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ABSTRACT

Larval Atlantic herring, Clupea harengus harengus L., are known to change their vertical distribu-
tion by day and night, but it is not clear if they can sense their depth by perception of hydrostatic
pressure. Two expepiments were designed to test whether herring larvae would respond to imposed
pressure changes by making appropriate compensatory vertical movements and whether such
ability could be related to the development of the buila system (stage I, bulla absent; stage II, bulla
liquid-filled; stage III, bulla gas-filled). In the first experiment, pairs of larvae were exposed to a
fixed sequence of pressure changes (AP) from +13 ecm Hz0 to 66 cm H.0. Members of simul-
taneously tested pairs tended to be influenced by one another when responding to pressure change.
The response of stage-I larvae tended to first increase and then decrease over 2 20-min test period for
a given AP, Stage-II and stage-III larvae showed better performances in compensating for imposed
pressure changes than did stage I. Larvae exposed to a sudden pressure increase of 5 atm (atmos-
pheres) {5,000 cm H;0) before the experiment did not perform as well as those not so exposed, but the
differences were not statistically significant. A second experiment tested the response of individual
larvae to randomized sequences of pressure changes. Stage-IlI larvae moved most frequently to
compensate for the pressure changes, but stage-I and stage-1I larvae also responded to changes in
pressure. Both experiments show that herring larvae of all three stages compensate for applied
pressure changes by moving up when pressure is increased and down when it is decreased, but that

they rarely move sufficiently far in the vertical plane to fully compensate.

Larval fish are known to change their vertical
distribution diurnally. Although this behavior is
probably controlled by changes in light inten-
sity, it is not clear whether hydrostatic pressure
perception is important in limiting or controlling
the depths reached at different stages of the ver-
tical migration cycle. A few workers (e.g., Qasim
et al. 1963) have shown that fish larvae can re-
spond to pressure changes; in particular, Bishai
(1961) and Blaxter and Denton (1976) have
shown that Atlantic herring, Clupea harengus
harengus L., larvae are pressure sensitive.

The most likely site for a pressure receptor is a
gas-filled structure, such as a swim bladder,
which, if compliant, undergoes large changes in
volume during vertical movements (10 m change
of depth being equivalent to 1 atmospheric pres-
sure). However, clupeoids, together with some
other groups such as mormyrids, have gas-filled
bulla. In herring the bulla appears to be sensitive
to pressure changes (Allen et al. 1976; Denton
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and Blaxter 1976). In herring the prootic bulla
has two parts: one filled with gas, the other with
perilymph. The two parts are separated by an
elastic membrane. This membrane responds to
pressure changes, driving the perilymph in or
out of a fenestra, which is situated close to the
utriculus of the inner ear. The gas-filled part of
the bulla is also connected to the swim bladder by
a very narrow gas duct. This connection allows
the prootic membrane to adapt to slow changes of
pressure. If the pressure increases, the mem-
brane bows in and being elastic tends to return to
its resting position. The swim bladder wall is
compliant and the pressure differential created
along the gas duct causes gas to flow into the
bulla from the swim bladder. If the pressure de-
creases, the membrane bows outward (into the
perilymph space) and gas flows from the bulla
back to the swim bladder.

In the fully functional system described above
the bulla may respond to hydrostatic pressure
changes, but because the system adapts in 15-30
s, there will be no perception of absolute pres-
sure. In the very early larval stages of herring
(from hatching to 18 mm TL) no bulla is present;
the bulla appears at about 18 mm and usually is
filled with gas by 26 mm. The swim bladder is
not fully formed until 35 mm or more (Blaxter
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and Denton 1976). One would predict that her-
ring larvae up to 18 mm would have little or no
pressure sensitivity. As the bulla becomes filled
with gas but before the swim bladder develops,
we would expect very high sensitivity to absolute
pressure (no adaptation being possible) and her-
ring larvae from 26 to 35 mm would be in this
category. Larger larvae would retain sensitivity
to pressure change, but the development of the
adaptation mechanism would prevent its being
an absolute sense. One also would predict that
herring larvae with gas-filled bullas but noswim
bladders would be especially vulnerable to large
pressure changes that could cause the mem-
brane to burst. Hoss and Blaxter (1979) have
shown that herring larvae do appear to be espe-
cially vulnerable to large, rapid pressure
changes at about this stage of the life history.
Blaxter and Hoss (1979) followed the develop-
ment of the adaptation mechanism, measured its
time constant, and have shown that adaptation
usually does not develop until a length of >30
mm.

This paper describes a detailed analysis of
pressure sensitivity in herring larvae, using the
hypothesis that a larva will swim up to compen-
sate for increasing pressure and down to com-
pensate for decreasing pressure and that this is
due in part to the development of the bulla sys-
tem. In the two experiments to be described, par-
ticular attention was paid to measuring changes
in sensitivity during the development of the
bulla-swim bladder system. In addition, the
effect of a large, rapid pressure change on subse-
quent pressure sensitivity also was investigated
in one experiment.

MATERIALS AND
GENERAL METHODS

Herring were reared from fertilized eggs,
using the techniques of Blaxter (1968). The tem-
perature during development increased from
about 7°C near hatching to 12°C, 4 or 5 mo later.
The pressure sensitivity experiments were con-
ducted in a constant temperature room at 9°-
10°C, using the apparatus of Blaxter and Denton
(1976). This apparatus consisted of a Plexiglas®
cylinder 80 ¢m high and 7 ¢m in diameter, the
transparent wall being marked on the outside to
give 16 equal sections numbered 1-16. The sur-
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face was designated 0, the bottom as 17. This
allowed an observer to record the position of a
larva in the cylinder at any given instant with a
number from 0 to 17. The pressure in the cylinder
could be changed by a preset amount by opening
a two-way tap at the top, which exposed the
water surface to atmospheric pressure or to posi-
tive or negative pressures in a gas reservoir.

Each larval herring was anesthetized after it
was tested and the developmental stage of its
bulla (stage I, no bulla; stage II, bulla liquid-
filled; stage I1I, bulla gas-filled) was ascertained.
A complication arose that the bulla does not be-
come instantaneously filled with gas and may
contain only a few or many bubbles. Pressure
sensitivity is more likely to be high if the bulla is
full of gas. At least 10 larvae of each developmen-
tal stage were used.

EXPERIMENT I
Design

Pairs of larvae of approximately equal length
and stage of development were tested simulta-
neously. After a 2-3 min acclimation period at
atmospheric pressure, 10 observations on the
position of each fish were made at 15-s intervals.
The pressure was then changed and the observa-
tions were repeated at the new pressure.

The pressure sequence selected was based
upon prior research (Blaxter and Denton 1976)
and involved changing the pressure from atmos-
pheric to each of the following pressures four
times: £13, 439, and 66 cm H:0 (1 em H20 =
0.001 atm), for a total of 480 observations and 47
changes of pressure (Fig. 1). This fixed sequence
of increasing pressure differentials was chosen
to avoid the potential danger of larvae becoming
overstimulated initially at the higher pressures.
Earlier evidence (Blaxter and Denton 1976) indi-
cated that larvae moved upwards to compensate
for increased pressure and downwards to com-
pensate for decreased pressure, and the extent of
vertieal movement was correlated with the ex-
tent of pressure change (AP) applied. Large
pressure changesearly in the sequence might not
only block responses to smaller subsequent pres-
sures but might also cause earlier fatigue. There-
fore, pressure changes were not randomized and
an experiment commenced regardless of larval
distribution in the water column. Approximately
half the larvae used in Experiment I were pre-
exposed for 1 min to an abrupt pressure increase
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FIGURE 1.—The upper figure depicts the fixed pattern of pres-
sure changes to which pairs of larval herring were exposed in
Experiment I, The lower figure shows an example of one of the
randomized sequences of pressure changes to which a larval
herring was exposed in Experiment II. An independently ran-
domized sequence was drawn for each larval herring tested.

of 5 atm (5,000 cm H;0) before the onset of the
regular pressure series to determine if this
abrupt AP would impair subsequent pressure
sensitivity differently in the different develop-
mental stages. These are referred to as treated
larvae, whereas those not preexposed are re-
ferred to as control larvae.

Results

Although pairs of larvae selected for simultan-
eous testing were judged visually to be of equal
length, the developmental status of their bulla
systems was evaluated only after they were sub-
Jected to the pressure tests and was sometimes
found to differ (Table 1).

A total of 480 locations within the cylinder
were recorded for each herring tested. We aver-
aged 10 locations of a larva during a 2.5-min test
at a given pressure to obtain a more concise sum-
mary of the response pattern. We then assigned a
score to the larva for each 2.5-min series: +, if its
average position indicated it had moved in the

vertical direction to compensate for the change
in pressure; —, if it moved in the opposite direc-
tion; and nr, if it showed no net change in its ver-
tical position. We have used these assigned scores
in the analyses to follow. Larvae not responding
were treated as if they had moved in the non-
compensatory direction, so the analyses are con-
servative. The scoring technique allows one to
evaluate the frequency with which a fish, con-
tending with a dynamic pressure regime, moved
correctly, i.e., moved in the appropriate vertical
direction to compensate for the imposed pressure
change.

A separate analysis of variance of the number
of compensatory responses was calculated for
each treatment group, using only the data for
members of homogeneous pairs to determine
whether the paired larvae tend to respond to-
gether. The intraclass correlation coefficients
ranged from 0.91 to 0.92 for the two stage-I
groups to 0.20 and 0.32 for the two stage-III
groups, respectively (Table 1). Thus for the least,
well-developed fish (stage I) the variation among
members of a pair was only one-ninth as greatas
the variation between average values for pairs of
fish, i.e., the two members of a pair tended to re-
spond together as a unit. The stage-II control
group was an exception to this general pattern.
For that group the variation among members of
a pair was greater than the variation among
pairs, suggesting that the members of a pair
tended to move away from one another as pres-
sure within the cylinder was changed.

The lack of independence in the responses of
fish tested simultaneously invalidates use of the
data for mixed pairs(i.e., pairs of fish of different
developmental stages) and requires that we con-
sider pairs of larvae as the experimental unit in
testing hypotheses about the average perfor-
mances. An analysis of variance of data for homo-

TABLE 1.—Numbers of herring larvae, numbers of pairs of lar-
vae of the same developmental stage, and intraclass correlation
coefficients for fish tested in Experiment I.

Preexposed to 5 atm

Controt (treated)

Stage |

Number of individuals 9 8

Number of homogeneous pairs 4 4

Intraclass correlation coefficient 0.92 0.91
Stage 1|

Number of individuals 15 13

Number of homogeneous pairs 4 4

Intraclass correlation coefficient —0.42 0.41
Stage 11

Number of individuals 10 1

Number of homogeneous pairs 2 4

Intraclass correlation coefficient 0.20 0.32
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geneous pairs disclosed that stage-I fish moved
vertically to compensate for the imposed pres-
sure changes less often than those possessing a
more developed bulla system (Table 2). Noadvan-
tage for fish possessing gas-filled bullas rather
than liquid-filled bullas was detected. Although
there was a consistent tendency for herring pre-
viously exposed to 5 atm to move vertically to
compensate less frequently than those not so
exposed, this tendency was not statistically sig-
nificant. The overall intraclass correlation co-
efficient was 0.67, implying that the average
variation among pairs within a treatment group
was twice that between members of a pair.

The hypothesis testing reported above ignores
the fact that a larval herring could respond in
three ways to the 47 changes in pressure; it could
move vertically to compensate, it could move ver-
tically in the opposite direction, or it could
simply maintain its current position within the
cylinder. A plot of the data for pairs of larvae
shows that nonresponse to changing pressure
was more frequent for stage-I larvae than for the
more developed fish (Fig. 2). Two pairs of larvae
in particular, one for the stage-I control group
and one from the stage-I treated group, are
clearly outliers, showing no response during 49%
and 86% of the trials, respectively. If these two
pairs are dropped from the analysis, then the dif-
ferences reported above are nolonger significant
and the means are 27.7 and 25.2, respectively (in-
stead of 23.8 and 19.8) and are close to those for
the corresponding stage-II groups (Table 2).

A plot of moving averages of the percentage of
compensatory responses against the sequential
series of pressure changes reveals that the stage-
I herring exhibited a rather consistent pattern of

TABLE 2.—Analysis of variance of number of com-
pensatory moves of fish during pressure sensitivity
tests, and table of means: I =bulla absent, II =bulla
liquid filled, III = bulla gas filled.

Source df Mean square F
Preexposure 1 45.47 0.49
Developmental stage 2 314.26 3.40

1 versus H1 1 88.05 0.95

1 versus !l and il 1 540.47 5.85*
Interaction 2 28.48 0.31
Experimental error 16 92.44 5.08**
Sampling error 22 18.20

Intraclass correlation coefficient = 0.67
Average number of compensatory moves per fish:

Control Preexposed to 5 atm
Stage | 23.8 (51%) 19.8 (42%)
Stage 11 28.9 (61%) 26.1 (56%)
Stage 111 32.2 (68%) 30.5 (65%)

* P<0.05; ** P<0.001.

570

FISHERY BULLETIN: VOL. 80, NO. 3

. Bulla Absent
o0 . Bulla Liquidfilled

80} a Bulla Gas-filled

NUMBER OF COMPENSATORY MOVES

I 1 I i L 1 I I ]
10 20 30 40 50 60 70 80 90
NUMBER OF ANTICOMPENSATORY MOVES

FIGURE 2.—Total numbers of compensatory vertical move-
ments of a pair of herring plotted against the corresponding
number of anticompensatory movements for that pair. The
dashed line indicates the evenly divided response expected
under the null hypothesis. Nonresponse is indicated by the ver-
tical (or horizontal) distance from the hypotenuse. Control and
preexposed pairs are not plotted separately. Arrows indicate
two outliers.

response over the 20 min test period for a given
AP, especially for the larger A P's (Fig. 3). Per-
formance improved at the onset of a new incre-
ment or decrement of pressure and then fell off
as the test continued, only to improve when the
next increment or decrement was used. The
other two developmental stages showed a rela-
tively high initial frequency of compensation
that rapidly decreased, then subsequently in-
creased until the test of the final pressure
change.

Discussion

The results in Figures 2 and 3 clearly show
that some larvae are responsive to pressure.
However, the relatively small sample size, the
correlation in the behavior between members of
a pair simultaneously tested, and the relatively
high variation in response among experimental
units within a given treatment group reduced
our ability to distinguish differences in the re-
sponse to changes in pressure of herring of dif-
ferent developmental stages. Additional prob-
lems in interpreting the first experiment arose
from the evidence that tests of a given pressure
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FIGURE 8.—Moving averages of the percentage of correct ver-
tical movements for the three developmental stages of herring
in the first experiment. Data for control and preexposed her-
ring are not plotted separately.

change were too long and that the test seriesasa
whole was too protracted as well. The fixed na-
ture of the pressure series, while reducing the
chance that larvae would be overstimulated if
initially exposed to higher pressure changes,
confounded possible differences in response to
different pressure changes with habituation to
the stimulus or possible learning effects. A sec-
ond series of experiments was designed there-
fore to reduce or eliminate some of these prob-
lems.

EXPERIMENT II
Design

The major features of the second design were:

TABLE 3.—Analysis of variance of the number of
compensatory responses of herring in the second
experiment and table of means: [=bulla absent, I1=
bulla liquid filled, III = bulla gas filled.

Source df Mean square F
Developmental stage 2 62.9394 5.86"
I versus Il 1 0.4091 0.030
 and If versus Il 1 125.4697 11.68"*
Experimental error 30 10.7394
Average number of compensatory responses per fish:
Stage | 14.18 (82%)
Stage I 13.91 (60%)
Stage Il 18.18 (79%)
‘*P<0.01.

1) a single factor, developmental stage of the
bulla system; 2) all herring tested individually;
3) an independently randomized test sequence
for each fish; 4) each pressure change tested
twice; 5) shorter duration of the test series (Fig.
1b) (the larvae were subjected to 23 changes of
pressure rather than 47 as in the first experi-
ment); and 6) experiments started when herring
were at the center of the test column. Eleven her-
ring of each developmental stage were tested.

Results

As in the first experiment, average positions
within the test eylinder were calculated for each
pressure change. Vertical movements, as indi-
cated by successive differences in these averages,
were then scored as compensatory, anticompen-
satory, or no response. Analysis of variance of the
number of scores indicated that herring with
gas-filled bullas compensated more frequently
than herring having either liquid-filled bullas or
no bullas at all (Table 3; Fig. 4). The stage-III
herring on the average moved vertically to com-
pensate 79% of the time compared with 60% and
62% for stage-II and stage-I herring, respectively.
However, in Figure 4 we show that even several
stage-I larvae achieved relatively high scores,
suggesting that a different test of the hypothesis
might be based upon classifying larvae into two

. Bulla Absent
. Bulla Liquid-filled
a Bulla Gas-filled
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FIGURE 4.—Total numbers of compensatory vertical move-
ments by individual herring in Experiment II plotted against
the number of anticompensatory,moves. (See legend for Fig. 2.)
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categories: 1) those that made more compensa-
tory movements than one would expect by
chance, and 2) those that did not.

In Experiment II, each herring was exposed to
a random sequence of 23 changes in pressure. If
we regard nonresponse as noncompensatory,
then the binomial distribution provides a basis
for classifying the larvae into two groups, those
that moved in the compensatory direction more
frequently than one would expect by chance, and
those that did not. Under the null hypothesis the
probability that a herring would make 16 or
more compensatory shifts in vertical position is
<0.05. Using this criterion, we classified 5 of the
stage-I larvae, 4 of the stage-II larvae, and 10 of
the stage-11I larvae as having made more com-
pensatory vertical movements than one would
expect by chance. A chi-square test showed that
the stage-III larvae more frequently compen-
sated for the imposed pressure change than the
two earlier stages (chi-square = 7.69, df = 2,
P<0.03). This implies that the bulla system con-
tributes to the larval herring’s hydrostatic pres-
sure perception only after it contains gas.

Because the average position of a larval her-
ring was determined for each pressure level, we
could calculate the average vertical distance it
moved for each change in pressure. The average
distances moved for the 19 successful fish were
regressed against the corresponding change in
pressure (Fig. 5). The lines for stage-I and stage-
1I larvae nearly coincide and their slopes are
about half that of the regression for stage-III
herring. The greatest departure from these
lines, fitted through the origin, is for the stage-
I1I herring at the —66 cm H;OAP. They failed
1o move downward in the column as much as
their performance at other pressure changes
would predict. We note that even the stage-III
herring moved only about 17% of the distance re-
quired to compensate fully for an imposed pres-
sure change.

Discussion

The average proportion of tests in which a lar-
val herring moved vertically to compensate was
higher in the second experiment than in the first.
This was probably due to the shorter duration of
the trials and the test series which should have
reduced any effects of habituation or fatigue.
However, the random nature of the pressure
changes in the second experiment may also have
contributed to the enhancement of the response.
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FIGURE 5.—Average vertical distances moved by herring lar-
vae to compensate for changes in pressure.

Both of the experimental designs employed in
this investigation yielded information. The first
design revealed that when two herring are tested
simultaneously, the response of each is influ-
enced by the presence of the other. It also re-
vealed that the response of a herring to a repeated
pressure change tends to increase and then de-
crease over a 20-min period. The second design
provided a more satisfactory test of the null
hypothesis that a herring’s response to pressure
change is independent of the developmental
stage of the bulla system and also confirmed an
implication from the first experiment: namely,
that even before the full development of the bulla
system, herring are capable of detecting changes
in pressure of the magnitude used in this investi-
gation. Finally, the second experiment demon-
strated that herring possessing a gas-filled bulla
system will exhibit a markedly improved per-
formance when compared with less mature lar-
vae.

In very few instances did the larvae move a
sufficient vertical distance to fully compensate
for the imposed pressure change—a similar find-
ing to that of Blaxter and Denton (1976). Even
the stage-III larvae, on the average, only moved
17% of the distance to compensate fully. This is
partly a statistical artifact of the manner in
which we measured a larva’s response. We re-
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corded its position at 15-s intervals over the 2.5-
min period of a given AP and then averaged
those 10 values. Thus, unless a larva either over-
compensated or fully compensated during the
first 15 s, its average position during the 2.5-min
test would necessarily not be at the level of com-
pensation.

The vertical and horizontal limits of the appa-
ratus also probably impeded vertical progress of
larvae in some instances, because the position of
the larva within the apparatus at the initiation of
a change in pressure determined the potential
vertical distance the larva could move to com-
pensate; this would be most important as a
source of bias at the larger AP’s.

Still another possible explanation for the in-
complete nature of the compensation may lie in
the artificiality of the experiment. Fish are not
normally subjected to abrupt hydrostatic pres-
sure changes as they swim with a vertical com-
ponent. It is difficult to design an experiment to
show a hydrostatic pressure sense in a free swim-
ming vertically moving fish larva. Gibson® has
shown, however, that the activity of juvenile
plaice (which lack a swim bladder) varies regu-
larly during sinusoidal changes of hydrostatic
pressure of amplitudes of about 50 ¢cm HzO re-
peated over a 4-h period, thus demonstrating
sensitivity to slow changes of pressure in a fish
without a swim bladder.

The site of pressure sensitivity in the herring
larvae has not been identified, but it seems to be
related to the bulla because sensitivity is en-
hanced when the bulla is full of gas. It is possible
that abrupt changes of pressure applied to the
top of a column of water might generate particle
displacements in the water that could be per-
ceived by neuromast organs. We do not believe
this is a likely explanation of the observed pres-
sure sensitivity in stage-I and stage-1I larvae,
however, because in some experiments the pres-
sure change was applied over about 5 s, which
reduced any resonant effects in the apparatus,
but was equally successful in causing correct re-
Sponses.

Because the swim bladder serves asa gasreser-
voir for the bulla, the bulla cannot provide per-
ception of absolute pressure for a juvenile or an
adult herring. However, in the larva the develop-
ment of the gas-filled bulla precedes that of the

5R. N. Gibson, Principal Scientific Officer, Dunstaffnage
Marine Research Laboratory, P.O. Box No. 3, Oban, PA34
4AD, Argyll, Scotland, pers. commun. March 1979.

swim bladder and therefore the bulla may tem-
porarily serve as a depth indicator (Blaxter et al.
1981), permitting a larva to limit the maximum
depth reached during vertical movements ini-
tiated by changes in light intensity. Having a
mechanism to limit the maximum depth of verti-
cal migration may enable a larva to maintain its
position in the water column. This could be of
adaptive value similar to that deseribed for an-
chovy by Hunter and Sanchez (1976), in that it
may serve to keep larvae together and facilitate
the development of schooling. A depth indicator
might also serve as an energy-saving mechanism
if it enables a larva to maintain its position in
that portion of the water column where food is
most abundant.

In conclusion, we have found that herring lar-
vae display pressure sensitivity both before and
after the bulla system has developed, although it
is enhanced in larvae with a gas-filled bulla. The
threshold of sensitivity was not determined but
lies below 13 em H20 (1 em Hg). For a herring
larva near the sea surface this observation im-
plies that pressure sensitivity is <1.3% of the
ambient pressure. Prior treatment of larvaeto 5
atm pressure did not significantly impair sensi-
tivity.
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