,
9
g0 [T 5en
£ 40 4 |
230 25th
g 50th
[+9
- 7 175th
S 0 B5th
2
< 0 WIGHT nAY NIGHT DAY NIGHT DAY
ELAPSED TIME (hrs) € J0 1s 20 25 30 35 40 45 B0 55 50”125
pATE (1973) 1712 1718
99
OBSERVED N 347 344 s
MORTALTTY {0} {0} 27.0
TEMPERATURE {C) 26.0 24,1
GRADIENT TANK 29-C
707 P. aztecus - 18.5 mm
60 - Hatchery - 56 days
50 4 5th
—
30 |
25th
30
20 4 50ch
Z5th
10 ] N
95th
0
HICHT DAY NIGHT DAY NIGHT DAY
= T 1 L Jﬁ
1—'—# 1 T T T T T T F
ELAPSED TIME {hrs) s 1w 15 20 25 30 35 40 45 50 5 ﬁomgs
DATE (1973} 113 /14
9
OBSERVED K 159 356 Eg)
MORTALITY {0} (o) 25 e
TEMPERATURE {C) 25.7 23.9

FIGURE 55.—Distribution of hatchery-raised postlarval brown
shrimn {P, aztecus) under continuous low Tevel red illumination

in experiment 29, tanks A & C.

butions.

Vertical

tines indicate distri-

Midline represents medians and the other four Tines,

from top to bottom, show the 5th, 25th, 75th and 95th percentiles.
Observed N = total number of shrimp counted in a series of ob-

servations.

Mortality = number of observations of dead shrimp

during an observation period; dead shrimp not removed.
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CONTROL TANY “0-0
P, aztecus - 14.7 me

——————

142

= 1 -—-——_..—-/ -..\—_“7_'_________

5 120 - /

e

[ -

2 100 4

5 i T S R, (N o

= / —-—— _r-"__‘_,_

Z 80 | N

- J

g 60 -

2 5 | _df/\ 5 A

) e

o {1 L—

= 20 4

E 1 —_______.—.—_ — |[

8 0 4 TAY NI DY IO Ty

L T _)Jl - -l LS k] r'i" T —

ELAPSED TIME (hrs) 5 W15 2y 25 W35 47 45 53 55 B0 HA
DATE (1973) 1113 4 114 /4 1718 1715 1/75 1716
ORSERVED N 338 ¥ M2 346 176 196 192 g5
MORTALITY (o) {a} ey (0} (ay (m) (0} {0}
TEMPERATURE {C) 25,6 25.1 237 3.4 23.8 23.0 713 27.9

CONTRGL TANK 29-0
P. artecus - 18.3 nm

140 ~
-
120 4
100
80 T ™
" \
] e
40 4 _.--———‘——--_../ EJM\
Ry —
20 4
° 1 i "!Jb'l"f i _—___.‘E_Kr:Ll
- T |.- T -
ELAPSED TIME f{hrs) 5 10 15 20 25 30 k) a0 4 50 55 B0 65
DATE (1973) 1/13 1414 1414 1714 1715 E18 1715 1716
QRSERVED M kXY 335 332 32% 191 189 194 91
MORTAL LTY {0} {1 fo) M) ey (a4 {c) (0}
TEMPERATURE (() 25.7 24.4 24,2 242 24,9 28.7 24,6 23.7

FIGURE 56.—Distribution of hatchery-raised postlarval brown
shrimp (P. aztecus} under continuous low Tevel red illumination
in experiment 29, tanks B & D. Vertical lines indicate distri-
butions. Midline represents medians and the cther four Tines,
from top to bottom, show the 95th, 75th, 25th and 5th percen-
tiles. Observed N = total number of shrimp counted in a series
of observations. Mortality = number of observations of dead
shrimp durina an observation period; dead shrimp not removed.
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60 1 GRADIENT TANK 31-A
50 (GRADIENT O - 70 a/ne)

a0 [ N
0 J :ﬂ/-——-_i_“ ]
—-—'—_“-‘___‘\‘J

20 A

SALINITY {PARTS PER THOUSAND)

0 — /
S
0 -
WIGHT DAY NIGHT DAY
4
ELAPSED TIME (hrs) 5 0 15 20 25 30 35 ap 45 50
DATE (1973) /20 21 322 322 e A2 21 3/23
OBSERVED N 385 345 196 84 347 192 196 149
MORTALETY (o ay ) f1y (M {1 (1 ()
TEMPERATURE (C)} 22.6 23.% 238 233 23.4 26.0 29.7 30.3
70 -
GRADIENT TANK 31-B
S & A {GRADIERT © - 50 o/oo)
2
S 50
= ——— "
L
& __'__// 4 —
= 30 4 i P |
£ T
20 A
£
= -
Z 10 ~
s 0
A NIGET paY NTGHT DAY
ELAPSED TIME [{hrs) 5 1 15 20 25 30 35 40 45 50
DATE (1973) 21 32 3422 322 22 A2 3423 ¥23
OBSERVED N 38 3z I\ 320 37 174 175 130
MORTALITY (0} R} {13 (1 (1) (1) m {1}
TEMPERATURE (C) 21,9 23.3 23.4 23.3 23.2 5.6 29.2  30.0

FIGURE 61.—Distribution of postlarval brown shrimp (P.
aztecus) in two different salinity oradients and tested
under continuous low level red ilTumination in experiment
31. Vertical lines indicate distributions. Midline re-
presents medians and the other four lines, from top to
bottom, show the 5th, 25th, 75th and ¢5th percentiles for
each distribution. Observed N = total number of shrimp
counted in a series of observations. Mortality = number
of observations of dead shrimp during an observation
period; no dead shrimp removed.
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GRADIENT TANK 31-C

101 (GRADIENT O - 70 o/oo)
)
5 60
oy
3 . Sth
£ 501
o - w
w40 _ 25eh W
» | N th =
& 304 B | =
= — - 75th &
o 20 A
s
= . I
o 194 95th
wy
Q4
HTCHT TIAY NIGHT TAY
-
ELAPSED TIME (hrs) 5 17 15 25 0 35 40 45 50
DATE {1973) KT B T A NS V- B V- B V- Vi p /23 /23
OBSERVED N 46 329 194 30 318 185 171 128
MORTALITY {1y {4 (4) {5} (5} () (6} (7}
TEMPERATURE (C) 22.9 23.5 234 240 241 232 235 23.7
CONTROL TANK 31-D
140 +
E—
= 1o ] i [~ 95th
S 120
o lood. 75th .,
E 80- =
1 - =
= ] J‘/'—_—_—'__T R_.\___‘-\_-_-‘ 3
o6 5otk =
2 1 [ =
40 MM I
5 . / [T} fostn
20
-
e} 1 5th
0 - ——— T —— )
ELAPSED TIME {hrs) 5 10 15 20 25 30 Il 40 45 &
DATE (1973) 3/2v a/21 0 3/22 0 we2 W /a2 /23 3/23
OBSERYED N 332 322 185 326 323 186 182 139
MORTALITY (o} {0) )] (o) {7 o) {0} ()]
TEMPERATURE (C) 27.9 3.4 23.6 239 23.9 22.9 23.4  23.5

FIGURE 62.—Distribution of postlarval brown shrimp {P.
aztecus) under continuous Tow-level ilTumination in experi-
ment 31. Vertical lines indicate distributions. Midline
represents medians and the other four lines show the 5th,
25th, 75th and 95th percentiles; percentiles oriented by
tank depth. Observed N = total number ¢f shrimp counted in
a series of observations. Mortality = number of observa-
tions of dead shrimp during an observation period; dead
shrimp not removed.
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GRAZIENT TASE 3E-A

0 4 P.oaztecus - 15.3 mn

SALINITY (PRUTS PER THOUSARD]Y

<.
(&)
1

N

=

r_T.

ENT

Sth&
[ -~ 95th&
G -
NIGhT AT NIOHT
R i, USSR S S
ELARPSED TIME {hrs) 5 th) 15 20 % 35 0 45
DATT (1973} 473 asa 4/4  4jc ird
D3SZ3VI0 M 333 1E5 157 155 i3
WIRTALITY (5 ] (7 & 1)
TIMPEAATURE (0) 23,30 232 23 2. Il
EOTRAL TANK 32-B
P. aztapus - 15.4
190
] —— —~95¢h
EE |
— 1
= o i
y 199 \ E
-t
£ 4 —
2 & —] 75th =
2 i / Ei
2 &0 - 5
Q0 ! i =
o 400 o /\ j=a]
@ 1l - 50th o
o220 o 25th
ool 4 — .| s SR
= ¢ 4 - j-t . 5th
CTUT nAY T —
4 ; T . A Mg S
ELAPSED TIMD (hrs) 5 1 15 2 2% 30 35 &y 8%
DATE (1973} /3 474 Ly LYE £is
OBSTRVED N 324 183 g5 g2 13
MIATALITY 10 {6 (a) {0l 12)
TEMPERATURE {C)  22.8 231 23t 2.0 #3.3

FIGURE 64.—Distribution of postlarval brown shrimp (P. aztecus)
under continucus low Tevel red illumination in experiment 32. Post-
Jarvae were collected 3/17/73 and acclimated for 19 days to 23 C and
26 of/oo. Vertical Tines indicate distributions. Midline represents
medians and the other four Tines show the 5th, 25th, 75th and 95th
percentiles; percentiles oriented by tank denth. Ohserved N = total
number of shrimp counted in a series of observations. Mortality =
number of dead shrimp observed during an observation period; no dead

shrimp removed.
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GRANIENT TRy 32-C
70 4 P. aztecus - 18.1 ™
€ 6o
-
£ W
g 50
= . H 5th r:.']]
o [
o A0 - f 25th ;
[Pl
220 50th m
. Q
= T =
- 75th @
. 20 J =
= 5th
; 10
wi
0 4
HICHT TIAY NICHT
ELAPSED TIME {hrs) § 1 15 23 25 X 33 4) 45
DATE (1973) 443 LYL I VI T 4/5
QBSERVED N 172 154 201 194 a8
MORTALTTY (0 (o (0 () {0}
TEMPERATURE (L) 23.2 21.5 20.8  23.4 23.1
CONTRIL  TAKK 32-D
P, artecus - 18.1 mm
140 | _——
o _'_._.__,__.—-—-—"1
5120 | -ﬁ‘*—-hﬁw 95th
[ -
2100 v,
x ;] //// @
=80 75th =
5 e
= %3 _._-—'-__—__-‘ \ 2
n o L
=
= 40 530th =
o N 2
= 20 | 25th
v o0 5th
ELAPSED TIME (hrs) 8 19 15 ¢ @5 30 35 40 45
DATE (1973) 4/4 475 4/4 4/5
QBSERVED N 319 181 180 178 a5
MORTALITY {0} {6y (o) (0] {3}
TEMPERATURE {C) 23.4 21.7 22,5 22.9 22.9

FIGURE 65.—Distribution of postlarval brown shrimp {P.

under continuous Tow level red 1

aztecus)

1lumination in experiment 32.

larvae were collected 3/13/73 and acclimated for 31 days to 23 C and

24 ©/00.
medians and t

percentiles; percentiles oriented by tank depth.
number of shrimp counted in a series of observations.
number of dead shrimp observed during an sbservation period,

shrimp removed.

Vertical Tines indicate distributions.
he other four lines show the 5th, 25th, 75th and 85th

Midline represents

Observed N total
Mortality =
no dead
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GRADTENT TANK 35«4

— 60 4 30 o/foo Acclimation Salinity

o

= 50 -

= e ——T

E a0 - —*\_’_‘

& T

& A

30 | T—

¥ 7

= 20

E 104 - ] |

=

2 g "—‘—'*——--——J

v

DAY NIGHT DAY MIGHT DAY NIGH™
ELAPSED TIME (hrs) 5 10 15 20 25 30 35 4D 45 58 55 110 115 Gz
DATE (1973) 5/23  5/23 5/24 5/24 5724 /25 5725 528
OBSERYED N 3za 319 33 310 174 154 35 ¢l
MORTALITY (o) {2) (z) &y (n (3) (3} Vo
TEMPERATWRE {C)  23.8  24.1 2.2 23.7 282 31.5 3.8 7.8
GRACTENT TANK 35-8

— 50 -y

z 20 ofos Acclimation Salinity

‘é 50

£ T ——

o 40 4 ]

v 30 ]

3 S ———

= 50 ] / |

t _-—-———_‘-_-_—- / 1

= 10 |

= ] |

= T —— .

v O J

DAY NIGHT DAY NIGHT DAY NTGHT

ELAPSED TIME (hrs} 10 15 20 25 30 35 40 45 50 55 g Me 20
DATE (1973) 5/23 5723 5/24 5724 5/24 5/25 5/25 3123
GSSERVED N 307 33 317 3 177 1683 39 35
MORTALITY (0} (0) (0 (@) () (o) (o) 73)
TEMPERATURE (C) 4.0  23.B 23,8 23.9 29.0 KNI I 23.2

FIGURE 71.—Distribution of postlarval brown shrimp (P. aztecus)
acclimated to different salinities and tested under continuous Tow
level red illumination in experiment 35, tanks A & B. Vertical Tines
indicate distributions. Midline represents medians and the other four
lines, from top to bottom, show the 5th, 25th, 75th and 95th percen-
tiles for each distribution. Observed N = total number of shrimp
counted in a series of observations. Mortality = number of observa-
tions of dead shrimp during an cbservation period; dead shrimp not
removed.
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70
_ GRADIENT TANK 35-C
g & A 30 o/oo Rcclimation Salinity
&
§ o -\
.
-
£ 30 - bﬁ““"‘“~—-~%
&
> 20 i
=
= |
— 1 T e
e |
0 4 l
DAY K157 DEY NIRHT nav MIGHT
== T Ly ! T T e e T T "’ . =
ELAPSED TIME (hrs) s 17 15 2 25 3 3 &) &5 i 85 110 31E 12D
DATE (1473) 5/23  5/23 §/24 5/24  5/23 525 525 5.28
C3STRVED N 27 23 279 213 i 181 156 ag
MORTALITY fe} (3 {3} {3} (3} i4) &) (5
TEMPERATURE {C)  23.7 3.8 23.7 23.6 23.6 23.6 23.5 22.8
= 60 A GRAGTENT TANK 35-D
= 20 ofoo Acclimation Salinity
g 50 4
" T /\
; 7 "‘\\ — I
I} 30 4
E __—_-—_—__-'——-.______-r-’/—'___-_“‘———-—-..____ 1
g 20
Fa \
= 10
5 —
& 0
o Y n NIGHT : - NIGuT
= " *
ELAPSED TIME {hrs) 5 1o 3% 25 25 30 3% 40 45 50 85 110 15 2D
BATE (1973) 5/23  5/23 5/24 L/24 5/24 5725 5725 5/28
BSSERVED X 5 327 325 317 185 177 178 77
WORTALITY (1y {2 {1; (8 (3) (3) {5} {3,
TEMPERATURE (C) 23,5  23.7 23.7 23.6 23.6 23,5  23.4 22,7
FIGURE 72.—Distribution of postlarval brown shrimp (P. aztecus)

acclimated to different salinities and tested under
jevel red illumination in experiment 35, tanks C & D.

continuous 1ow
Vertical Tines

indicate distributions.

1ines, from top to bottom,

Midline represents medians and the other four
show the 5th, 25th, 75th and 95th percen-
Observed N = total number of shrimp

tiles for each distribution.
counted in a series of observations.

remaved.

Mortality =
tions of dead shrimp during an observation period;

number of observa-
dead shrimp not
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70 4 GRADIENT TANK 37-A
CRT P. setiferus DISTRIBUTION IN THE “DARK™
g B. setiferus
9
o 50 4
E
E LI 1 — 1
£ a0
134 -
g —] /
'; c0 - ‘//
S0 4 "
= — ——
vl 1
0 4 i
NIGHT DY NIOHT LAY YICHT
1 '_—'l 1 T T [_—_ T Ll T L) - T L) T T _1l
ELAPSED TIME (hrs) g v 15 20 25 30 3 40 45 50 55 60 65 7
DATE (1973) £/31 &/ 6N SN 6/2 672 6/2 BjZ 6j2 6/3
OBSERVED N 55 51 53 53 19 49 49 47 a5 L4
MORTALITY (o) () {c) {0) )y (o) (o) (@) (0} (0)
TESPERATURE (C)  24.2 23.5 23.7 239 23.5 23.8 24.0 23.9 23.8 23.3
70 7 GRADIENT TANK 37-B
5 60 4 P. aztecus DISTRIBUTION IN THE "DARKT
E
2y A
~
=
= 40 4 " —
% Ty
® 30 o \
@ [ ————
D20 A N ——]
[TE)
=
E 10 ] i ]
o e
0 4
HIGHT DAY WICHT DAY W1GHT
) 1 1 T — T - T 1 T T T T b ¥ == )|
ELAPSED TIME (hrs) 5 1o 15 20 25 30 35 40 45 50 55 61 65 70
DATE (1973) 5/31 5/31 61 571 §/z 6/2 6/ &/2 §/2 673
OBSERVED N 49 52 45 45 a5 43 48 47 50 45
MORTALITY (m m (1) {2) (2 (1 1y )y 0 )
TEWPERATURE (C)  23.6 23.5  23.B 24,3 23.8 23.8 23.7 23.8 23.5 23.6

FIGURE 76.-—DNistribution of postlarval white and brown shrimp (P,
setiferus and P. aztecus) under periodic low Tevel red illumination
Tn experiment 37, tanks A &B. "Dark” defined on page 73. Vertica’
lines indicate distributions. Midline represent medians and the
other four lines, from top to bottom, show the 5th, 25th, 75th and
95th percentiles for each distribution. Observed N = total number
of shrimp counted in a series of observations. Mortality = number
of observations of dead shrimp during an observation period; dead
shrimp not removed.
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ELAPSED YINE (hrs)

QATE {1973)
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MORTALITY

TEMPERATURE (C)

ELAPSED TIME (hrs)

DATE {1973)
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TEMPERATURE (T}

SALINITY (PARTS PER THOUSAND}

CENTIMETERS FROM TAMK BOTTOM
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&0
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30

20
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Ta
60

§0
40
30
20

10

GRADTENT TANK 37-A

| P, setiferus DISTRIGLTION [N THE “LIGHT*
/\
_ \ﬁf,_,,,
] L/ k/
e ] _/-/
r Y-
] NIGHT DAY KICHT ‘_-:'_'IY‘ - ‘; f:;l;
S " T — ™ " —T———1 g i ' —
5 10 15 20 25 39 kL 40 ] =0 g5 60 65 70
5431 5/3 671 6/1 &/1 &/2 6/2  6/2 6&/2 542 6/2
240 2856 245 252 252 243 531 100 96 EB 96
{0} {o) {0} (a) (o) (o; {0y (o) (0] (0O} {0)
24.2 231.% 23.7 23.9 24.1 23.6 22.B 74,00 73.9 23.8 23.3
GRADIENT TAMK 37-B
1 P, aztecus DISTRIBUTION IN THE "LIGHT"
r— iz 32 LeLus
\_,,..--\‘
_ L ]
— I S—
1 N S
WIGHT DAY RICHT nAY NICHT
-_L:w‘ . - y ___'_'““7{ - 77].“\“:““:)1
5 10 15 20 25 kel 15 40 a5 50 55 60 65 70
/31 5731 6/1 &/1 6/1 6/2 6/ B/ 6f2 62 &/3
247 248 236 248 745 236 50 50 % 93 53
(1 m {1 {2) (2) Momooa)y M om ()
23.6 23.5 21.8 243 23.% 23.8 23.8 23.7 23.B 23.5 14,8

FIGURE 77.—Distribution of postlarval white and brown shrimp {P.
setiferus and P. aztecus) under periodic low level red iilumination

in experiment 37, tanks A & B.
lines indicate distributions.

"Light" defined on page 73.
Midline represents medians and the

other four lines, from top to bottom, show the 5th, 25th, 75th and

95th percentiles for each distribution.
shrimp counted in a series of cbservations.
ohservations of dead shrimp during an observation period;

shrimp not removed.

Observed N =

dead

Vertical

total number of
Mortality = number of
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FIGURE 83.—Distribution of nostlarval white shrimp (P,
setiferus) and salinity in experiment 39 during observations
made from 2.8 to 27.6 hours (gradient tank) and from 72.1 to
88.4 hours (control tank) after shrimp were introduced. Tem-
perature approximated 24.5 C during this time interval. Post-
larvae were collected 5/27/73 and acclimated for 22 days to
24 C and 30 o/00. Number of shrimp introduced into tank A = 34,
tank B = 35. N = total number of shrimp counted in a series of

observations,
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FIGURE 91.—Distribution of postlarval brown and white shrimp (P.
aztecus and P. setiferus) and salinity in experiment 42, tanks C &
D during observations made from 5.5 to 27.7 hours after shrimp were
introduced. Temperature avproximated 23.0 C during this time inter-
val. Tanks were continuously illuminated with low level red light.

Number of shrimp introduced into tank C = 23, tank D = 49, N =
total number of shrimp counted in a series of observations.
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FIGURE 95
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GRADIONT TANK 43-A

70 - 26 o/00 Acclimation Salinity
CRR
=
w
=
& gy
=
[~ I’____,,__,_————-—‘_'_“_-
: 1D
Wy
£ s ]
g 3 -
> 20 - R 1
=
i—
= Y S
1! \
DAY NIGHT DAY NIGHT DAY
'ﬂm —
£22PSED TI¥E [hrs) 5 10 15 2 25 30 35 g
DATE (1973) 8/9  8/9 8/10  B/10 8710 8/10 8/11
(SSERVED N Mmoo M2 T 7 10 108
MORTALITY {2y i2} {(5) {8) {8) (&) (&)
TEMPZRATURE {£) 21.6 21.4 21,6 216 21.2 215 21.6
RRADTENT TANK 85-C -
90 12 ofon Acclimation Salinity
60 =
5
80 ’/’/F\\\
_—~——_—_—____——- o]
20 - T
10 4 - ———— .
—— ] /
o
DAY WIGHT DAY NIGHT
—_.——m T - y ¥ i
ELAPSED TIME (hrs) 5 10 15 20 25 0 35 40 .
TATE (1673) 8/9  8/9 8/10 810 B/10 8410 5/
OBSERYED ¥ 1M1 1603 NS Mg 1z 109 109
MORTALITY 1y (2} (4y (4) (4} (4} (4)
TEMPERATURE (C) 21.0 211 20.8 20.8 20.7 20.5 211

FIGURE 98.—Distribution of postlarval brown shrimp (P. aztecus)
under continuous Tow level red illumination in experiment 45, tanks
4 &% C. Shrimp were collected 7/15/73 and acclimated for 25 days to
22 € and to either 12 ofoo or 26 o/oo. Vertical lines indicate dis-
tributions. Midline represents medians and the other four lines,
from top to bottom, show the 5th, 25th 75th and 95th percentiles for
each distribution. Observed N = total number of shrimp counted in a
series of observations. Mortality = number of observations of dead
shrimp during an cobservation period; dead shrimp not removed.
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CONTROL TANK 45-B 26 o/oo Acclimation Salinity

140 -
I 170 4
E N /\-\
; 'IDD: \..-—-—'-—""‘""""""_-‘——-——-—_.‘
o804
= i
Z 6o
W - /
o
E 40
= 204 ]
] ,
L]
0 RIGHT - DAY TICRT
FLAPSED TIME (hrs) @ & 1 15 70 25 33 35 23
CATE (1973) 878 8/9 8/10 8/10 810 8710 8/11
OBSTRVED N N8 114 14 117 113 N3 110
MORTALITY (3) (3} (1) {3) {3} (3} {3)
TEMPERATURE (C) 21.9 21.7 21.8 21,8 20.7 21,8 21.8
140 VOVTROL TANK 45-0 12 o/00 Acclimation Salinity
120 -
100 - |
— ___._———l——-——._—-_-—-—
BO / /,/
60 -
-
40 4 /\
20 - T
D o
- T T T
ELAPSED TIME {hrs) 5 10 15 20 2 3 35 40
BATE (1973} 8/9  B/Y g/10  8/10  &/10 8/10 B/
DBSERVED N 1 108 18 10 106 N2 108
MORTALITY {0y (0} (o) {0} (o) (0} {G)
TEMPERATURE {C) 26.9 21.1 20.7 20.9 20.5 20.6 21.2

FIGURE 99.—Distribution of postlarval brown shrimp (P. aztecus)
under continuous low Tevel illumination in experiment 45, tanks B &
D. Shrimp were collected 7/15/73 and acclimated for 25 days to
22 ¢ and to either 12 o/oo or 26 o/oo. Vertical lines indicate dis-
tributions. Midline represents medians and the other four lines,
from top to bottom, show the 95th, 75th, 25th and 5th percentiles
for each distribution. Observed N = total number of shrimp counted
in a series of observations. Mortality = number of observations of
dead shrimp during an observation period; dead shrimp not removed.
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B - Predicted tides and tidal currents plotted for
selected shrimp distributions in experimental
tanks

Figures 1 through 13
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GRADIENT TAMK B-A

SALTHINY {FAES PER THOLSAND)

L Y : e
ELAPSED TTME fhrs) 5 10 15 20 25 i}
MTE {1972 343 3/3 3/ 3/4 34
0ESEMED N 234 229 228 211 206
MCRTALITY {G) {0} (o} {4} {4)
TEMPERATURE 3.1 na 3.2 3.0 3.8
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7e

Bl

44

kI

GRAGIENT TANX 9-A

]
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/5 FEETT 3% i
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FIGURE 1.—Distribution of postlarval brown shrimp (P. aztecus)
under continuous low level red illumination in experiments 8 & 9

(aradient tanks) with oredicted tides and tidal currents.
Midline represents medians and the

1ines indicate distributions.

Vertical

other four lines, from top to bottom, indicate the 5th, 25th, 75th,
and 95th percentiles for each distribution.
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