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ABSTRACT

Salinity Preference of Postlar val 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 low level

red illumination in tanks containing salinity gradients ranging from

0 to 50 ppt and 0 to 70 ppt and in control tanks having uniform sa-

linity. Gradients were stable far as long as 119 hours with maximu~

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 Plater 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 postlarvae



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 aradient

tanks. In contrast to findings for brown shrimp postlarvae, white

shrimp postlarval distributions in gradient tanks differed seasonally

only at low 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 'targer

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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INTRODUCTION

The shrimp resource of the Gulf of Mexico is the most vaIuable

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.

All three species spend part of their life cycle in the estuaries.

The shrimp fishery is but one of several commercial fisheries that is

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 productivi ty of the estuaries have been

investigated  Hutton et al. 1956; Odum 1963; Nock 1966; Taylor and

Saloman 1968; Sykes and Hall 1970; Cronin, Gunter, and Hopkins I971!,

the effects of restricting freshwater inflow to an estuary are not

fully understood  Copeland 1966; Odum I970!. Obviously, salinities

would rise as a direct result of 1ess 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 Societ



the above factors would affect the suitabi'Iity 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 postlarval shrimp. The

need to obtai n answers to the above questions becomes 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 life history of the commercial penaeid shrimp

found in the Gulf of Mexico has been reported by many authors  Broad

1965; 4filliams 1965; Baxter and Renfro 1967; Kutkuhn 1966; Trent

1966; Farfante 1969; Pullen and Trent 1969; Cook and Lindner 1970;

Lindner and Cook 1970!. Bibliographies on shrimp biology have been

compiled by Chin and Allen �959! and Allen and Costello �969!. The

adult shrimp spawn in offshore waters. The eggs hatch after several

hours into nauplii which pass through several molts, first into proto-

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.

Estuarine areas supply the proper conditions of salinity, temp-

erature, substrate, food, and cover to enable postlarval shrimp to

grow into juveniles  Broad 1 965; Kutkuhn 1966!. Summarizing field

surveys, Pearse and Gunter �957! 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 �96la! suggested that

small 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 �972!

investigated the effects of temperature and salinity on thermal

death in postIarval brown shrimp. They found that acclimation to

5 ppt provided near optimum thermal resistance at 5 ppt as well as

at higher salini ties 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

whi te shrimp are physiologically adapted for somewhat different sa-

linity regimes. McFarland and Lee �963! found that white and brown

shrimp could osmoregulate over a wide range of salinities; however,

whi te shrimp were better adapted to tolerate low salini ties, and

brown shrimp were better adapted to higher salinities. Low tempera-

tures decreased the ability of whi te and brown shrimp to osmoregulate

at low salini ties  Williams 1960; McFarland and Lee 1963!.

Juvenile white and brown shrimp are often found in different

areas of the estuarine nursery grounds. Generally, whi te shr~~p pen-

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



shrimp. Gunter �950! 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 �962! 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 �961b! that, white

shrimp have a greater tolerance to low salinities than brown shrimp,

Correspondingly, the greatest production of white shrimp has always

been from the vast estuarine area of the Louisiana coast, and tne

greater brown shrimp production has come from the drier Texas coast.

Gunter and Hildebrand �954! 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; St. Avant, Broorv, and Ford 1966; Caillouet,

Fontenot, and Dugas 1968!. Anderson, King, and Lindner �949!



postulated that white shrimp postlarvae need a favor able 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 related to the

past salinity history of the organism  Aldrich 1963!. Joyce �965!

suggested that postlarval shrimp have the ability to choose a tide

favorable for transport or to leave an unfavorable one. Hughes

�969a! tested the response of postlarval pink shrimp  P. duorarum!

to tidal changes. Using laboratory experiments, he found that fo1-

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 a11ow

postlarva'1 shrimp to use ~ncoming 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

 low salinity!. Hughes did not explain how tidal influence could

bring about salinity change within a water mass. In a later paper,

Hughes � 969b! stated that further experimentation showed that a

decrease in salinity was not invariably followed by a decrease in

activity; frequently the shrimp remained active on or just above the

substrate. Hughes reported on the response of postlarval 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. Dn the basis of these experiments,

Hughes concluded that postlarval pink shrimp have an "aversion" to

penetrating waters of lower salinity, but that within a period of 1

week, this "aversion" is considerably reduced. Presumab]y within this

period, the postlarvae would have reached the fow salinity estuarine

waters. The avoidance response, which ~nuptially prevented their

following the low salinity ebb tide seaward, would no longer be need-

ed. In his most recent experiments, Hughes  l972! subjected post-

1 arval pink shrimp to a current of 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 postiarvae' s

presence or absence in the water column at the time of ebb or flood

tide determines their displacement--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 laboratory 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 co1lected  Aldrich, unpublished results!.

The objectives of this investigation are to determine if there

is a seasonal variability in the salinity preference of postIarval

shrimp, to test for responses of white shrimp to experimental salin-

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 i n-

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.



NETHOOS

The present apparatus evolved from earlier experimentation by

Aldrich �963!. He established a continuous salinity gradient rang-

ing from 1 to 70 ppt in a cylindrical 7-1, 1.2 m vertical column

to study postlarval penaeid shrimp. This arrangement was not com-

pletely satisfactory because the crustacean larvae, having a higher

specific gravi ty than seawater, tended to sink in the vertical col-

umn. This tendency required them to swim continuously to maintain

their position in the column  abnormal behavior!. The above problem

encountered with Aldrich's �963! vertical column was eliminated by

making a resting place or "bottom" available to shrimp in the gra-

dient  Keiser and Aldrich 1 973!. This was accomplished simply by

slanting the gradient tank at an angle 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-

lindrical chambers, was eliminated through the use of square cross-

sectional design.

Oescri tion of A aratus

The apparatus consisted of two tanks, tIieir supports, and light-

ing. The experimental tanks were constructed of 0.6 cm Plexiglas

with inside dimensions 3.6 m x 10.2 cm wide x 10.2 cm high, open at

one end. The tanks were constructed of these dimensions to maximize
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the use of available space and for ease of handling. The 3.6 m long

sides were made by joining end-to -end two pieces of Plexiglas and

overlapping the joints with 4-cm Plexiglas braces. The location 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 cm  "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. 18!. All wooden

supports were painted dull black to reduce light reflection. Six

122 cm � ft! 40-watt Rapid Start fluorescent fixtures were mounted

on a 1.8 x 28.4 cm  "'I x I2" 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 light 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. Initial-

ly, the apparatus had a plywood cover; however, experimentation

showed that a lid 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 illumination

during the experiments. Waterman �961! 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 fight might likewise minimize the

sensitivity of penaeid shrimp to visual stimuli. The intensity of



I=I'GURE l. A. Diagram showing detail of tank. �! externaI Plexiglas
brace at joints. All dimensions in meters. B. Detailed cross-section
of apparatus. �! longitudinal supports, �! transverse support, �!
angle iron brace, All dimensions in centimeters.
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visual light emitted by fluorescent tubes decreased towards the ends

and often differed among tubes. bfe used a photometer  madel 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 light source. Illumination ranged from

10 ft candles at the ends of the bulbs to 20 ft candles at the middle

of the bulbs. Figure 2 shows the typical distribution of light

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 distr~ but~on.

Collection and Holdin of Postlarvae

Postlarvae were collected 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

postlarvae. The catch was transported to the laboratory in an in-

sulated ice chest. Ouring 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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FIGURE 3.� 4lap showing the locations of the collecting stations.
Letters indicate collection sites referred to in Table 1, p, 15.
Tidal pond near 7-mile road  Site "C"! located off map to the West.



TABLE ].--Dates, sites, and field conditions for collections of
postlarval shrimp tested in salinity gradient exoeriments

Co ection ConditionsExper-
iment

no.

Tank

code
ini ty Tempera-
t! ture  C!

Shrimp species Time Site"Date

A A
A/8
A/B

28
27
27

27

9/02/71
9/14/71
9/21/71
9/21/71

31
27
24

28

A,B
A,B
A,B
A,B

P.

P,

P.

P.

aztecus

setiferus

setiferus
setiferus

Not run
11/]6-17/71
10/27/71

2/25-26/ 72
2/25-26/72
2/25-26/72

22

21

lj

17
]7

29
30
25

25
25

C

8/E
8/E
8/E

setiferusA,B
A,B
A,B
A,B
A,B

P.

P.

P,
P.

P.

1000
1000

aztecus

aztecus

aztecus

aztecus

aztecus

aztecus

Not run
2'l

27
3/13-]4/72
4/02/72

19

21
1600
1030

A,B P.
A,B P,
Not run

26
23
30

30
30

30
31
31

31
32
29

26
24

23

23
23

26

23
22
34

34
24

24

33

33

33
30
24

26
26
26

26

26

26

aztecus

aztecus

seti ferus
aztecus

setiferus

aztecus

aztecvs

aztecus

aztecus

aztecus

seti ferus
setiferus
aztecus

aztecus

setiferus
setiferus
setiferus
aztecus

aztecus

aztecus

aztecus
aztecus

aztecus

aztecus

aztecus

aztecus

23
26

26
23
12

13

15

20

20

15
22

25

1

2 3
4 5
6 7
8 9

]0

11
12
13
14
15

16

17
17

18
18
19

20
21
21

22
23

23
24
24

25
26
27

28
29

30
31
32
32
33
34

A-D

A-0

A,B
C,D
A,B
C,D
A-D

A-D

A,B
C,D
A-D
A,B
A,B
A,B
A,B
A,B
A-D
A-D

A-D

A-D

A-D
A-D

A,B
C,D
A-D

A,B

P.

P.

P.
P.

P.

P.

P,

P.

P.

P.
P.
P.

P,

P.

P.

P.
P.
P.

P.

P.

P.
P.

P.

P.

P.

P.

5/03/72
6/]9/72
6/30/72
6/30/72
7/26/72
7/26/72
8/24-25/72
8/24-25/72
8/24-25/72
9/08/72
9/'14/72

10/14/72
10/14/72
1'l/02/72
ll/02/72
11/OZ/72
10/14/72
11/18/72
11/18/72
11/18/72

3/03/73
3/17/73
3/17/73
3/03/73
4/01/73
5/08-09/73

1030
0800

1000

1000
11]5

l1-5
1200
]200
'1 200

1500

1000

1030

1500

1500
1030
1100

1030

E E E E E E E
E E F

E E E E G E 0 D D
G E E
G E E



TABLE 1.-- continued!

Co] lection ConditionsExper- Tank
iment

code
Salinity Tempera-

Time Site'   t! t  C!Shrimp species
Date

5/08-09/73
5/18/73
5/25/73
5/27/ 73
5/27/ 73
5/28/73
5/27/73
5/2V/73
6/26/ 73
7/01/73
7/01/ 73
7/15/73
7/15/73
7/ f 5/73
7/1 5/73

*A - Entrance to East Lagoon
B � Tidal Slough, South Jetty
C - Tidal Pond near 7-mile road,
D - f<MFS Hatchery
E � Front Beach, South Jetty
F - Bolivar Roads Pass
G - Front Beach, 30th Street
H � Front Beach, 61st Street

34 C,D
35 A-D
36 A-D

37 A,C
37 B,D
38 A-D
39 A,B
40 A-D
41 A-D
42 A,C
42 B,D
43 A,B
43 C,D
44 A-D
45 A-D

P. setiferus
P, aztecus

P. aztecus

P. setiferus
P. aztecus

P. aztecus

P. setiferus
P, aztecus

P. setiferus
P, aztecus

P. setiferus
P. aztecus

P. setiferus

P. aztecus

P. aztecus

1030 E

0830 E
1400 E

E E

D E D
1245 E

1030 E
1030 E
0830 E

0830 E
0830 E

0830 E

I3

21

30
27

27
30

27

30
12
27
J7

33

33

33
33

25

27
27

27

25
27

25

30
20

20

28

28

28

28



the acclimation salinity varied depending on the salinity at collection

and experimental design  Table 2!. it was also necessary to distinguish

the two species of Penaeus postlarvae. Size was one of several cri-

teria used as brown shrimp were generally 3 to 0 mm 'longer than

whi te shrimp postlar vae, 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 �968!. 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 9 days. The

reasons for holding the postlarvae were to allow time for acc1ir a.-

tion to the artificial seawater medium and to salinities or temp-

eratures different from those in the field, and to select only the

hardi est individuals for testing; mortality caused by handling ar

other stress would occur during holding rather than during experi-

mentation. The varying length of pre-experimental acclimation was

the result of several factors. One of these was the availability of

postlarvae. Postlarval distribution in the field is characterized by

its irregularity. One day a 5-min tow might yield 1000 postlar vae
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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 mini~urn 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-

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

tice.

Gradient Pre aration

Three stock solutians were used in each experiment. Two of

these--the most saline water to be tested and the water to which the

experimental animals had been acclimated--were prepared using dis-

tilledd water and Instant Ocean; the thi rd stock solution was dis-

tilled water. All were aerated for at least 24 hours before use to

assure oxygen saturation. The most saline stock solution �0 or 70

pptj 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 �0 to 0 ppt or

50 to 0 ppt!. To construct a salinity gradient ranging from 70 to 0

ppt, the gradient tank was first filled to the 40 cm line with 70 ppt

solution. The remaining solutions--63, 56, 49, 4Z, 35, ZB, Zl, 14,

and 0 ppt--were siphoned in that order into the tank using 4 mm i.d.

plastic aquarium tubing. Each solution occupied a 10 cm �.7 1!

region of the tank. As each less dense solution was added, the flow

rate was adjusted using a pinch clamp to confine m~x~ng to the top

5 cm of the preceeding compartment. The mixing process was clearly

vi si b1e with the back-lighted illumination of the apparatus. When

fi1led to a level of l40 cm, each tank he1d 38 1. Constructing the

broader salinity gradient of 50 to 0 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. All except the 0 ppt solution occu-

pied a 15 cm segment of the tank; the 0 ppt solution fi1led the top

20 cm of the tank. Filling of the gradient and control tanks re-

quired approximately 6 hours. Most discontinuities were eliminated

by gent1y stirring the column with a 3.6 m section of 2,1 cm o .d,

PVC pipe fitted at one end with a ~13 stopper.
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Gradient Measurement and Ad 'ustment

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 tubi ng. Glass tubing

was used at the 1ower 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 m1

sample was drawn through the siphon to flush out water from the

previous depth  the volume of the siphon was less than 60 ml!. The

salinity of the new depth was then measured. The vo1ume of water

withdrawn during measurement  840 ml! was replaced at the surface by

slowly siphoning in an equal amount of distilled water. After the

tank was refi/led 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 re1ationship was usually quite linear. If sa-

linity discontinuities caused the slope of this line to deviate from

linearity, the gradient was adjusted by remixing the levels i~ ques-

tion. This was accomplished by slowly pushing the 3.6 m rod, des-

cribedd above, to the level of the disconti nuity. The di scant.i nui tp

was "smoothed over" by a series of 15 cm to 3O cm long thrusts. The
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gradient was then remeasured beginning 10 cm below the adjusted

region.

Tem erature Re ulation

The apparatus was housed in several 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 rn 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 levels

of the same tank and between tanks at corresponding levels. Gen-

erallyy, these differences did not exceed 1 C. In 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 lowered to 23 C. After the equilibrium time was de-

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

column.

Introduction of Postlarvae Into Ex erimental 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 �.0 cm i.d. x 11.2 cm

lang! connected by a rubber stopper to Plexiglas tubing l.6 m long

and with 9 mm i.d. A Plexiglass rod 1.8 m long 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 postlarvae in about 75 cc of hotding water were

poured into the releaser. The chamber was then filied with more of

the same water, closed, and lowered 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. Hhen 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 sa'tinity
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gradient. Animals were simiIarly released in the control tank at the

same depth as in the gradient tank.

Observation 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.

Hoth methods had their advantages and their disadvantages. The for-

mer method gave an hourly record of shrimp distributions throughout

a 24-hr peri od while the latter method gave detailed information on

shrimp movements within a narrower time frame, but little 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 cm region, making it impossible to count them

accurately. A'iso, loading the shrimp into the releaser occasiona11y
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resulted in the loss of individuals. Very small shrimp � mmor less!

had a tendency to get sucked behind the releasing chamber of the in-

troducer during loading. When the shrimp were very active, occasion-

ally some would jump out as they were transferred from the holding

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!. All 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 Ex eriments

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 least

stable portion of the gradient was near the top of the column. The

water in this region was af 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 !, mare active pastlar vae 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. Oxygen values were approximately the

same at all levels within control tanks  Table 3!. The tank at 1 5 C

had higher oxygen values than the one at 23.6 C as a result 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 cm due to decreased oxygen solubilities with increasing sa1ini-

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 �18.8 hr!, the salinity gradient

was stable; we believe, however, that 48 hr should probably be the

upper time limit for testing postlarval 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-

1y. 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. Animal con-

dition and water quality were more limiting 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-
sol ved oxygen  ppm! at three levels in four tanks of experiment
44, Fifty shrimp were introduced into each tank.

Tempera ture
 C!

Oxygen
 ppm!

Tank

A

 Gradient!
15.6

B

 Control!
15.6

C

 Gradient!
23. 6

D
 Control!

23. 6

Level of
measurement

 cm from
tank bottom!

0

85

130

0
85

130

0
85

130

0
85

130

4.24
5.00

7.40

6. 08

6. 00
6. 01

4.60
3.32
6,48

4.96

5.24

5. 40

Mean num er o

shrimp observed
within + 5 cm

of 1 evel of oxy-
en measurement

0
ll

0

0

ll
1



Statistical Treatment of Oata

Shrimp were not normally distributed in either the gradient or

control tanks. To permit 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 ar ranged 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 c f shrimp. To inves ti ga te the poss ible influence of diel

rhythms on shrimp distribut~on, these tive tine 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. Split-plot analysis of

variance  Steel 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,

interquarti le range  ~P75-P25 ~! and the "overall" range   P95-P5I ! 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 Analys~s System  Barr and Goodnight 1972! compensa-

ted for the above factor and occasional missing observations. The cor-

rect error terms were derived from the output according to Or. Charles

E. Gates, Institute of Statistics, Texas A8M University  personal com-

munication!.

A total of 28 gradient experiments �7 with brown shrimp and 11

with white shrimp! and 23 control experiments �3 with brown shrimp and

10 with white shrimp! were analyzed by the above procedure. There are

several reasons why there were fewer "cor trois" than "gradients". In
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some experiments, a11 four tanks contained salinity gradients. In one

instance, the experiment was designed to test for similarity in post-

larval response to salin~ty gradients in all four tanks. Other ex-

periments also consisted only of gradient tanks; in these, animals in

one gradient tank had been herd at standard testing conditions: 23 C,

30 to 33 ppt, while shrimp in the other gradient tanks had been acc1i-

mated to different salinities and temperatures. In these experiments,

the shri mp 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  IP75-P25I! and overall range  ]P95-P5 !. These values

were compared using the sian 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

control tanks.

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  experi ments 1 and 2!. Acquisition of an additional pai r 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

rangi ng from 0 to 70 ppt  tanks A & C! and one group in a gradi ent

ranging from 0 to 50 ppt  tank B!. The other tank was used as a

control  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 ace li-

ma ted to 30 ppt. In experiment 36, shrimp acclimated to 30 ppt were

tested in four sa1inity gradients ranging from 0 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.

19-2l, 22-24, 31-33, 34-36, 61-63, respectively, p. 'I15, 115, 1 37-



141, 142-146, 155-159, 160-162, 193-195!. The shrimp in 5 of the 7

replicate gradient studies  experiments 15, 'l6, 2'3, 31, half of

experiment 35: tanks 8 I| 0! 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 sal fnfty between shrimp

tested in the 0 to 50 ppt gradient and those tested in the 0 to

70 ppt gradients. In three experiments �9, 35: tanks A 5 C, and 36!,

there was poor replication. Through an oversfght, the tanks in ex-

periment 19  Appendix A, Figs. 31-33, 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 wa11s.

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 gradi ent  A 5 C! and control tanks  8 8 0!

in this experiment suggesting that the presence of an a1gal or bac-

terial fi"lm did influence postlarval distributions fn experiment 19.

In experiment 35, the shrfmp acclimated to 30 ppt did not respond

similarly to salinity although other shrimp collected at the same

time, but acclimated to 20 ppt, had simflar dfstrfbutions. I can

offer no explanation for this difference fn response between two

groups of shrimp collected at the same time. The dissimflari ty of

distributions by shrfmp in experiment 36 a'iso 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 salini ties than

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

Distribution of Shrim 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 �0

or 70 ppt at the bottom and 0 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 � to 70 ppt and 0 to 50 ppt!

were utilized, postlarvae sought similar salinities and not similar

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

sponding to salinity.

Seasonal Trends in Ex erimental Shrim 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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TABLE 4.--Average salinity value of five percentiles, interquarti'le
range  ~ P75-P25I !, and overall range  l P95-P5I ! of brown shrimp
 P. aztecus! distributions in gradient tanks during spring, sum-
mer a~all FaTl

Salinit tNumber of
ex eriments P P P P P P -P25 P 5-P5

491 38,1 299 219 114 162 377

41 4 28 9 20 6 13 9 7 2 15 0 34 2

47 3 36 0 27 4 'l9 2 10 0 16 8 37 3

Spring

Summer

Fal 1

White shrimp were collected and tested only during summer and

fall. Except at low salinity extremes  P95!, white shrimp did not

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-

linity 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 ranqing from 15 C in March

to 22 C in April and continuing to rise from 24 C in May to 30 C in

July. Water temperatures began to decrease at the end of August

falling to 22 C in mid-November  Table 1, p. 'l5-16!. Three seasons

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 percentile and

the median being significant at the 0.01 level  Table 5!.
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F-Statistics

P50 P75
P75- P95-

95 P25 P5
Source df

p5 P25

2 5,09" 8,19+* 7. 13~~ 5.97* 4.50 0.30 0,64Season

Error a 14

4 0.45 0.19 0.53 4,27* I7.02** 2.30 1.71Time

Time x

Season 8 O.I6 2.56* 5.07** 4.48** 1.85 0.47 0.54

Error b 48

*significant at 0.05 level
*~significant at 0.01 level

exhibi t 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 9!.

Average values of the percenti Ies and ranges are presented in Tables

10 and 11.

TA8LE 5.--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 gradient tanks durinq
sprinq, summer and fall, "Time" consists of five observation peri-
ods during the first 24 hr of observations/experiment
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F-Statistics
p p p P75- P95-
50 75 95 ~P5 P~

Source df
P5

Season 1 0,88 2.16 Z. I7 3.78 5.83* 0.53 2.19

Error a 9

Time 4 017 040 1,80 6.30** 7,43** 3.11 2.10

Time x
Season 4 08'I 1 21 1 64 1.95 0 79 016 0 66

Error b 29

*significant at 0.05 level
*+significant at 0. OI leve'I

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

Number of
Sal ini t t

e eriments 5 25 50 75 95 75 25 95

43.5 34.5 28.0 21.I 11.1 13.4 32.3Summer

41.0 28.5 21.1 I3.6 5.8 14.9 35. 2Fall

TABLE 6.--Split-plot analysis of variance for five percentiles, inter-
quartile range   ~ P75-P251!, and overal 1 range  ! P95-P5  ! of di s-
tributions of white shrimp  P. setiferus! in gradient tanks during
summer and fa11. "Time" consists of five observation periods during
the first 24 hr of observations/experiment
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F-statistics

Source df P50 P75
5

Season 2 1.15 0.09 0.32 0.56 1,10 1.89 1.04

Error a 10

Time 027 056 062 076 050 042 081

Season x

Time 8 I.38 0.79 0.63 0.68 0.32 1.17 0.76

Error b 36

*significant at 0.05 level

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 durinq
sprinq, summer and fall. "Time" consists of five observatio; peri-
ods during the first 24 hr of observations/experiment



F-Statistics

Source df P75 P95 P25 PgP50P25

Season 1 2.00 0.65 0.00 0.85 1.34 4.91 ".87

Error a 8

0.55 0.49 0.16 0.25 0.76 0.29 D.51Time

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

TABLE 9.--Split-plot analysis of variance for five percentiles, inter-
quartile range   ~P75-P25  !, and overall ranqe   IP95-P5! ! of dis-
tributions of white shrimp  P. setiferus! in control tanks dur-inq
summer and fall. "Time" consists of five observation periods dur-
ing the first 24 hr of observations/experiment



TABLE 10.--Average centimeter values of the five percentiles, inter-
quartile range   IP75-P25 !, overall range   ;'P95-P5 I'! of brown
shrimp  P. aztecus! distributions in control tanks during spring,
summer and fall

Number of Centimeters from tank bottom
Centimeters

Season
experiments P5 P25 P50 P75 P95 P5

4.1 Z6. 0 58, 7 98. 6 13Z, 8 72. 7 128.7

5.2 26.7 64.3 105.3 135.0 78.5 129.8

3,5 21.3 56,0 102.0 135.0 80.7 l31.5

Spring

Summer

Fal 1

TABLE 11.--Average centimeter values. of five percentiles, inter-
quartile range   ~P75-P25 !. overall range   ~P95-P5I ! of white
shrimp  P. setiferus! distributions in control tanks during
summer and fall

Number of Centimeters from tank bottom
Centimeters

Season
experiments P5 PZ5 P50 P75 P95

5.4 25.8 53.6 87.6 126,7 61.8 121.2

3.4 18.9 52.4 98.2 133.0 79.3 129.6

Summer

Fal 1

Variation in Shrim Distributions within Ex eriments Related to Time

Tem oral influence,-- In some instances, shrimp exhibited a con-

stant preference for salinity du ri ng an experiment, whereas at other

times, obvious shifts in salinity preference occurred. The split-

plot analysis of var~ance 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



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  Tab'Ie 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 seasonal 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 salini ties

after the second observati on 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 less saline water unti1

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 percentilr as the shrimp responded in a like manner among

seasons  Fig. 6, p. 46'I.

~ophite 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 simi tar

pattern for both seasons  Fig. 7, p. 481.

Analysis of control tank distributions of both species  Tables

8-9. p.42-43! showed that there were no s~gnificant 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 lower levels  Fig. 8!.

Da -ni ht influence.--To investigate the possibility of diel

peri odicity in shrimp movements, the five time periods were coded

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.--ln certain experiments, there were pronounced

shifts that suggested that the shrimp might be responding to tidal
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FALL
SUMMER 140

140
95th**

95th**

120
120

100
~ 100

75th**CD

75th**

~ so

CD
f 60 60

50th
t/!

4J
40

50th
40

?5th

20 25th

5th 5th

0

TIMETIME

FIGURE 8. � Distribution of postlarval white shrimp  P. setiferus!
in contro1 tanks in the summer and fall. "Time" consists of five
observation periods during the first 24-hr of observations/exoeriment.
Distributions are characterized by the average values of the 5th,
25th, 50th  median!, 75th, and 95th percentil es . ** indicates that
the distribution differs significantly between seasons for that per-
centile at the 0.01 level.
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TAI3LE 12.--Split-plot analysis of variance for five percentiles,
interquartile range  ,P75-P25] !, and overall range   P95-P5 ! of
brown shrimp  P. aztecus! distributions in gradient tanks durinI
spring, summer and fall. The five observations taken during 24
hours of observations were coded into "day" and "night" for
anal ysi s

F-Statistics
df P75- F9I-

P5 P25 P50 P75 P95
Source

Day-Ni ght
x Season 2 0.00 0,16 0.18

Er ror b 57

0. 76 0. 08 0. 94 0. 06

*significant at 0.05 Ievel
**significant at 0.01 level

Season 2 4. 82» 8. 41** 6. 79** 5, 72* 4. 17* 0, 47 0. 6 9

Error a l4

Day-Night 1 0.15 1.21 0 05 0.45 0.03 3.07 0.04



TAHLE 13.--Split-plot analys~s of variance for five percentiles,
interquartile range    P75-P25  !, and overall range  I P95-P5 !
of white shrimp  P. setiferus! distributions in gradient tanks
during summer and fall. The five observations taken during 24
hours of observations were coded into "day" and "night" for
analysis

F-Statistics

df p
5

Source P75- P95-
P25 P50

1 0.80 1.90 1.80 3.20 4.70 0.42 1.45Season

Day-Night
x Season 1 1.29 0. 07 0.56 1.60 0. 91

Error b 35

1.53 0. 00

*s i gn if i can t a t 0. 05 1 eve1
*"significant at 0.01 level

Error a 9

Day-Night 1 1.31 2,25 I.54 0.12 0.30 0.49 1.12



TABLE }4.--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

dfSource
P25

Season 2 2.53 0,22 0.32 0.56 0.98 1.89 0.91

Error a 10

Day-Night 1 3.07 0.34 1.47 1.39 0.99 0.79 0.11

"significant at 0.05 level
" significant at 0.01 leve1

Day-Night
x Season 2 0.56 0.28

Error b 45

p p p P75 - P95-
50 75 95 p75 p

031 002 001 009 003



TABLE 15.--Split-plot analysis of variance for five percentiles,
interquartile range  ', P75-P25 !, and overall range  I P95-P5l !
of white shrimp  P. setiferus! distributions in control tanks
during the summer and fal l. The five ohservations taken during
24 hours of observations were coded into "day" and "night" f~r
ana lysi s

F-Statistics

df
P5 25 50 75 P95Source

1 068 030 001 098 I 48 423 2 76Season

Oay-Night
x Season 1 3.36 1,35 1.43 0.83 0.24

Er ror b 33

0,04 0.04

*significant at 0.05 level
**significant at 0.01 level

Error a 8

Day-Night 1 3.36 0.36 0,73 0.33 0,11 I.25 0.0I
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rhythms. To test this possibility, tide level s  U. S. Geodetic Surve i

1970a; U.S. National Ocean Survey 197la, 1972a! and tidal currents

 U.S. Geodetic Survey 1970b, U.S, National Ocean Survey 197lb, 1972b!

were plotted for those gradient tank distributions that exhibited

shifts as well as for several that did not  Appendix 8, 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 Com arison of White and Brown Shrim Salini

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 interquartile 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 fall, all five percentiIes of white shrimp

distributions were lower than those for browns  Table 17!.
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TABLE 17.--Average salinity values of five percentiles, inter-
quartile range  , P75-P25! !, and overall range  IP95-P5 ! for
brown  P. aztecus! and white  P, setiferus! shrimp distributions
in gradient tanks during the fall in experiment 23

Sa!inst ~p t!
P75-

25 50 75 95 p25 p5

Species

P. aztecus 48 5 373 291 230 103 27 0 38 2

P. setiferus 39.0 28,0 21.1 13.0 10.3 15.0 34.6

The median values of the control tank distribution  Table 1 j

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 lower 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 var~ability.

The variance of the five percenti 1es, the interquartile range   'P75-

P25' ! and the overall r~nge  IP95-P5!! 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 2G!.

The control tank percentiles were likewise compared for homo-

geneity of var~ance 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!.

TABLL 19.--Average centimeter values of five percentiles inter-
quartile range   PZ5-PZ5 }, and overal'I range   P95-Pbt} for brown
 P. aztecus! and white  P, setiferus! shrimp distributions in con-
trol tanks during the faTl in experiment 23

Centimeters

P75-
Centimeters from tank botto ii

Species P25 P50 P75p5

2.6 15.5 50.0 99.0 133.9 84.4 131.3

4.7 27,7 67,7 109.0 135.0 81.3 130.3

P. aztecus

P. setiferus

TABLE 20.--Test of homogeneity of variance of five percentiles,
interquarti"Ie range  ~P75-P25I!, and overall range   P95-P5 ! for
brown  P. aztecus! and whi te  P. setiferus! shrimp distribution
in gradient tanks

Variance F-Statistic
WhiteBrown

p5
P25
p5p
P75
P95

P75-P25
P95-P5

42. 03
40. 76

43.83
37. 21
17. 79

I7.83
45. 07

24.99
50.52
61. 72

52, 61
26. 61
14.69

23.14

1 . 68 n. s.

1.24 n.s.
1.41 n.s.
1.41 n.s.

1.50 n.s.

1.21 n.s.
1,60 n.s.



TABLE 21.--Test of homogeneity of variance of five percentiles,
interquartile range  ~P75-P25 !, and overall range  IP95-P5 !
for brown  P. aztecus! and white  P. setiferus! shrioip dis-
tributions in control tanks

Variance F-Statistic
Brown White

1 92*
1.82*

1 0*+
62*+

6.84**

3 17*+
7 44**

6,71

171, 20

427.88

444.72

j38.70

285,00

6. 71

3.50

94.40
203.69
170.75

20.27
89 78

3.50

P5
P25
I'50
P75
P95

P75 P25
P95-P5

*significant at 0.05 level
*~significant at 0.01 level

Effect of A e u on Salinit Preference

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

linity preferences of brown and white shrimp vary with size and aqe.

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 afte~ collection.

The data show that generally postlarvae held in the laboratory

for 11 to 61 days were distributed at lower levels 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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Hatcher animals.--Hatchery reared brown shrimp were obtained in

December, l972 from the National 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 by 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 7.6

mm shrimp preferred a median salinity approximately that of seawater

while the I1.7 mm shrimp preferred salinities 6 ppt lower. Shrimp

remaining in the holding tanks were tested at the age of 42 days

 experiment 28!. The smaller shrimp at this time measured 9.9 mm

and the larger postlarvae, 12.4 mm. As previously, the smaller

shrimp preferred a higher median salinity �9.5 ppt! than did the

larger postlarvae �5 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.

Qn 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 sp1it

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 fairly similar

for all sizes and aqes 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 beinq found in the

bottom 10 cm. This compares with 25 to 30,; of the shrimp of other

ages and sizes present in the bottom 10cmreqion of the control tank.

Brown shrimr obtained in June, 1973 from the Nl'FS hatcherv were

tested  experiments 38 and 40! in an attempt to verify whether

salinity preference is related to the size of the shrimp. Vnfor-

tunately, these shrimp were far less hardy than those obtained pre-

viously. They were also about 1 mm smaller than the smallest size

group previously tested. within 2 hours of' introduction 33". of

the shrimp had died in the qradient 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 33 . 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 Salinity 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 ppt were found in higher salinities  Appendix A, Fig. 58,

p. 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, Fig.

67, p. 199! compared to 33. 5 ppt for tho se hei d a t 24 pp t 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 and

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 an

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 shririp 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, respectively! the

distribution of' shrimp in each experiment was similar.



Brown shrimp in experiments 30 and 45 exhibited a variable re-

sponse in the control tanks to acclimation salinity, Shrimp accli-

mated to 24 ppt for 5 days were qenerally found higher in the control

tanks than those acclimated to 32 ppt at each observation period

however, the sugary histograms were similar for the first 27 hr of

observations  Appendix A, Fio. 60, p, lg2!. Browr, shrimp acclimated to

26 ppt for 23 days were found hiqher in the control tanks than were

those acclimated to 12 ppt  Appendix A, Fiq. 100, p. 246!.

white shrimp selected similar levels in the control tanks ir-

respective of their acclimation salinity  Appendix 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 acc'limated 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 temoeratures close to initial temp-

eratures  Table 26!.

The response of brown shrimp oostlarvae to temperature was in-

vestigated using shrimp from 12 collections, No consistent differ-

ences in salinity preference were observed as temperature increased or

decreased  Table 26, p. 69 !. In experiments where final and initia
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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 va1ues

 experiments 15, 17-19, 23!; however, in experiments 't6 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 8 C; Table 26, p. 69, Appendix A, Fio. 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, Fig. 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 post'Iarvae to temperature

 Table 27! was ~nvestigated in three experiments. Shrimp tested

in the sneer appeared to seek lower salinities with increasing

temperatures. This, however, was apparently more related to the

length 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  Tab1es 28, 29!. In some

instances, lower median levels in the tank were assoc iated wit~

higher temperatures, but the opposite response was also observed.

Inf uence of Illumination upon Salini tL Preference

Two experiments �7 and 42! were desiqned 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 1iqht

every 6 hr. The distribution of shrimp was recorded within 1 min

after the red liqhts were turned on behind the tanks. This first

observation was considered to characteri ze the distri bution of

shrimp in darkness. Five observations made at 5-min intervals.

beginning 10 min after illumination, formed the second group. Tj ~

above classification will hereafter be referred to as "dark" and

"light", respectively.

Liqht had a variable effect on shrimp distributions. In exoeri-

ment 37, light had little influence on the salinity preference o'

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 liqht  Appendix A, Fig, 76-77, p. 211-212!. Light

had a pronounced effect on the distribution of white shrimp in
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experiment 37, In the light period, distributions were lower at all

percentiles than in the dark, indicatinq that the shrimp moved dowr-

ward in the tanks in the light into more saline waters  Appendix A.

Fig. 79 and 81, p. 215 and 2l7!. The response of brown and white

shrimp ta 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 light periods as in experiment 37, wh~le the

remaining two were continuously illuminated. Intermittent and con-

tinuous 'lighting had little influence on either postlarval brown

or white shrimp distributions except at salinity extremes. Rrown

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 illum-

ination, white shrimp occurred at lower salinity extremes  P95!

 Appendix A, Fig. 88, p. 228!,



77

DISCuSSIOa

~Cc 1 eOceanic Phase of t

The Penaeus life cycle encompasses both estuarine and oceanic

phases. To evaluate the responses of postlarval shrimp to salinity

gradients, it is necessary to review current knowledge of the

oceanic phase ot 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 ki1ometers from land to the

estuarine nursery grounds have not been clearly identified. Al-

though laboratory studies have shown that low salinity is not esseti-

tial for growth and survival of postlarval shrimp  Zein-Eldin and

Aldrich 1965, Zein-Eldin and Griffith 1969!, these shrimp general ly

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 ve1ocity

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 ot

cruises, Temple and Fischer �965I found pj's tia'I vertical separa-

tion of immature stages in the water column when a well-defineo



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 �8 and 34 m! while post-

larval stages occurred more frequently near the surface. No dif-

ferences in vertical d~stributions were found when the water

column was isothermal and relatively 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. �970! also found that the vertical distribution

of pink shrimp  P. duorarum! larvae varied with age. At 15-fathom

stations, postlarvae were generally more abundant at the surface

and mid-depths than at the bottom. Significantly more protozoae

and mysis were collected at the surface during the night than

during the day. No significant difference was detected between the

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 Oeubler �968! tested the possibility that, wind-

generated onshore currents were important for transporting post-

larvae shoreward into the gyres off the North Carolina 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 hypothes~s, 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 �971! found a positive correlation between wind direction

and the number of postlarval brown shrimp caught on flood tides in a

Texas tidal inlet. His results 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

immigration peaks to be positively correlated with onshore winds.

In the Northwestern Gulf 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 the~r

influence is apparent until late spring, then there is a de1ay in

the establishment of onshore surface drift  Kimsey and Temple I964!,

In a current study conducted off Galveston Island, 32K to 64'. of the

drift bottles recovered were found along the beaches of the ,exas

coast indicating that onshore surface currents were present IHaxtcr

1967!. Further south, Watson and Behrens �970!, using drift bot-

tles, concluded that currents on the shallow shelf can be generated

by local winds. Nearshore current flowed in opposite direct-ons

during winter and summer just as did prevailing winds. Ringo
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 unpublished 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 transoortina postlarvae 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! col !ected a

preponderance of brown postlarvae on incoming tides, and Baxter �966!

caught greater numbers of postlarval brown shrimp on flood tides than

on ebb tides. On the basis of similar work, Cai llouet, Fontenot, and

Dumas �968! and Caillouet, Perret, and Dugas �970! concluded that

postlarvae of both white and brown shrimp were carried shoreward by

incoming tidal currents. King �971!, collecting only on flood tides,

found that the rate of brown shrimp immigration was positively corre-

lated with tidal amplitude. Tabb et al. �962! caught the majority of

oink shrimp on flood tides durinq the night. Eldred et al. �965!

caught most of the postlarval pink shrimp collected in thei r study

during flood phases of full moon spring tides. Hughes �969a! and

Jones et al. �970! also collected more postlarval pink shrimp on

flood tides than on ebb. Jones et al. proposed that migration of

shrimp may be facilitated by tidal currents, the larvae being carried

by the flood currents, but clinging to the bottom during ebb flow.



The laboratory experiments reported here suggest that postlarva1

brown and white shrimp may utilize salinity gradients to orient to

the estuaries. Brown and white postlarvae were observed to seek

salinities lower than those usually found in the open Gulf of

Mexico. Postlarvae could conceivably fo1low salinity gradients that

extend from the estuary seaward. Aldrich �966! showed that post�

larvae are capable of extended swimming. He estimated that swimniinq

alone could transport larvae 4.8 km per day. His laboratory esti-

mate of the rate of postlarval movements is comparable to the ob-

served rate of postlarva'I movement into the Galveston Bay System

 Ringo, unpublished manuscript!.

Our resul ts are at variance with some of those reported by

Hughes �969b! who observed that postlarval pink shrimp  9.2 to

1I.l 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, wherea tested

the response of postlarvae to continuous sa Iinity gradi ents. It is

also possible that pink shrimp have salinity responses which differ

from those of brown and white shrimp.

From further laboratory experiments, Hughes �972! proposed

that postlarval pink shrimp had an endogenous rhythm which synchro-

nized their activity with the tidal cycle. He suggested that this

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



contradictory. 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 sync hro-

nizi ng their position in the water column wi th tidal cycle, one

might expect postlarvae to express these rhythms in the salinity

gradient and control tanks by regularly shifting thei r distribution

in accordance with tidal stage. Although shifts in shrimp distri bu-

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 8!.

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 �969

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 we' ll as by changes

in salinity.

Hughes' �969c! 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 to his current-tank apparatus.
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The persistence of tida1 rhythms of shrimp held in the 1abora-

tory has not been demonstrated. It is possible that tidal rhythms

require reinforcement, and in the absence of environmental cue;,

would not persist. The postlarvae tested in these experime;its

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

�972! proposed, postlarvae have an endogenous rhythm that results

in their being present i n the water column at flood ti de 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. Accordingly, the water column does not

usually exhibit vertical differences in salinity. Tidal rise and



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. tt'erwey

�958! reported that large 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 �933! who found that the megalops of the Chinese

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

tide and avoid seaward displacement by seeking the bottom during the

ebb. Creutzberg �958! caught 3 to 10 times more eel elvers during

tlood than during ebb tide. Carri ker �951!, from his field invest-

igations, observed that changing salinity apparently stimulated

oyster larvae to swim up from the bottom on flood tide. Bousfield

�955! observed that vertical movements enabled estuarine barnacle

larvae to escape from the seaward-moving surf'ace layers. He found

that the larval 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 also observed

that cyprids migrated vertically ta 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.



In order to utilize tidal currents effectively, animals ~ust be

able to distinguish tidal staqes; however, the manner by which ani-

mals distinguish these stages is largely unknown. Creutzberq �961!

found that elvers responded not to differences in salini ty, but ta

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 chanqes in salinity. Later

when the tidal cycle was simulated by the addition and later 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 levels: nevertheless, in his experiments,

the elvers returned to the bottom at the end of the flood tide.

Haafter and Verwey �960! 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 animals

headed into the current. Haafter and Verwey concluded that currents

take over the role of orientinq the animal so that it will be led

to the place of scent oriqin. Scent has not been studied in post-

larval shrimp, 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. Yarious researchers have investigated diel periodic-

ityy in postlarvae by taking samples in tidal pass entrances at reg-

ular intervals during 24-hr periods. Tabb et al. �962! found

immigrating pink postlarvae a'Imost exclusively in the water column

during hours of darkness. They believed light 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. �965!, however, caught ap-

proximately the same number of postlarval pink shrimp in the day-

time as at night. Young of other genera caught during the~r

studies revealed much more pronounced nocturnal rhythms--98/ of

postlarvae and 88ll of S~ic onia postlarvae were caught

at nighttime during the study. Baxter and Furr �964! estimated that

70'' of the postlarval brown shrimp in the~r samples at the Bolivar

Roads entrance to Galveston Bay were caught between 9 PM and 6 Algl,

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 �966! found that brown shrimp

postlar vae were generally found near the surface at night; whereas

they detected no difference in vertical distribution during the day.

Williams and l3eubler �968! also reported that generally more grooved

postlarval shrimp were present in surface plankton tows at night than

du ring the day; furthermore. a bright light at night in the vicinity

of tlieir collection star,ion drastically reduced their catch. In



addition, they found that higher catches were made at times of new

moon than at ful l moon. St. Amant et al. �966! found no signifi-

cant differences between numbers of brown shrimp caught during the

day and the number caught at night. Caillouet et al. �970!, 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. Cail louet 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

tida] stage. King �971! found no relationship between rate of

immigration 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 sa'linity. Perhaps the

lack of a suitable substrate or other factors associated with the

apparatus or experimenta'l conditions prevented the expression of

diel cycles. Hagerman �970! investigating diel behavior of Crangon

~vu1 gris 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, ~Cavan on had a very high constant

level of swimming activity. When substrate was provided, the ani-;ia,s



exhibited typical patterns of a single activity peak and a pro-

nounced difference between day and night activity.

Hughes �972! found no evidence of diel periodicity in pink

shrimp postlarvae tested under continuous red light illumination.

He concluded that the observed confining of pink shrimp activity

in nature to niqhttime is a direct response to prevailing light

intensities. Only in one experiment  ~37! didwe observe postlarvae

responding to light, In this experiment, the tanks were maintained

in comp1ete 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 light observed in the laboratory and the irregularity in

diel activity reported from the field may indicate that postlarvaI

shrimp have a variable response to light in nature.

Estuarine Phase of the Shrimp Life Cycle

The major influxes of postlarval brown and white shrimp occur

at different times of the year. The peak immiaration of brown

shrimp usually occurs during !iarch or April, and in some years there

is a minor peak in late summer. ';,'hite shrimp do not appear in the

estuaries until May. Seasonal di stri bution of white shrimp post-

larvae suggests that two pea ks of abundance may occur each summer

 baxter and Renf ro 1967!.



There is a paucity of information on field distribution of

postlarval shrimp. Investigations by Truesdale  l970!, Conte �97I!,

and Caillouet et al. �971, personal interpretation of raw dataI

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-

ian 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 explanation 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 Haxter 1968; Temple and Fischer 1968!.

Field studies show that in the spring, brown shrimp postlar-

vae are di stri buted in the estuaries in salini ties considerably

lower than wou'ld be expected from their distribution in laboratory

salinity gradient tanks. Truesdale �970! 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, Curing these times, the salinity

of large expanses of his study area decreased to 0 ppt, and the
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postl arvae disappeared from the col lectinq areas. He concluded

that the shrimp either nerished or were swept away. Conte �971!

caught numbers of' postlarval brown shrimp in the shallow waters {1

to 1.5 m! of two marsh embayments near Hest 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 di stribution of postl arval shrimp in hi s s tudy area.

Other field studies suggest that salinity may affect survival

of postlarvae in the estuaries. St. Amant et al. {1966! suggested

that salinities greater than 15 ppt appeared to enhance survival

and growth of postl arvae. Gai dry and Hhite {1973! reported that

commercial catches of brown shrimp were poor in those years when

sa'linities were less 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 �970! 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 durina 1 year and in salin-

ities of less than 10 ppt the next.
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Laboratory studies showed that juvenile brown shrimp have the

ability to osmoregulate over a wide ~ange of salinities, but there

was some indication that brown shrimp were adapted to regulat» in a

salinity range of approximately 23 to 43 ppt  NcFarland and Lee

1963!.

aries. St. Amant et al, �963! stated that ", maximal pos t-

larval densities do not appear in Louisiana until water temperatures

remain above 20 C." Similarly, more than half the shrimp collected

There is no evidence to suggest that brown shrimp postlarvae

are adapted to specific salinities. In laboratory experiment< at

non-limiting temperatures, salinities ranging from 2 to 40 ppt did

not affect the growth rate of postlarval brown shrimp �ein-Eldin

1963, 2ein-Eldin and Aldrich 1 965!. 2ein-Eldin and Griffith  l969!

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 low sa liniti es at.

temperatures lower than 15 C �ein-Eldin and Aldrich 1965!, Field

studies indicate that low temperatures in the spring may be detri-

mental to postlarvae. Gaidry and White �973! 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-
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at the entrance to Galveston Bay, Texas, in the spring were collect-

ed at water temperatures of 18 to 22 C  Aldrich, Wood, and Baxter

1968!. Laboratory 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 whi te shrimp postlarvae did not exhibi t 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 life cycle.
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Laboratory studies indicate that juvenile and adult brown and

white shrimp are physiologically adapted for somewhat different

salinity regimes. McFarl and and Lee �963! found that white and

brown shrimp could osmoregulate over a wide range of salinities;

however, white shrimp were better adapted to towerate 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 �969! 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 post'Iarvae,

40 to 45 ppt and 4 ppt. In laboratory studies, salinity ger 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 �965! observed that smaller

brown and white shrimp occupied shallower waters than larger indi-

viduals. St, Amant et al. �966! and Parker �970! 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  l956! observed that

there was a genera1 progression from inside to outside waters iti the

size of trawl-caught white shrimp. The largest shrimp were collect-

ed in the outside waters where salinity was greatest. They found



that the distribution of shrimp was not related to specific salini-

ties, but with locality. Parker �966! 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 environment. Schmidt �972! 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 �955! reported that populations of juvenile white shrimp

occurred in nursery areas of low sa'Iinity. In areas where white

shrimp were abundant, few juvenile brown shrimp were present.

Gunter, Christmas, and Killebrew �964! reported that white shrimp

juveniles were more abundant in salinities less than 10 ppt while

brown shrimp juveni1es 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 saIinities are generally higher than in Louisiana. Gunter and

Hildebrand �954! 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 �969! 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 Hal I 1963! to 47.96 ppt  Hildebrand, per-

sonal communication cited by Lindner and Cook 1970!.

~Cpm etition between brown and white shrim .--The information

available suggests that postlarvae of both species utilize parting

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 grounds is reduced by temporal isolation during

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 grounds

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, Biles and Zamora I1973 !

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 half of the

tank, while the majori ty 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 likewise 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 �969!

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.



Variation in Ex erimental Results

The sa1inity 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 control1ed during

the experiments. In addition, the tanks were housed in light-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, post'larvae,

at times, exhibited variations in distributions that could not be

exp1ained.

The response of shrimp in gradient tanks may have been influ-

enced by constant holding conditions 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 �963! suggested that prolonged acclimation to

uniform temperatures can produce qualitative changes in the type

of response. He reported that the normal responses of a fish,

Girel la n~irans. which had been acclimated for 21 days, seemed

dulled, and the fish wouI4 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 environmental stimuli, Uniform holding cond itions,
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therefore, may a1so 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 similar than those of shrimp collected at different

times and held for equivalent periods before testing. In one ex-

periment  »,'3!, the average median salinity of white shrimp distri-

butions was more than 8 ppt lower than that of any other group of

white shrimp tested during tIie 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; TempIe 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, NtiFS personnel have noted variation be-

tween groups of 1aboratory spawned shrimp. Shrimp spawned in the



laboratory differed in survival between larval stages, in their

rate of growth, and in their response to selected environmental

conditions  Anon. 1972!. The variabi lity in survival of hatchery-

reared postlarvae was also observed in my salinity gradient exper-

iments. Survival ranged from 23':,;  experiments 38 and 40! to l00.".'

 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 duri ng 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-

iability than browns.

The preceding discussion indicates the presence of unexplained

variability in results of experiments with postlarval shrimp. Var-

iability 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 varia .ion
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within the shrimp population. In others, the shrimp may be re-

sponding to a factor other than salinity which is at present,

unrecognized. Further study will be required to recognize the

causes of this presently unexplained variability in shrimp be-

havior.

Freshwater Inflow to the EstuariesThe

The relationship of estuaries to commercial fisheries is well

establ i shed  Chapman l 966, Gunter 1967. NcHugh 1967!. Chapman

estimated that 98'-'. of the commercial catch of Texas, by weight, was

composed of estuarine-dependent species. Freshwater inflow is an

integral par t of an estuarine system. This is implicit in the

definition of an estuary by Pritchard �967!: "... 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 million

hectare-meters per year. moreover during very dry years, tota I

discharge possibly would not exceed 3 million hectare-meters per

year tChapman l966!. This is less than the amount of discharge



during the worst years of Texas droughts. The implementation of

the Texas Water Plan could reduce the nursery areas of the estu-

aries. Truesdale �970! 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 'take.

Freshwater may have another important role in estuaries. Re-

sults of the present study suggest that. postlarval shrimp utilize

salinity gradients for orientation to the estuarine nursery

grounds. Odum �970! proposed that estuarine organisms may use

gradients of dissolved orqanics 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 ~mm~gration of estuarine-dependent organisms into their nursery

areas.
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CONCLUSIONS

1. Postlarvae tested in artificial salinity qradients selected

salinities lower than those qenerally oresent in the open

Gulf of I'-'lexico. In the field. postlarvae may use natural

salinity gradients which extend from the estuary seaward to

orient themselves to the estuarine nursery qrounds.

2, Brown shrimp exhibited a seasonal difference in salinity pref-

erence. Shrimp tested in the sprinq preferred higher salini-

ties than those tested in the summer and fali. The probable

older age of sprinq postlarvae may explain thei r 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 lowsalinity 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 qradient

tanks, did not differ greatly. Information on the distribu-

tion of postlarvae in the estuaries is sparse; however, those

studies that have been conducted also indicated that salinity

per se does not influence the distr~bution of white and brown

shrimp postlarvae,

5. Illumination, acclimation salinity and temperature had a var-

iable influence on postlarval distribution in salinity

gradient tanks.
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6. Occasionally, shifts occurred in shrimp distributions during an

experiment that could not be related to .ime of day or tjdal

stage. At these times, shrimp were apparently responding to

some factor other than salinity which is presently unrecognized.

Further study will be needed to determine the cause of tjiese

unexplained shifts,

7. 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 gradients could affect the immigration of' shrimp as

welI as of other estuarine-dependent organisms.
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A - Distribution of postlarval brown and white
shrimp  P. aztecus and P. seti ferus! in
experimentalltan ls

Figures 1 through 100
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FIGURE 28. � J3istribution of postlarval white and brown shrimp
 P. setiferus and P. aztecus! under continuous  ow level red
i 1 1 uminati on in experiment 1 8, tanks A 0  :, Vertical lines i ndi-
cate distributi ons, Vji dli ne represents medians and the other four
lines, from top to bottom�, show the 5th, 2 5th, 7 5th and 95th ner-
centiles for each distribution. Observed i'1 = 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 low level red
illuminatron in experiment 18, tanks 8 8 D. vertical lines in-
dicate distributions.  Iiidline represents medians and the other
four lines, from too to bottom, indicate the 95th, 75th, 25th
and 5th percentiles for each distribution. Observed Aj = total
number of shrimp counted in a series of observations.  iortality
= number of observations of dead shrimp during an observation
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FIGURE 34.� Distribution of postlarval brown shrimp  P, aztecusj
under continuous low level red illumination in experiment 20, tanks
A !  C  replicates!. Postlarvae were collected between 8/24 and
8/25/77 and acclimated for ll days to 22 C and 33 o/oo. 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 peri od; dead
shrimp not removed.
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FIGURE 35.� Distribution of postlarval brown shrimp  P. aztecus!
under continuous low level red illumination in experiment Ã, tanks
S & D  replicates!. Postlarvae were co11ected between 8/24 and
8/25/72 and acclimated for 11 days to 22 C and 33 o/oo. Vertica1
1ines indicate distributions. Midline represents medians ancf the
other four lines, from top to bottom, show the 95th, 75th, 25th and
5th percentiles for each distribution. Observed N = total number
of shrimo counted in a series of observations. Mortality = number
of observations of dead shrimp during an observation period; dead
shrimp not removed.

$120

~ 1OP

8O

a 60

4p

20

p

~ 120
 :

1DP

80
ZC7

60

w 40

20
W

0

5 10 15 20 25 30 35 40 45 50 55 60
9/6 9/6 9/6 9/7 9/7 9/7 9/8

5 10 15 20 25 30 35 40 45 50 55 Go
9/6 9/6 9/6 9/7 9/7 9/7 9/0



�N3383d! 3383884330 30 A3N340383O ala O ara O ara O O I
oaa l�

arar

ra
o oI ar

ual
ar M

O aa aaa
0

o o oo o o o o D o o o or Cl arl % Pl aar d
 ONVS4I3Hl 83d SL88d! KIINI18S

 LN3383d! 3383884330 30 A3834 I383
ara o arr o Ira o o ca

Cl
E

8 P

a ar
ea
aa

CI
rr

e a J

O O

o o o o o o o oI a ar & N P a ar o o o o o

�I vs4OI3. 83d s!8vd! arlkllks

I
'I ~ I

"Or OCr
CI
O IU

X E S- V! II
IQ ~

0 IU c5 43
~ r W rt5

C r
Q'r CI r rU

~ I Q Oi5
C S- 0

gZ4C3 C
r 3 LA O
re t3 O II

G
rtS ~ CCr

c s-mE~ s-
C< I C IU

rn ad I itf In
OWM

v SWO 0
CU

OH th C34
IU4& QID 0

ro
N C C II

In l � QP
Cd CC

~ W ~ 5BIO -~~ e
~KI  f1 C

n3 Cd rQ
Q. cu

~ S- CI3
IU 0

L.r MMN r

In O r n3 'r

IU W
31' ECd e C
0 ~ 'I N O
LCD MCO 0 0

13
O'r Q P D.

cd s ~ QJ W E
3

hei rU OI IU
r Q CD O Ih

lQ ~ r E
S- D
~eWO

O cn~M~
O In S

0 ~ IU QP
0 '~

war O E
of Cd 0

0 > O 5- C
~ r 5 ~ I

<LI CJ~r
OrnMS- ~n5

C> C3 f5 8
0 E 3~ 0

S- O ~ X
E
OLS- OM
Oi. CQ W

LOD 6 InP>O
S OWED
2 Q

La3m M m ll
CY C

s

O Q!DM
E W C

IU ID fQ CV
Q.+ V Cd



163

NI GHT OAY

ELAPSED TIME  hrs!
DATE �972!

5 10 t5 20 25 30 35 40 45
9/13 9/13 9/13 9/14 9/14

50 55 60 65
9/15 9/15

234 213
 T2! �6!
30.3 30.8

292 261
�! �0!

20.7 20.6

OBSERVED N
MORTAL ITY
TEMPERATURE  C!

103 21
�9! �5!
20.9 20,7

264

24.3

CONTROL TANR 21-8
140

5th

5th u

z

0th ~

55 60 65
9/15 9/15ELAPSED TIME  hrs!

DATE �972!
186 49
�! �!

31.2 20.9

335 339
�! �!

30.8 20.8

340
�!

24.5

336 332
�! �!

20.8 20.8

OBSERVED N
MORTALITY
TEMPERATURE  C!

FIGURE 37.� Distribution of postlarval brown shrimp  P. aztecus3
under continuous low level red illumination in experiment 21, tanks
A 5 B. Postlarval shrimp were collected between 8/24 and 8/25/72
and acclimated for 19 days to 22 C and 33 o/oo. Vertical lines
indicate distributions. Midline represent medians and the other
four lines indicate percentiles; percentiles are oriented by tank
depth. Observed N = total number of shrimp counted in a ser~es of
observations. Mortality = number of' observations of dead shrimp
during an observation period; dead shrimp not removed.
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FIHURE 38.� Distribution of postlarval brown shrimp  P. aztecus!
and salinity in experiment 21, tanks A 5 B, during observations
made from 12. 5 to 18.4 hours af ter shrimp were introduced. Tem-
perature approximated 20.5 C during this time interval. Post-
larvae were collected between 8/24 and 8/25/72 and acclimated for
19 days to 22 C and 33 o/oo. Number of shrimp introduced into
tank A = 50, tan k B = 49. N = total number of' shrimp counted in
a series of observations.
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FfGURF 39.� Oistribution of postlarval brown shr'imp  P. aztecus!
under continuous low level red illumination in experiment 21, 0anks
C am D. Postlarvae were collected 9/08/72 and acclimated for 5 days
to 24 C and 33 o/oo. Vertical lines indicate distributions. P~id-
line represents medians and the four other lines show the .=.th, 25th,
75th and 95th percentiles; percenti les oriented by tank depth.
Observed N = total number of shrimp counted in a series of observa-
tions. tAortality = 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 exoeriment 2I, tanks C 8 D, durinc observations
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 0 = 50. N = total number of shrimp
counted in a series of observations.
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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 It C. Vertical 1ines
indicate distributions. Ivtidline represents medians and the other four
1ines, 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. '1ortalitv = number of observa-
tions of dead shrimo during an observation veriod; dead shrimp not
removed.
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FIGURE 42.� Distribution of postlarval white shirmp  P. setiferusj
acclimated to different salinities and tested under continuous low
level red illumination in experiment 22, tanks '3 Im D, Vertical lines
indicate distributions. Midline represents medians and the other our
lines, from top to bottom, show the cth, 75th, 25th, and 5th percen-
tiles for each distribution. '!bserved N = total number of' shrimp
counted in a series of observations. tAortality = number of observa-
tions of dead shrimp during an observation oeriod; dead shrimp not
r emoved.
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ORADIEIIT TAHK 23-A
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FIGLIRE 4/t.� D~stribut~on of postlarval white and brown shrimp
 P. seti ferus and P. aztecus! under continuous low-1evel red il lumina-
tron in experiment 23, tanks A Ic C. Vertical lines indicate distri-
butions. liidline represents medians and the other f'our lines, from
top to bottom, show the 5th, 25th, 75th, and 95th percentiles tor
each distribution. Observed N = total number of shrimp counted in
a series of observations. immortality = number of observations of
dead shrimp during an observation peri od; dead shriII!p not removed.
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FIGURE 45,� Pistribution of postlarval white and brown shrimp  P.
setiferus and P. aztecus! under continuous low level red illumination
in exoeriment 23, tanks 8 !  D. Vertical lines indicate distributions.
Midline represents medians and the other four lines, from top to
bottom, show the 35th, 75th, 25th, and 5th oercentiles for each distri-
bution. Observed N = total number of shrimp counted in a series of
observations. Mortality = number of observations of dead shrimp durinc!
an observation period; dead shrimo not removed.



]72

cJ LJ
0 O

CI
'T

5
QJ OJ

F K

C

L'L

0
K'

o Oo I I-

o a o
m I

5- ~ cd

0 cd 0

CJ OJ I I
~ M0 oI o:

0
LLI

0
co0 N

O GJ
2 Cl

o

O' O O O CIN

D 0

0 ac

0

8 P
oa
oo I

K0~  y.
0

CCLLIO I�H
0 L

co4JD

a

n o o o o

 lN33tl3d! 33IJJMA330 30 A3IJ3nb3II3
D D LLI D

o o O o o n4J Lh
 ONIJSOOIIl II3d Sltlttd! Jilt!�!III

 lN33II3d! 33II31IIIA330 30 AZN3BO3tli
D LCL D LPI CI

o o o o o o o oL LCL M ~ CLI
 ONVSOOIII, 83d SJIIVct ! All N t1IJS

Q,CI 4
E ~ II
I- K
S

F K
IJI O M~

S-
C ct-

O QJ'~

rD cd
Em m

II
cJI

0 LJ1
OJ 'r ~

C
cd K

3 S
OJ GJ
CJI

cd N cdlD
! OE

II
cd C7l X IJI
I � W 0 Cdt

S- D
IJI 4 O A
0 W O.&M
CL 0 cd cd

OJ
OK 4 aOJ

Z Cl
+0 LO C>

0 C cd 0

8 QJ
g.cC 0

~ e � QJ QJ ~ IJI
Q.l � 6 OJ
X cd

cJI OJ
~ OJ

C a 0 cjl
QJ P

I 0 C

U
0 D

C S- OJ r
Lal I K 0

U QJ
CZ V 0+
~~ P.~ ~

QJ K 0
3 r V



I Cl
S- M  U
 U OM
CL

o
0 O

e 0
 u  n

S
'r ~ r  D

5-
 U

C
EJ 0
S-   I -r-
 U
CL C CI5

!
$
 D

QI

C 0"0
0 C
U  tj

 D
r C
 D 'r

 D O
p r

0

0
0

C

Q

QI

rtJ
O a O E C
O H r

V7 M
Eh
QI J < C}.

0 E-r

 rrI
0 [CW

V W
'r ID C Cl

 U
E  -  D

 Q
S-! WW I-

O 0
~ O

 D CQ M II
V! 0

r W K.r
VI

EW  UM  a
C  U

re r W  U
! C  U VI

II5  - V! J3
CIW OM 0

0 O
~ '  I- r -

 h EA 0
OR 4 ~
CL  U K S-

 D
4- CM OM
O f O QI

0 S-MM
 D + C II
CL Clf
X M
 D

S- C ~r ~
M

 h C'O M  U
~ ~ C    
CI 0 r Q O O
I'

C 4 ~
VI 0

C 0
LU Z C N 0 C
CL r �  U Ql

UrQI r4E

QI  D  U  LI ~
5



174

FIGURE 47
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FIGURE 48. � Distribution of postlarval white shrimp  P. setiferus~
and salinity durina observations made from 3.0 to 25.9 hours after
shrimp were introduced. Temperature apprnximatec1 23 C durinq this
time interval. Number of shrimp introduced into tank A = 22,
tank B = 1 R. N = tota1 number of shrimo counted in a series of ob-
servations.
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FIGURE 55. � Distribution of hatchery-raised oostlarval brown
shrimn   P. aztecusj under continuous low levet red illumination
in experiment 29, tanks A Im 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.
/jbserved 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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FIGURE 56. � Distri bution of hatchery-raised pos tl arval brown
shrimp  P. aztecus! under continuous low level red illumination
in experiment 29, tanks B 8 D. vertical lines inclicate distri-
butions. Midline represents medians and the other four lines,
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. Vlortality = number of observations of dead
shrimp durina an observation period; dead shrimp not removed.
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FIGURE 61,� Distribution of postlarval brown shrimp  P.
aztecus! in two diff'erent salinity aradients and tested
under continuous low level red illur ination in experiment
31. Itertical lines indicate di stributions. tidl inc re-
presents medians and the other four lines, from top to
bottom, show the 5th, 25th, 75th and 95th percentiles for
each distribution. Observed 'J = total number of shrimo
counted in a series of observations. Mortality = number
of observations of' dead shrimp durinq an observation
period; no dead shrimp removed.
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FIGURE 62.� Distribution of postlarval brown shrimp  P.
aztecus! under continuous low-level illumination in experi-
ment 31. vertical lines indicate distributions. IYjidline
represents medians and the other four lines show the 5th,
25th, 75th and 95th percentiles; percenti les oriented by
tank depth. Observed >  = total number cf 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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FICURE 54.� Oistribution of postlarval brown shrimp  P. aztecus!
under continuous low level red illumination in expel iment 32. Post-
larvae were collected 3/1//73 and acclimated foi 19 days to 23 C and
26 o/oo Vertical lines indicate distributions, Midline represents
medians and the other four lines sho!. the 5th, ?5th, 75th and 95th
percentiles; percenti les oriented by tanl; depth. Observed I'! = total
number of shrimp counted in a series of' observations. Mortality =
number of dead shrimp observed durinq an observation period; no dead
s hri !!p removed.
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'74 o/oo. Vertical lines indicate distributions, Yidlirie represents
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FlGURE 71.� Distribution of postlarval brown shrimp  P. aztecus!
acclimated to different salinities and tested under continuous low
level red illumination in exoeriment 35, tanks A 8 B. Vertical lines
indicate distributions. Midline represents medians and the other four
lines, from top to bottom, show the 5th, 25th, 75th and 95th percen-
ti1es for each distribution. Observed N = total number of shrimp
counted in a series of observations.  v ortali ty = number of observa-
tions of dead shrimp during an observation period; dead shrimp not
removed.
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FIGURE 72. � Di stribution of postl arval brown shrimp  P. aztecus!
acclimated to different salinities and tested under continuous low
level red illumination in experiment 35, tanks C Im D. Vertical lines
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 observation period; dead shrimp not
removed.
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FIGURE 76.� Distribution of postlarval white and brown shrimp  P.

setiferus and P. aztecus! under periodic low level red illumination
in experiment 37, tanks A 5 R. "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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FIGURE 96
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FIGURE 98. � Distribution of postlarval brown shrimp  p. aztecus!
under ContinuauS 1Ow leVel red illuminati On in expe ri ment 2, tankS
0 Ic C. Shrimp were collected 7/15/73 and acc1imated for 25 days to
22  . and to e~ther 12 o/oo or 26 o/oo, Vertical lines indicate dis-
tributions. NIidline 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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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. Iviortality = 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 l through 13
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FI PURF 1.� Distribution of postlarval brown shrimp  P. aztecusI
under continuous low level red illumination in experiments 8 5 9
 gradient tanks! with oredicted tides and tidal currents. Vertica1
lines indicate distributions. I'midline represents medians and the
other four lines, from top to bottom, indicate the 5th, 25th, 75th,
and 95th percentiles for each distribution.
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FIG!!RF 2,� distribution of postlarval brown shrimp  P. aztecus j
under continuous low level Ted illumination in experiment T6, tanks
A 8 C, with predicted tides and tidal currents. Vertical l~nes in-
dicate distributions. Midline represents medians and the other four
lines, from top to bottom, show t!ie 5th, 25th, 75th, and 95th per-
centiles for each distribution.
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setiferus and R. aztecus! under continuous low level red illumination
in experiment l7, tanks A 5 c, with oredicted tides and tidal currents.
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