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ABSTRACT: Behavioral responses of juvenile bluefish Pomatomus saltatrixl. exposed to cold water in 
a vertical thermal gradient were measured under controlled laboratory conditions. The temperature 
regime was similar to conditions that these fish encounter in their inshore and estuarine habitats along 
the Middle Atlantic coast. Measures included activity, schooling, position with respect to depth and 
temperature, and feeding. Bluefish, acclimated to 20 or 14 'C, avoided cold water as it was introduced 
into the experimental aquarium by initially increasing swimming speed and shifting their distribution 
upward in the water column. Fish with a similar thermal history were distributed into progressively 
colder water from August through November, reflecting a predisposition for lower temperatures. This 
change in behavioral response to temperature coincided with this species' southerly fall migration. 
When food was presented at potentially debilitating temperatures which were normally avoided, 
motivation to feed modified their avoidance response, with the fish entering these temperatures and 
successfully feeding. Results are discussed in relation to natural patterns of migration and distribution. 

INTRODUCTION 

Temperature plays a crucial role in almost all 
aspects of a fish's biochemistry, physiology and 
behavior. Since the vast majority of species do not have 
the capability to regulate body temperature, their abil- 
ity to avoid or select environmental temperature, i.e. to 
thermoregulate behaviorally (Rozin & Meyer 1961, 
Neill et al. 1972, Neill & Magnuson 1974) is one of the 
more critical components of their behavioral reper- 
toire. In general, there exists a range of temperature 
below or above which a given species cannot survive 
(Fry 1947). Once these limits are determined, predic- 
tions as to where a species will not be found can be 
made with a high degree of confidence. Far less pre- 
dictable is where, within these thermal limits, a 
species may be distributed. While thermal history has 
long been recognized as influencing thermal 
responses in fish (Fry 1967, 1971, Brett 1970, Fry & 
Hochachka 1970), in terms of thermal distribution, a 
number of other factors, both biotic and abiotic, have 
also been found to play an important role. These 

include season (Sullivan & Fisher 1953, Fry & 
Hochachka 1970, Olla et al. 1980), food availability 
(Neill & Magnuson 1974), nutritional state (Javaid & 
Anderson 1967, Stuntz & Magnuson 1976), competition 
and/or predation (Brandt et al. 1980, Crowder & Mag- 
nuson 1982), time of day (Medvick & Miller 1979), 
salinity (Garside & Morrison 1977), age (McCauley & 
Read 1973, Kwain & McCauley 1978), social factors 
(Medvick et al. 1981), pathological condition (Rey- 
nolds et al. 1976) and habitat requirements (Olla et al. 
1978, 1980). 

In this work, we have examined the influence of 3 of 
these factors - thermal acclimation, season and food 
availability - on the distribution of juvenile bluefish 
Pomatomus saltatrixin vertical thermal gradients. Both 
adults and juveniles of this species naturally encounter 
vertical as well as horizontal thermal gradients along 
the Atlantic coast (Norcross et al. 1974, Magnuson et 
al. 1980). In the New York Bight, the area in which the 
fish used in this study were captured, a large cell of 
cold water persists through all or part of the year 
(Ketchum & Corwin 1964, Ingham et al. 1982) with cell 
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temperatures in summer often 10 to 12 C" colder than 
surface waters. The distribution of water associated 
with this cell depends upon both meteorological and 
hydrographic conditions (Ingham et al. 1982) so that 
fish, even those occurring inshore and in estuaries, can 
be subjected to large fluctuations in temperature over 
a short period of time. 

Previous studies with both adult and juvenile blue- 
fish have suggested that this species is capable of 
behavioral thermoregulation (Olla & Studholme 1971, 
1976, 1978, Olla et al. 1975, Olla 1977). Under 
homeothermal conditions in which temperature 
departed upward or downward from acclimation, 
swimming speed increased, and at thermal extremes 
remained elevated until temperature returned to less 
stressful levels. Persistence of high activity was inter- 
preted as reflecting thermal avoidance, but in the ab- 
sence of a gradient, this could only remain conjectural. 

In this paper we have examined the behavior and 
distribution of groups of juvenile bluefish exposed to 
vertical thermal gradients under controlled laboratory 
conditions. These gradients were designed to span the 
range of temperatures that these fish might encounter, 
either from the rapid inshore intrusion of cold water 
during the summer or during their southerly migration 
in the fall, to measure their immediate and short-term 
responses to these changes. To determine whether 
season affected their responses, we compared their 
behavior in similar thermal gradients before and du- 
ring the time of their fall migration and since these fish 
naturally encounter lower temperatures during late 
fall, we also examined the effect of thermal acclima- 
tion on distribution. Since food acquisition is espe- 
cially critical for rapidly growing juveniles, we 
examined the capability of fish which were highly 
motivated to feed to acquire food at temperatures 
which were potentially debilitating, determining the 
extent to which this would modify thermal distribution. 
To relate these responses to the physiological capabil- 
ity of the fish, we also measured equilibrium loss to 
rapid downward changes in temperature. 

MATERIALS AND METHODS 

Juvenile bluefish Pomatomus saltatrix (15.5 to 
21.3 cm total length, TL) were captured throughout 
summer and fall by hook and line or seine net in Sandy 
Hook Bay, New Jersey, at 17.5 to 21.0°C. Prior to 
experiments, the fish were held in 3.8 or 6.7 kl sea- 
water aquaria under simulated seasonal changes in 
photoperiod and at temperatures adjusted to meet 
experimental requirements (Table 1). Seawater quality 
was maintained by recirculation through a filtrant 
composed of sand, gravel and oyster shell with small 

amounts of new seawater added periodically. Salinity 
averaged 25 %o; pH, 7.6; dissolved oxygen 7.0 mg 1-l. 
In both holding and experimental aquaria, fish were 
fed to satiation on live killifish Fundulus heteroclitus 
or small (- 0.5 g) pieces of surf clam Spisula solidis- 
sima at 2 to 4 d intervals. 

Equilibrium loss experiments. Juvenile bluefish 
(16.8 to 21.2 cm TL) acclimated to 19.8OC (+ 1.5 CO) or 
14.1 "C (+ 1.3 C"; - 1.2 C") (Table 1) were transferred 
individually from holding aquaria to a 360 l aquarium 
(1.2 X 0.6 X 0.5 m) in which seawater had been chil- 
led to the selected test temperature (_ t  0.2C0). Fish 
acclimated to 19.8"C were transferred to 1 , 3 , 5 , 7 ,9 ,  11 
or 20°C with 10 replicates at each temperature; fish 
acclimated to 14.1 "C were transferred to 1, 3, 5 , 7 , 9 ,  or 
14 "C with 5 replicates at each. A closed circuit video 
system with recorder (see below) was used to record 
responses with subsequent examination of the video- 
tape made to determine time to loss of orientation (first 
collision with the aquarium wall), equilibrium and 
movement (motionless on the aquarium bottom for 
> 30 S) (Table 2). 

Experimental aquarium for thermal gradient and 
feeding experiments. All experiments were conducted 
in a 1.9 kl fiberglass aquarium (2.48 m length X 0.88 m 
width X 0.96 m depth) with a single viewing window 
(2.29 X 0.81 m). In the absence of a thermal gradient, 
filtered seawater was pumped at a rate of 1.5 to 
1.9 1 S-' upwards through the bottom of the aquarium 
through a 0.5 cm thick fiberglass panel that was perfo- 
rated with rows of 0.6 cm diameter holes spaced every 
2 cm. This allowed even distribution of incoming water 
across the bottom of the aquarium and insured that in 
establishing a thermal gradient there would be an 
even distribution of water at a given depth (confirmed 
by dye tests). As incoming water rose toward the sur- 
face, 2 overflow surface outlets at opposite ends of the 
aquarium diverted the flow during the gradient tests to 
a drain and at other times to a biological filter through 
which the water would pass before returning to the 
bottom of the aquarium. When establishing a vertical 
gradient, chilled water (- 0°C) was introduced for 
about 8 to 10 min through the perforated bottom, forc- 
ing surface water through the overflows out of the 
system, and when the desired thermal gradient was 
established, the inflow of chilled water was stopped. 
At the completion of the experiment, the cold water, 
about one-half the volume of the aquarium, was 
drained through the bottom to avoid subjecting the fish 
to low temperature; then seawater at the acclimation 
temperature was introduced and normal circulation 
resumed. 

Temperature (f 0.05 C") within the aquarium was 
monitored continuously by 10 thermal probes each 
connected to a multichannel strip chart recorder. These 
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Table 1. Pomatomus saltatrix. Summary of acclimation temperatures and experimental conditions for equilibrium loss, thermal 
gradient and feeding experiments for juveniles 

Experimental conditions Acclimation temperatures 
Prior to 1st experiment Between experiments 

Experimental Dates Photo- Experi- Size tested Temp ("C) Days Temp ("C) Days 
series (range) period ments cm (TL) X held X held - 

(h) (no) X (range) (no) (range) (no) 
(range) 

Equilibrium lossa 
20" to 1-1 1 "C 10/7-12/2 12.6-10.6 60 18.2 19.8 4 2-7 2 

(16.9-21.2) ( f  1.5) 

14" to 1-9°C 1/14-27 10.5-10.8 25 17.6 14.1b 13-26 
(16.8-20.3) (+1.3; -1.2) 

Thermal gradient 
experiments 

August 8/21-24 14.6 2 16.3 20.6 23 20.7 3 
(15.5-17.8) (+0.8; -1.0) (+0.1; -0.3) 

Sep-Oct 9/12 13.6 1 - C - - 20.8 19 
(+1.2; -0.6) 

10/6-18 12.6-12.0 2 16.3 19.8 56 20.0 12 
( 1 5 1 7 . 1 )  (+  1.0;-0.3) (+0.3; -0.2) 

NOV 11/14-28 11.0-10.6 4 19.0 20.2 108 20.0 1 
(16.7-21.0) (+1.8; -1.9) (+0.3; -0.2) 

20.1 3 
(+0.3; -0.6) 

20.0 7 
(+0.4) 

Nov-Dec 11/17 11.0 1 17.3 14.5d 11 
(15.8-19.6) ( f  0.7) 

11/27-12/1 10.6-10.4 2 19.2 14.5 2 1 14.1 3 
(17.2-20.9) (+0.4; -1.0) (+0.2; -0.1) 

12/5-lge 10.4-10.3 2 19.4 14.2 29 14.3 13 
(18.1-20.5) ( f 0.7) (+0.6; -0.8) 

Feeding 
experiments 

Jan-Mar 1/8-3/12 10.5-12.7 7 19.8 20.0 104 20.2 2 '  
(16.9-21.3) ( +  1.5; -2.0) ( f  0.2) 

20.1 11 
(f 0.2) 

20.3 10 
(+1.5; -0.3) 

20.0 8 
(+0.2; -0.1) 

20.0 2 
(f 0.1) 

20.6 24 
(+1.7; -0.6) 

a Fish tested at 2 C" temperature intervals, i.e. at  1, 3, 5, 7, 9 or 11°C 
Fish held at 19.9"C ( f 2.0 C") for 117 d prior to decrease (0.55 C" d-l) to 14.1 "C 

C Same group of fish as used in August experiments 
d Fish held at 16.6"C (+ 0.9C0; -0.4C0) for 17 d prior to decrease (0.12 C" d-l) to 14.5"C 

Experiment on 12/19 conducted under reduced daytime light levels 
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Table 2. Pomatomus saltatrix. Comparison of time to loss of orientation (wall collision), equilibrium (uncoordinated swimming) 
and movement (motionless > 30 S) between juveniles transferred individually to low temperature from acclimation temperatures 

of 20 "C (N = 10 per temperature) or 14 "C (N = 5 per temperature) 

Temperature ('C) 

Response 1 "C 3 "C 5 "C 7 "C 9 "C 11 "C 
20°C 14°C 20°C 14°C 20°C 14°C 20°C 14°C 20°C 14°C 20°C 

2 (min) 

Loss of orientation 0.38 0.56 0.54 0.47 0.78 0.96 1.01 1.19 1.34 a 4.03b 
t 0.9483 0.4662 1.0352 0.6765 
d f 12 13 13 13 
P > 0.20 > 0.50 > 0.20 > 0.50 

Loss of equilibrium 0.53 0.57 0.80 0.80 1.16 1.10 1.49 2.06 1.98 a 8.15= 
t 0.2741 0.0620 0.6037 2.4577 
df 13 13 13 13 
P > 0.50 > 0.50 > 0.50 < 0.05 

Loss of movement 1.65 2.40 2.48 3.00 3.83 7.49 10.31 12.20d 14.50 a a 

t 1.9463 2.2947 2.3511 
d f 13 13 13 
P <0.10 < 0.05 < 0.05 

a Not occurring in 30 min 
Occurring in 3 of 10 fish tested 

C One fish swimming head up/tail down posture for 30 min; not occurring in remaining fish 
Based on 2 fish; the other 3 fish went through all phases but were never motionless for 30 S. By 60 min, 2 fish resumed 
normal swimming; the third swam but with loss of normal coordination 

probes, mounted vertically along the left rear corner of 
the aquarium, were positioned from 5 cm above the 
bottom to 4 cm below the surface, spaced 7 to 9 cm 
apart. During an experiment, probes were scanned 
sequentially every 20 s with temperatures interpolated 
across 2 cm intervals. 

A closed circuit video recording system (Panasonic 
NV-8030 recorder and Sony video camera) was used to 
record each experiment beginning 10 min prior to a 
test until its completion. 

Daytime lighting, provided by fluorescent lamps 
mounted above the aquarium, averaged 2 X 103 lux, as 
measured at the water surface, with low level night 
illumination of 0.5 lux provided by a 7.5 W incandes- 
cent bulb. As in the holding facilities, photoperiod was 
adjusted weekly to simulate natural seasonal changes. 

The aquarium, filtration and lighting systems were 
screened by blinds and along with the thermal recor- 
der and video camera, were housed in a sound-retar- 
dant, temperature-controlled room to reduce visual 
and acoustic interference. 

Thermal gradient experiments. To insure that cessa- 
tion in seawater circulation during gradient experi- 
ments would not affect the responses of the fish during 
an experiment, 2 sets of preliminary observations were 
made with 5 fish (15.6 to 17.1 cm TL) acclimated to 
19.8"C: (1) with normal circulation of 20°C seawater 
and (2) as in a gradient experiment but with 20°C 
water introduced for 8 min. 

Fourteen experiments were conducted to measure 
responses of groups of 5 juvenile bluefish in vertical 
thermal gradients following acclimation to approxi- 
mately 20 or 14°C under simulated seasonal changes 
in photoperiod (Table 1). Groups rather than isolates 
were used because of the natural schooling tendency 
of the fish and the adverse effect that separation from 
conspecifics could have on behavioral responses. 
Although there was some variability in depth of 
isotherms, the thermal gradients established in each 
experiment were generally similar, with the upper 
portions of the water column remaining at or within 2 
to 3 C" of the acclimation temperature and separated 
from colder water in the lower half by a thin stratum of 
water in which temperature decreased very rapidly 
over a short distance; for the 20 "C experiments from 17 
to 13 "C (F = 0.5 C" cm-'); for 14 "C experiments from 
12 to 10 "C (F = 0.6 C" cm-'). Fish were observed for 10 
min prior to and for 65 min following cold water intro- 
duction. Fish were then either removed or held until 
the next experiment (Table 1). 

Feeding in a thermal gradient. Seven feeding exper- 
iments were conducted with the same group of 5 blue- 
fish acclimated to 20.0°C (+  1.5 C"; -2.0 C") (Table 1) 
in which, following the establishment of a vertical 
gradient, food was available only at lower tempera- 
tures in the lower half of the aquarium. Procedures for 
establishing gradients in these experiments were as 
described above except that occasionally small 
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amounts of cold water were introduced to maintain 
temperatures from about 1 to 14 "C in the lower half of 
the water column where food was available. This 
resulted in a gradual lowering of the temperature in 
the upper half of the aquarium during the course of the 
experiments. 

For all feedings, small (- 0.5 g; 1.0 to 1.5 mm) pieces 
of surf clam Spisula solidissima were introduced, one 
piece at a time, through a 22 mm diameter opaque tube 
mounted at the rear of the aquarium and extending 
from several cm above the top to 36 cm below the 
surface so that food was available only in the lower 
44 cm of the aquarium. Temperatures at the feeding 
tube opening ranged from 9.7 to 14.6"C decreasing to 
as low as 1.2 to 5S°C, 5 cm above the bottom. Food was 
introduced once cold water introduction ceased and 
the gradients stabilized which usually took about 
16 min. Feeding was continued until the fish no longer 
attempted an ingestion, with each experiment lasting 
approximately 35 min. At the end of an experiment, 
20°C water was introduced and the fish held in the 
experimental aquarium until the next experiment 
(Table 1). To condition the fish to feed readily in the 
experimental system, they were fed 6 times prior to the 
first experiment and then 1 to 3 times between each 
experiment (N = 13) to insure that feeding responses 
and motivation had not been affected. Comparison of 
attempts to feed and ingestions were made between 
9 feedings at 20 "C and the 7 gradient tests on the basis 
of the first 10 introductions of food since motivation 
was consistently high for this period under homeother- 
mal conditions. 

Behavioral analyses. Videotapes were viewed to 
determine the position (f 0.5 cm) of each fish every 
20 S as measured from the tip of the snout to the bottom 
of the aquarium. The vertical distribution from bottom 
to surface in 2-cm intervals was summed for all fish 
over 5 min periods (N = 75) and correlated with tem- 
perature profiles from the strip chart recorder. Percent 
occurrence was calculated at each degree, e.g. 20, 
19 .  . . 1 "C. Additional measures recorded at the same 
time and expressed as means for each 5 min interval, 
included swimming speed (time for a fish to swim 
61 cm) and interfish distance, i.e. the average linear 
distance (cm) between fish estimated by: 

Group length (cm) - [number in group x mean fish length (cm)] 

(number in group- 1) 

In instances where there is an overlap among fish, this 
is expressed as a negative distance (e.g. - 10 cm). 

For the gradient experiments, in addition to the 20 S 

distribution profiles, measurements were made of the 
duration and frequency with which each fish: (1) swam 
along the sharpest gradient, and (2) swam into cold 
water below this gradient (C 12°C for 20°C experi- 

ments; < 10°C for 14°C experiments). For feeding 
experiments, measurements were made of the temper- 
atures at which fish attempted to feed or ingested food, 
the number of attempts and ingestions and duration of 
feeding excursions. 

RESULTS 

Equilibrium loss experiments 

Fish acclimated to 20 or 14 "C and then transferred to 
1, 3 or 5°C exhibited responses characteristic of ther- 
mal shock. Within 0.38 to 0.96 min fish were dis- 
oriented, swimming directly into the aquarium walls 
(Table 2). Within 1.16 min, irrespective of acclimation 
temperature (P > 0.50, t test; Table 2), there was a loss 
of motor coordination and equilibrium and the fish 
were unable to maintain their position in the water 
column. 

When test temperatures reached 7 "C, slight differ- 
ences appeared related to acclimation (Table 2). By 
9"C, fish acclimated to 14°C exhibited no behavioral 
manifestations of thermal shock while those accli- 
mated to 20°C continued to be affected; by l l ° C ,  
thermal shock responses were rarely observed 
(Table 2). Latencies for stress responses were shortest 
at the coldest temperatures, generally increasing as 
cold shock temperatures increased above 5°C. 

Thermal gradient experiments 

At 20°C, in the absence of any gradient, no differ- 
ences were observed in activity, grouping or vertical 
distribution of juvenile bluefish between uninter- 
rupted water circulation or when circulation was mod- 
ified to simulate a gradient experiment. The fish swam 
at speeds averaging 9.4 cm S-' in a loose aggregation 
with interfish distance averaging + l  l cm. Vertical 
distribution was somewhat variable (%coefficient of 
variation = 23.9 %) as the fish ranged throughout the 
aquarium from surface to bottom. 

20 "C acclimation 

Nine experiments were conducted with fish caught 
during July and August at 19 and 20°C to determine 
responses to vertical thermal gradients (Table 1). Two 
experiments were conducted in August, 3 in Sep- 
tember-October and 4 in November. 

Activity, grouping and vertical distribution of the 
fish for 10 min prior to the introduction of cold water 
were similar to levels observed previously under the 
20°C homeothermal regime. As cold water was intro- 
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duced and gradually replaced the warm water in the 
lower half of the aquarium, swimming speed 
increased, averaging 18 to 26 cm S-'. The fish also 
were grouped more cohesively with average interfish 
distance decreasing to -8 to -10 cm, as they moved 
upward, avoiding cold water and swimming above the 
12 to 14°C isotherms (Fig. 1, 2 & 3). After 15 min with 
the thermal profile stabilized and a sharp thermocline 
present at mid-depth in the aquarium, for the next 
50 min the fish were distributed primarily in the upper 
half of the aquarium, swimming at gradually slower 
speeds until activity approached pretest levels (Fig. 1, 
2 & 3). 

While generally avoiding low temperatures, typi- 
cally individuals or groups of fish would swim down- 
ward into cold water, encountering temperatures rang- 
ing from 2.4 to 11.O0C. After entering cold water, the 
fish would turn and swim rapidly upward, with bursts 
of speed reaching as high as 76 cm S-', the fastest 
speed occurring after emergence from the lowest 
temperatures. The duration of these excursions ranged 
from 1.9 to 4.7 S, the time depending on the speed and 
distance travelled. 

Another typical behavior observed was fish swim- 
ming slowly downward until encountering the thin 
stratum of water representing the sharpest thermal 
gradient, i.e. 17 to 13°C. Upon encountering the gra- 
dient, they would change course, and swim along or 

AUGUST 

within this narrow band of cold water for - 3 to 5 s 
until reaching the end of the aquarium before turning 
and swimming upward into warmer water. 

While these responses were characteristic of the fish 
in all experiments, there were obvious differences in 
temperature distribution which were correlated with 
season. In the August experiments, following stabiliza- 
tion of the gradients, the fish spent more than 95 % of 
the time in the upper quarter of the aquarium above 
the 20°C isotherm (Fig. 1 & 4). In September-October, 
the fish were distributed into colder water, spending 
only 63 % of the time at 20°C (Fig. 2 & 4) and by 
November, the trend was even more pronounced with 
the fish swimming above the 20°C isotherm only 17 % 
of the time and spending more than 30 % below 18°C 
(Fig. 3 & 4). 

The changing seasonal response to low temperature 
was also reflected by an increase in the frequency with 
which the fish made excursions into potentially 
debilitating temperatures as well as by an increase in 
swimming along or within the sharp midwater gra- 
dient. In August, each of these responses occurred 
infrequently (F = 0.2 min-l), increasing sharply in 
September-October (F excursions = 1.4 min-l; F gra- 
dient swimming = 1.5 min-l). By November, while 
excursions decreased (F = 0.7 min-l) the fish con- 
tinued to be associated with the midwater gradient 
(F = 3.1 min-l). 

l 
10-6 ' 5-0 ' 0-5 6-10 ' 11 -15 ' 16-20 ' 21-25 ' 26-30 31-35 ' 36-40 ' 41-45 ' 46-50 ' 51-55 ' 56-60 ' 61-65 

TIME ( m i d  

Fig. 1. Pomatomus saltatrix. Vertical distribution and swimming speed (Z, R; cm S-') of juveniles in vertical thermal gradients 
("C) in August following acclimation to 20 "C. Width of each distribution configuration represents number of fish at a given depth 
measured every 20 S within 5 min intervals. Data presented for 10 min prior to and 65 rnin following cold water introduction 
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SEPTEMBER - OCTOBER 

l 

10-6 ' 5-0 0-5 6-10 11-15 16-20 21-25 ' 26-30 ' 31-35 ' 36-40 ' 4145 ' 46-50 ' 51-55 ' 56-60 ' 61-65 
I 

TlME (rnin) 

Fig. 2. Pomatomus saltatrix. Vertical distribution and swimming speed (F, R; cm S-') of juveniles in vertical thermal gradients 
("C) in September-October following acclimation to 20°C. Width of each distribution configuration represents number of fish at a 
given depth measured every 20 s within 5 min intervals. Data presented for 10 min prior to and 65 min following cold water 

introduction 

NOVEMBER 

I 
10-6 5-0 0-5 6-10 11-15 ' 16-20 21-25 26-30 ' 31-35 ' 36-40 41-45 ' 46-50 ' 51-55 ' 56-60 ' 61-65 

I 

TIME (mm) 

Fig. 3 .  Pomatomus saltatrix. Vertical distribution and swimming speed (F, R; cm S-') of juveniles in vertical thermal gradients 
("C) in November following acclimation to 20°C. Width of each distribution configuration represents number of fish at a given 
depth measured every 20 s within 5 min intervals. Data presented for 10 min prior to and 65 min following cold water 

introduction 
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AUGUST -a 

SEPTEMBER- . . . A 
OCTOBER 
NOVEMBER ----H 

TEMPERATURE('C) 

Fig. 4. Pomatomus saltatrix. Distribution (% frequency of 
occurrence) of juveniles at 14 to 20 'C following stabilization 
of vertical thermal gradients (16 through 65 min) in August, 
September-October and November experiments following 

acclimation to 20°C 

14 "C acclimation 

We next tested how changes in acclimation tempera- 
ture would influence responses in a thermal gradient. 
Our choice of 14 "C was based on the fact that this was 
several degrees above the level at which equilibrium 
loss occurred (Table 2) and yet was close to tempera- 
tures (11 to 12°C) at which both adult (Olla & 
Studholme 1971) and juvenile bluefish (Olla 1977) had 
shown increases in activity indicative of avoidance. 

Fish were captured in October at ambient tempera- 
tures 2 to 3 C" lower than the capture temperatures of 
fish used in all earlier experiments (Table 1). Five 
experiments were conducted in November-December 
to determine responses to thermal gradients in which 
14 "C was the highest temperature available. 

Activity and grouping were similar to that observed 
at 20°C prior to cold water introduction with swim- 
ming speed averaging 10.4 cm s-' and interfish dis- 
tance + 3  cm. Vertical distribution, however, was less 
variable as the fish swam lower in the water column, 

i.e. below 40 cm (Fig. 5). When cold water was intro- 
duced, as in earlier experiments, the fish showed 
avoidance, moving higher in the water column above 
the 6 to 9°C isotherms (Fig. 5) and grouping more 
cohesively, interfish distance decreasing to -7 cm. 
However, activity increased only slightly as the fish 
swam at speeds averaging 12.3 cm S-' for a short time 
before returning to pretest levels (Fig. 5). 

Following gradient stabilization the fish spent 
nearly 87 % of the time at 12 and 13 "C as compared 
with less than 1 % at these temperatures in the 
November experiments following 20 "C acclimation. 
The synergistic effects of season and temperature 
resulted in lower thermal distribution. 

As in all previous experiments, excursions were 
made downward into low temperatures with the fre- 
quency (2 = 0.6 min-l) only slightly lower than in the 
previous November experiments. Also, the fish fre- 
quently swam along or within the sharp midwater 
gradient (12 to 10°C; 2 = 2.1 min-l). 

Feeding experiments in a thermal gradient 

20 "C acclimation 

We next examined whether the motivation to feed 
would influence thermal distribution over and above 
that induced by seasonal and/or thermal history. To 
answer this question, a series of experiments was per- 
formed in which, following the establishment of a 
gradient, food was introduced into the lower half of the 
aquarium where temperatures were at levels that had 
been avoided previously. Experiments were conducted 
from January through March, with fish captured du- 
ring August and September at 19 to 21°C (Table 1). 
Results are based on the means of 7 experiments. 

Typically, at 20°C without a gradient, fish would 
respond to food by rapidly approaching and ingesting 
the piece before it reached the bottom. In 9 feedings, 
for the first 10 introductions, members of the group 
attempted to feed on 99 % of the pieces introduced 
(N = go), with ingestion occurring 100 % of the time. 

As in earlier experiments, once a gradient was estab- 
lished, the fish moved upward, avoiding cold water. 
When food was introduced fish had to swim down into 
cold water to feed. In contrast to feeding when the 
aquarium was homeothermal, attempts to feed on the 
first 10 introductions (N = 70) were made only 53 % of 
the time. Of these attempts, 57 % resulted in com- 
pleted ingestions. Since by the time a fish sighted and 
approached food, it had sunk towards the bottom 
where temperatures were lower, over 78 % of the 
attempts (N = 29) were made at temperatures of 1 to 
6°C (Fig. 6 A). Of these feeding attempts, 52 % 
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Fig. 5. Pornatornus saltatrix. Vertical distribution and swimming speed (F, R; cm S-') of juveniles in vertical thermal gradients 
("C) in November-December following acclimation to 14 'C. Width of each distribution configuration represents number of fish at 
a given depth measured every 20 S within 5 min intervals. Data presented for 10 min prior to and 65 min following cold water 

introduction 

(P < 0.005; Wilcoxon Rank Sum Test) in distribution at 
Fig. 6. Pornatornus saltatrix. (A) Attempts to capture food and 

16°C and below. Fish now spent 71.4 % of the time (B) success rate (ingestions/attempts x 100) of juveniles at 1 
at these temperatures as compared 14.4 in to 6OC during the first 10 introductions of food in 7 feeding 

resulted in ingestions, although the success rate 
(ingestions/attempts X 100) tended to decrease from 

12 
100 % at 6°C to 0 % at 1°C (Fig. 6B). Occasionally a 
fish would sight food and swim downward as if to feed, 
but upon reaching colder water, would reverse direc- 2 
tion and return to warmer temperatures. On other occa- 2 
sions, even after entering cold water to feed, a fish 
would occasionally snap at the food, attempting to 
ingest it, but would fail. In other instances, food 
ingested would be immediately expelled. While enter- 

/@-@\@ 
ing water cold enough to be potentially debilitating, 
the duration of exposure was < 1 to 2 S, far less than 
the time which would have caused a loss of orientation 
or equilibrium (Table 2). W 

November. experiments in vertical thermal gradients 

Distribution in the gradient at 16°C and lower for the $ 80- 

10 min prior to food introduction was not significantly 
' 

60- 
different (P > 0.05; Wilcoxon Rank Sum Test) from that 

I- 5 - observed in the November experiments following 40. 

20 "C acclimation. However, once food was introduced, - o . 

the distribution of the fish, exclusive of their feeding 20- 

,/@ 

excursions into cold water, was lower comparison i /-• 
with the previous November experiments for 11 1 2 3 4 5 6 
through 35min indicated a significant difference TEMPERATURE ('C) 
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DISCUSSION 

Juvenile bluefish clearly demonstrated the capabil- 
ity for behavioral thermoregulation. This capability 
had been suggested by earlier studies in which both 
juveniles and adults exhibited increases in activity 
when exposed to changes in temperature under 
homeothermal conditions (Olla & Studholme 1971, 
1976, 1978, Olla et al. 1975, Olla 1977). In the present 
study, while changes in temperature also resulted in 
increased activity, once the thermal gradient had 
stabilized and the fish were able to avoid cold water, 
activity generally decreased. W e  surmised that the 
fish, by moving out of cold water, ceased to receive 
what Roberts (1979) referred to as 'aversive thermal 
feedback'. Then, although distributed predominantly 
in the warmer, upper reaches o f  the tank, the fish made 
downward excursions into cold water, engaging in 
exploratory behavior which enabled them to define 
spatially changing thermal boundaries, a process 
which was more or less continuous. These initial 
responses, which were not intended to represent the 
conventionally determined laboratory preferenda, are 
pertinent for a species which resides in inshore and 
estuarine environments in which temperatures can 
change very rapidly over short spans of time. 

The influence of thermal history on thermal pre- 
ferenda or resistance has been well established for 
most, i f  not all, species for which temperature 
responses have been studied (for examples and 
reviews see Fry 1967, 1971, Brett 1970, Fry & 
Hochachka 1970). Also recognized, though less 
studied has been the influence of seasonal factors. One 
of the first demonstrations o f  the role that these factors 
may play was shown in studies by Hart (1952) in which 
differences in thermal tolerance of 4 fresh water 
species depended upon whether tests were conducted 
in summer or winter. In a similar vein, Tyler (1966) 
observed that thermal resistance of northern redbelly 
dace Chrosomus eos to upper lethal temperature var- 
ied from summer to winter, while Hoar & Robertson 
(1959), studying goldfish Carassius auratus found 
resistance to abrupt thermal change regulated by sea- 
sonal photoperiod. Using metabolic measures, Roberts 
(1964) observed that responses of sunfish Lepomis gib- 
bosus to changes in temperature were affected by 
photoperiod. In one of the few studies to examine the 
effect of season on behavioral responses, i.e. thermal 
selection, brook trout Salvelinus fontinalis exhibited 
seasonal changes in selected temperature independent 
of acclimation temperature (Sullivan & Fisher 1953). 
More recently, the influence o f  season on behavioral 
responses was clearly demonstrated in laboratory 
studies on tautog Tautoga onitis (Olla et al. 1980). 
During the fall, at a time when this species normally 

migrates offshore to overwinter, changes in activity 
occurred under simulated seasonal changes in temper- 
ature and photoperiod which were indicative of migra- 
tion. Under natural summer photoperiods however, 
when temperature was decreased, the fish exhibited 
only highly variable and transient components of mig- 
ratory behavior. 

The distribution of bluefish, with similar thermal 
history into progressively colder water from August 
through November, was a clear indication that chang- 
ing photoperiod and/or associated factors play a major 
role in the response of this species to temperature. Our 
laboratory results are verified by what is known about 
the distribution of juvenile bluefish in nature with 
regard to season and temperature. In Sandy Hook Bay, 
as well as other areas of the Middle Atlantic Bight, 
juveniles may spend all or most of the summer in warm 
inshore or estuarine waters (18 to 26 "C; Wilk & Silver- 
man 1976a, Olla unpubl.) before migrating southward 
in late fall (Lund & Maltezos 1970). Based on samples 
of early juveniles collected prior to their recruitment 
onshore or into estuaries, Kendall & Walford (1979) 
reported that the bulk of juveniles were found in June 
at temperatures > 18°C but by late October and early 
November, they were captured only south of the Mid- 
dle Atlantic Bight at temperatures ranging from 15 to 
17 "C. Similar correlations between temperature and 
distribution were observed for young-of-the-year 
bluefish collected from late spring through early 
November in trawl surveys along the Atlantic coast 
(Wilk & Silverman 1976b). In the Black Sea, Oben 
(1957) observed that young bluefish came inshore in 
August at temperatures ranging from 18 to 24.5 "C and 
began to depart in October when temperatures fell to 
13 to 15°C. 

Photoperiod and/or other associated seasonal factors 
apparently act during the fall to predispose both adult 
and juvenile bluefish to tolerate cooler temperatures. 
This physiological adjustment may enhance the survi- 
val of the fish at a time when they can encounter 
precipitous drops in temperature. Furthermore, these 
factors may also act to trigger migration. Evidence for 
this can be seen when considering the yearly north- 
ward migration of adults from coastal waters of Florida 
in late winter and early spring (Wilk 1977, Kendall & 
Walford 1979, Deuel unpubl.). In late January and 
early February when migration begins, ocean temper- 
atures in this region do not change consistently 
upward or downward (Walford & Wicklund 1968) and 
therefore are not likely to act as a stimulus for migra- 
tion. A more likely factor would be changing photo- 
period, a supposition which is supported by a labora- 
tory study in which adult bluefish, exposed to season-. 
ally changing photoperiod but under constant temper- 
ature, showed increases in activity which were corre- 
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lated with changes in photoperiod coinciding with 
natural migratory periods (Olla & Studholme 1972). In 
contrast, while photoperiod and temperature may also 
play dominant roles in the migratory behavior of 
tautog Tautoga onitis, a species whose summer range 
along the Atlantic coast overlaps that of bluefish, the 
role of temperature may be somewhat different (Olla et 
al. 1980). In the fall, under changing seasonal photo- 
period but without a corresponding decrease in tem- 
perature, migratory behavior is not triggered. - 

While temperature may not be the primary stimulus 
for long distance migration in bluefish, our results, as 
well as the correlation between catch statistics of 
adults and temperature (Wilk & Silverman 1976b, Wal- 
ford & Wicklund unpubl.), suggest that distribution is 
influenced by temperature. However, temperature 
data do not necessarily predict where a species will 
occur as much as indicate areas from which it will be 
excluded because of physiological or behavioral ther- 
mal limits. Within thermal limits fish may distribute 
themselves on the basis of ecological factors other than 
temperature so that their absence in the natural envi- 
ronment at laboratory-determined 'preferred' tempera- 
tures may be explained by the lack of one or more of 
these factors, with food availability being especially 
critical. Thus, we would expect that, to a large degree, 
fish regulate their distribution so as to optimize growth 
and fitness within the bioenergetic constraints 
imposed by temperature and food availability (Brett 
1971, Crowder & Magnuson 1983). However, the 
degree to which even these can be optimized depends 
upon the presence of other critical requirements, e.g. 
shelter availability (Olla et al. 1980). 

With regard to thermal limits, certain hydrographic 
features, such as changing thermal gradients, cold 
cells like that found off the Middle Atlantic coast in 
late spring and summer (Ketchum & Corwin 1964, 
Ingham et al. 1982) or frontal systems, such as those 
found along Cape Hatteras (Magnuson et al. 1980, 
1981, Brandt & Wadley 1981), may act as barriers to 
species such as bluefish. Along the Cape Hatteras 
frontal systems, bluefish are found at temperatures 
ranging from about 15 to 23 "C (Magnuson et al. 1980). 
With a variety of prey species gathered on both sides of 
these fronts, the capability for bluefish to forage, even 
for brief intervals at temperatures beyond their thermal 
tolerance, would be highly advantageous. In our feed- 
ing experiments, where food was available at tempera- 
tures which were potentially debilitating and which 
were normally avoided except for exploratory excur- 
sions, juveniles were capable of successfully ingesting 
food and returning to warmer water within seconds 
without functional impairment. With the latency for 
thermal effects a function of the cooling rate of a fish 
and therefore dependent upon body size (Stevens & 

Fry 1970, 1974, Spigarelli et al. 1974, 1977, Beitinger et 
al. 1977), juveniles which ranged from about 40 to 
100 g and acclimated to 14 "C lost equilibrium at 5 "C 
within 1.1 min. Since thermal effects are also related to 
seasonal factors, this probably reflects their maximum 
ability to withstand low temperatures because these 
tests were conducted in January. Adult fish, weighing 
about 4 kg, took as long as 29 min for a similar loss of 
equilibrium when transferred from 14 to 5°C (Olla & 
Bejda unpubl.). It is possible therefore that as long as 
temperature was available within tolerance limits, 
adult fish could forage at temperatures beyond these 
limits. 

It is apparent from our laboratory studies that deci- 
sions as to how long to remain at these temperatures 
are well within the capability of the species. Not all 
species, however, appear to have the capability to 
make such decisions successfully. Under one experi- 
mental paradigm in which food was available to yel- 
low perch Perca flavescens only at non-preferred 
temperatures, death apparently occurred when expo- 
sure to temperature above their upper lethal level was 
prolonged (Neill & Magnuson 1974). In another 
laboratory study, juvenile rainbow trout Salmo gaird- 
neri conditioned to enter high temperatures to obtain 
food, did so, even when temperature became so 
extreme as to cause 50 to 60 % mortality in some 
groups (Munson et al. 1980). 
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