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(Fig. 3); however, the change in vertical position between the first and second treatments
(206.9 and 310.3 kPa) was less pronounced than in the previous group (post hoc contrast,
p<0.05). Post hoc contrasts between the first vs. third, fourth, and fifth treatments were
significantly different.

The larvae derived from colonies 1 and 8 also elicited a significant but somewhat
delayed response to increasing pressure (Fig. 4). The initial differences in response
between treatments | and 2 were not significant (»>0.05). All other post hoc comparisons
between treatment 1 and the others were highly significantly different (p<0.001).

Larvae from colony 7 also showed a significant response to increasing pressure by
swimming upward (Fig. 5), but post hoc contrasts indicated no significant change in
vertical position until the onset of treatment 4. This difference was significant, but less
pronounced than in previous colonies (p<0.05). Treatments 1 and 5 were also highly
significantly different (»<0.001).

An analysis of larvae from all 10 colonies combined demonstrated that, as a group, all
larvae responded significantly to increases in pressure by swimming upward (Fig. 6).
There was also a highly significant difference in response between larvae derived from
different colonies (p<0.001). Post hoc contrasts showed that the baseline treatment was
significantly different from all other treatments (p <0.001).
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Fig. 3. Mcan depth (cm) of planulae in experimental apparatus. under conditions of increasing pressure from
103.4 to 517.1 kPa. Data shown for colonics (a) 6 (b) 9 and (¢) 10. Mcan shown with 95% confidence limits.
Significant difterences between pressures (H-F adj. p<0.001, one-way ANOVA with repeated measures). Post
hoc contrasts were significant between the tirst treatment and all others (p<0.001), except tor treatment | vs.
treatment 2, which were significant at a lower level (p<0.01).
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Fig. 4. Mcan depth (cm) of planulac in experimental apparatus. under conditions of increasing pressure from
103.4 to 517.1 kPa. Data shown for colonies (a) 1 and (b) 8. Mecan shown with 95% confidence limits. Significant
differences between pressures (H - F adj. p<0.001, onc-way ANOVA with repeated measures). Post hoc contrasts
were significant between the first treatment and all others (p = 0.001), except for treatment 1 vs. treatment 2,

which were not significant.
3.2. Effects of decreasing pressure

Larvae from individual colonies showed high within-colony variability and also high
between-colony variability under conditions of decreasing pressure. Larvae from all of the
colonies except two (colonies 3 and 6) were found to exhibit a significant response to
decreasing pressure. The movements of larvae derived from any given colony were highly
variable. On the average, however, the larvae moved significantly downward. In no case
were planulae observed to move upward when pressure was decreased.
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103.4 to 517.1 kPa. Data shown for all coral colonies exposed to this set of treatments. Mean shown with 95%
confidence limits. Significant differences between pressures (H—F ad). p <0.001, one-way ANOVA with repeated
measures). Post hoc contrasts were significant between the first treatment and all others (p <0.001).
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Larvae derived from colony 2 showed an overall significant downward response when
exposed to decreasing pressure (Fig. 7). This trial was the only one to show a significant
difference between all treatments and the base treatment (517.1 kPa) when examined via
post hoc comparisons (p<0.001).

Decreasing pressure elicited a significant downward response from planulae derived
from colonies 5 and 8 (Fig. 8). Movement in response to the first treatment (413.8 kPa)
was, however, non-significant for both colonies (p>0.05). Post hoc comparisons between
treatment 1 vs. treatments 3, 4, and 5 revealed significant downward movement
(p<0.001).

Planulae derived from colonies 9 and 10 also responded significantly to decreasing
pressure by swimming downward, but with a slightly weaker response in colony 10 (Fig.
9). A post hoc comparison indicated that the response to the first two treatments was not
significantly different from the base pressure in either of the colonies (p>0.05). Similar
post hoc comparisons between the base treatment and treatment 3, however, were
significant, but at a slightly lower level of significance than the colonies considered
above (p<0.05). There were highly significant differences, however, in post hoc
comparisons between treatments 1 and 4 (»<0.001 for colony 9, and p<0.01 for colony
10, respectively), and between treatments | and 5 (p<0.001 and p <0.01, respectively).

Planulae from colonies 1 and 7 also showed a significant response to decreasing
pressure by actively swimming downward (Fig. 10). Post hoc comparisons between
treatment 1 vs. treatments 2 and 3 revealed no significant differences for either colony
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Fig. 7. Mean depth (cm) of planulae in experimental apparatus, under conditions of decreasing pressure from
517.1 to 103.4 kPa. Exposure duration =15 min for each step. Mean shown with 95% confidence limits. Data log-
transformed for purposes of normalization (Sokal and Rohlf, 1995). Data shown for colony 2. Significant
differences between pressures (H—F adj. p<0.001, one-way ANOVA with repeated measures). Post hoc contrasts
were significant between the first treatment and all others (»<0.001).
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Fig. 10. Mean depth (cm) of planulac in experimental apparatus, under conditions of deereasing pressure from
517.1 to 103.4 kPa. Data shown for colonies (a) 1 and (b) 7. Mcan shown with 95% confidence limits. Significant
differences between pressures (H- F adj. p - 0.001. one-way ANOVA with repeated measures). Post hoc contrasts
were significant between the first treatment and all others (< 0.001), except for treatment | vs, treatments 2 and 3.

swimming response (vs. simple random movement) in association with decreasing pressure
(Kendall’s coefficient of rank correlation, 7, p<0.001, for all treatments).

3.3. Planular swimming behavior

When exposed to increases in pressure. planulae began to actively swim toward the
surface in a spiraling motion. Although not all larvae werc observed swimming in this
pattern, for those traveling longer distances, a spiraling pattern was most frequently
observed. Larvae were clearly not moving toward the surface passively, but actively
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Fig. 11. Mean depth (cm) of planulae in experimental apparatus, under conditions of decreasing pressure from
517.1 to 103.4 kPa. Data shown for colony 4. Mean shown with 95% confidence limits. Significant differences
between pressures (H—F adj. p<0.001. one-way ANOVA with repeated measures). Post hoc contrasts were
significant between treatments 1 and 2 (p<0.001); all other contrasts non-significant.

swimming upward under conditions of increasing pressure. When exposed to decreasing
pressure, planulae actively moved downward. No larvae were observed to sink passively
under conditions of decreasing pressure. This suggests that larvae actively regulate their
position in the water column depending upon which stimulus is being applied.
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Fig. 12. Mean depth (cm) of planulae in experimental apparatus. under conditions of decreasing pressure from
517.1 to 103.4 kPa. Data shown for all coral colonies exposed to decreasing pressure. Mean shown with 95%
confidence limits. Significant differences between pressures (H—F adj. p<0.001, one-way ANOVA with repeated
measures). Post hoc contrasts were significant between the first treatment and all others (p<0.001).
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4. Discussion

The results of this study indicate that, when exposed to increases in pressure, coral
planulae respond on the average by actively swimming upward in the water column. When
exposed to decreases in pressure, they also show a significant downward swimming
response, although to a lesser extent. The general response of barokinesis and/or negative
barotaxis (actively moving away from increased pressure) has been demonstrated in
several planktonic animals, including planktonic larvae (e.g. Rice, 1964; Knight-Jones and
Morgan, 1966; Schembri, 1982; Morgan, 1984; Forward, 1989; Tankersley et al., 1995).
Before this study, however, this behavior had never been demonstrated in the larvae of
scleractinian corals. These data indicate that pressure may well be a factor that influences
coral dispersal and settlement, and that settlement of coral larvae may not be simply light-
or substrate-limited (Mundy and Babcock, 1998) but may also be heavily influenced by
pressure or depth. That is, the planulae may have control over the depth to which they will
be transported by currents and in which they will settle. Their response to pressure is not
simply a passive buoyancy-controlled response, but rather an active swimming movement
of the larva to ascend under conditions of increasing pressure (negative barotaxis) and
descend under conditions of decreasing pressure (positive barotaxis). The larvae actively
swim up in a spiraling motion to regulate their vertical position with regard to increasing
pressure. With respect to decreasing pressure, larvae do not passively sink, but rather swim
in a simple fashion to a suitable deeper position in the water column.

4.1. Negative barotaxis

Most planktonic animals are dependent upon food found in the shallower euphotic zone
for survival. Field as well as theoretical studies have shown that it is essential that many
planktonic anjmals spend at least some of their time in or near the surface layer, and
therefore, must exercise some level of active depth regulation (Raymont, 1963; Enright
and Hamner, 1967; Vlyman, 1970). Coral planulae and, more importantly, adult corals are
dependent upon the euphotic zone because of their need for solar energy to drive
photosynthesis in their zooxanthellae (Muscatine, 1980, 1990; Cook, 1983; Falkowski
et al., 1984: Leletkin et al., 1996; Goodson et al., 2001). If the larvae either actively swim
or are carried to waters too deep, photosynthesis within their zooxanthellae becomes light
limited. Non-feeding zooxanthellate planulae, dependent upon these symbiotic dinofla-
gellates for energy, may not survive, particularly if their lipid stores are inadequate to
support them for long periods of time (Richmond, 1987).

In waters where corals exist, there are two factors that may act as environmental
indicators of depth: light and pressure. As depth increases in the ocean, light decreases in
intensity and changes in spectral composition, due to absorbance by the water and particles
therein. This relationship, however, is dynamic and can be highly variable over short
periods of time. For example, light is affected naturally by diurnal/nocturnal shifts, clouds
blocking the sun during the day, storms causing periods of low light, etc. Changes in
turbidity can also heavily influence the relationship between light and depth. In the long
term, light intensity and quality is affected by season, day length, and turbidity. The natural
dynamics of atmospheric light are probably too variable to serve as a reliable indicator of
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depth for larvae. Under very low light conditions (e.g. night), light is of little or no use as a
depth indicator (Rice, 1964), except perhaps in the presence of strong lunar light.

In contrast to light, the relationship between depth and pressure is highly predictable.
This consistency may allow behavioral responses to pressure to be operating at all times—
equally so during the day and night. Pressure provides an accurate measure of vertical
position in the water column, irrespective of light conditions.

Negative barotaxis may serve to keep larvae from moving below depths where suitable
settlement substratum may be found and below the euphotic zone, where sufficient
photosynthetically active radiation exists to enable their survival (Shick et al., 1995). It
provides a means by which larvae that have been swept too deep by currents may return to
their preferred depth. If larvae were using only light as a depth indicator under similar
conditions, they may not be able to reorient and return to the euphotic zone before the
consumption of energy reserves, required for respiration, exceed the rate of production of
energy products derived from zooxanthellar photosynthesis. If increases in pressure
stimulate coral planulae to actively move upward, then pressure may serve as a lower
depth-limiting factor for settlement. Pressure and light may work together to provide a
depth limit for settlement in some species.

4.2. Positive barotaxis

The response of larvae to decreasing pressure was, on the average, to move downward
when exposed to decreasing pressure. Although the response was not as great in magnitude
as it was for increasing pressure, it was nonetheless significant. This difference in level of
response to increasing vs. decreasing pressure may be indicative of an upper limit for
preferred depth of coral larvae. The results suggest that larvae, when too close to the surface
layer, actively swim toward deeper waters. This would allow them to maintain a position at
an optimal depth where environmental factors are more suitable for survival. Such behavior
might enable them to avoid the surface layer of the water, which can be too warm for
survival (Bassim, 1997; Bassim et al., 2002; Bassim and Sammarco, 2003). It can also keep
the larvae out of shallow depths where harmful ultraviolet radiation can penetrate and cause
mortality. The response of larvae to decreasing pressure was significant, but it was
characterized by high variance between planulae. It is possible that additional experimen-
tation using larger numbers of larvae per run may provide a better estimate of variance.

4.3. Evolutionary implications

The high variance in planular behavior observed here is similar to high variance
observed in morphological and physiological characters in coral larvae (Isomura and
Nishihira, 2001; F. Yohannes, unpublished data). Analyses have shown that different
colonies produced larvae with different biochemical compositions as well as different
numbers of zooxanthellae per larvae. It is also known that the density of zooxanthellae in
the parent colony and its larvae are not correlated (F. Yohannes, unpublished data). There
is also a high degree of variation in the size of planulae produced by a colony, as well as
comparative sizes between conspecific colonies (Isomura and Nishihira, 2001). If different
colonies are producing differently sized larvae with different amounts of protein and lipid
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content, and zooxanthellar densities, then these differences may well contribute to the
observed variance of other traits dependent upon these factors, including behavior.

In addition, the high variance observed in this behavior indicates that it may well be
susceptible to natural selection if it is genetically based. The adaptive value of an upward
swimming response to an increase in pressure is clear keeping the larva in the euphotic zone.
The high variability in this response, however, indicates that this may not always be
adaptive. Perhaps upward movement sometimes carries larvae into surface layers that are too
warm or where salinity is too low, causing mortality. Thus, lack of response may be selected
for at times, characteristic of normalizing selection (Futuyma, 1998). This was particularly
evident through intra-colony variance where larvae derived from the same colony demon-
strated a wide range of responses to pressure, as well as through intercolony variance where
planulae from some colonies exhibited marked responses, and others more subdued ones.

4.4. Sensory mechanisms

One mechanism by which planula larvae may be able to sense pressure is through lipid
vacuoles, which may also act as buoyancy devices. Although larvae from different colonies
have significantly different lipid content, the lipid/protein ratio remains consistent between
colonies (F. Yohannes, unpublished data). The most common types of lipids found in corals
are wax esters and triacylglycerol, with the most common fatty acid being palmitic acid
(a.k.a. hexadecanoic acid; see Yamashiro et al., 1999). Because organic compounds such as
palmitic acid vary from other organic compounds and from seawater in their isothermal
compressible characteristics (Lide, 1991), it is possible that the lipid vacuoles may expand
or contract in response to pressure differentially with respect to the aqueous environment
around them. This could provide a cue indicating that the planula should swim up or down.
The compression coefficients of these compounds may be sufficiently disparate to provide a
signal to the larva for depth change. The mechanism by which planulae sense depth and
regulate their vertical position at this point remains unknown.

It is also possible that the planulae are not responding to pressure, but to some other
factor that is correlated with pressure. For example, in this experimental setup, pressure is
varied by changing air or atmospheric pressure. This method introduces an oxygen
gradient in the water, at least partially with respect to depth. It is possible that the larvae
are responding to an oxygen gradient rather than pressure. If this were the case, however,
the response to decreasing oxygen should be similar in intensity to that of increasing
oxygen. This, however, was not the case. This question can be investigated in future
experiments either by using nitrogen as the experimental gas, placing a diffusion barrier at
the meniscus of the water, or by eliminating gases from the chamber by increasing
pressure via a water pump.

The pressure changes implemented in this experiment were relatively rapid—on the
order of 103.4 kPa over a 5- to 10-s interval. The probability of a coral larva encountering a
similar change in the field is low, occurring only where there might be strong convergences
or divergences, or possibly in connection with the breaking of large ocean waves.
Therefore, some caution should be used when interpreting these laboratory results in terms
of its direct applhication in the field. Nonetheless, we can say that when coral larvae of P
astreoides are exposed to increases in pressure—they will respond by actively swimming to
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reach a shallower depth within the water column. When exposed to decreases in pressure,
they will respond by actively swimming to reach a deeper depth. This represents the first
study of its kind to demonstrate that coral larvae possess a mechanism by which to sense
changes in pressure and respond to it through a swimming reaction.
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