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A B S T R A  CT 

In blind, controlled field experiments, early Stage H zoeae of  Dungeness 
crab (Cancer magister D A N A )  were exposed to sounds from single 
discharges of  a 13.8-1itre array o f  seven air guns. Their survival and 
development were followed during subsequent laboratory culture. Immediate 
mortality was low (0 to 2%) and showed no significant difference between 
control and exposed larvae (~ > 0.05). Across all treatments and blocks 
of  the experiment, survival to the molt to Stage III  averaged 88.8%. The 
conditional Stage I V  survival rate averaged 69.8%. The times to the molts 
to Stage I l l  and Stage I V  averaged 14.4 and 34.9 days, respectively. For 
immediate and long-term survival and time to molt, the field experiment 
revealed no statistically significant (a  > 0.05) effects on zoeae for 
exposures as close as 1 m from the array, nor for mean sound pressure as 
high as 231 dB re 1 tzPa and cumulative energy density up to 251 J/m 2. 
Post hoe power calculations showed that any reduction in zoeal survival 
as a result o f  sound exposure was less than 7% for survival to Stage 
III  and less than 12% for Stage I V  conditional survival (1-[3 = 0.90, 

= 0.05 one-tailed). The sound exposures in our study were at the 
maximum levels likely to be experienced by a zoea during an actual 
survey. 
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I N T R O D U C T I O N  

The use of  non-explosive sound sources in modern seismic surveys for 
offshore oil and gas exploration has raised concerns that sound energy 
released from such devices may damage marine life. The few studies 
conducted to date indicate that non-explosive sound sources produced no 
measurable harm in mature aquatic organisms (Linton et aL, 1984; Falk 
& Lawrence, 1973). The available data are for fish and concerns are 
limited to potential effects to egg and larval stages within a few metres of  
the sound sources (Kostyuchenko, 1972; Holliday et al., 1987). Potential 
effects of energy released from seismic devices on crustacean eggs and 
larvae have not received study, but are of  concern because the larvae of  
such species as Dungeness crab (Cancer magister DANA) are distributed 
in the upper portion of the water column (Reilly, 1983; Jamieson and 
Phillips, 1988). Because seismic surveys cover large areas, there is 
concern that even effects manifested at short distances from an array can 
accumulate as the array passes along many miles of  survey lines. 

The objective of our study was to determine the effects of acoustic 
energy released from an air-gun array on the zoeae of Dungeness crab. 
In field experiments, early Stage II zoeae were exposed to sound energy 
at three distances within the nearfield of a 13-8-1itre (840-cu.-in) array 
composed of  seven air guns of  mixed sizes. The sound exposure regime 
was chosen based on the typical survey patterns followed by seismic 
survey vessels and the lack of  any effects beyond a few metres observed 
elsewhere (Kostyuchenko, 1972; Holliday et al., 1987). After field exposure, 
the exposed zoeae were returned to the laboratory for culture and 
examination of  five indices of  lethal and sublethal effects. 

MATERIALS AND METHODS 

Experimental design 

The examination of acoustic effects was based on a 2 × 3 factorial 
treatment design within randomized blocks. The treatment design 
consisted of  two operational levels, i.e. actual discharge of  the array and 
mock discharge of  the array, and three ranges between the array and the 
containers, i.e. 1, 3, and 10 m. The air-gun array and the field enclosures 
were at the same depth (6 m). 

To ensure statistical independence, only one exposure container was 
deployed at a time with the order of treatment following a randomized 
block design. There were six replicate trials for each of the six treatments, 
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i.e. six blocks. The randomized block design was used to control temporal 
effects during the field trials and subsequent position effects during 
laboratory culture. Throughout laboratory culture, we maintained the 
same blocking as that in the field exposure. The containers were 
randomly assigned to the treatments and blocks, keeping the laboratory 
team blind to the applied exposure level throughout the experimental 
trials and subsequent culturing. Adequate replication for the experiment 
was based on sample size calculations using variance estimates for zoeal 
survival and development rate from previous studies with Dungeness 
crab (Sulkin, 1986). 

Study area 

The site for field exposure was within Burrows Bay between Biz Point 
and Allan Island, Washington. On 14 March 1988, the R/V Acania 
anchored at approximately 48°27.2'N and 122°41.1'W, and remained 
anchored at that location for all the exposures conducted in our study. 
The test site was in a protected area, and the testing was timed to avoid 
periods of maximum tidal current. To prevent bottom echoes from 
contributing to the sound exposure, we selected a test site with a mud 
bottom and water depth of 38 m (21 fathom). 

Pre-exposure preparation of test organisms 

The Shannon Point Marine Center reared the zoeae for field exposure 
and cultured the larvae after exposure. The larval preparation procedures 
were derived from Sulkin (1986) and are described in Pearson et al. 
(1988). The procedures and scheduling were designed such that all larvae 
were Stage II larvae from 24 to 48 hours into the second instar when 
exposed. 

The field exposure containers were polyethylene 1-1itre Cubitainers. 
The Cubitainers were acoustically transparent, and preliminary studies 
had shown that mortality in the 1-1itre Cubitainers was low (1-9% 
over three days). All containers were conditioned by soaking them with 
caps open in flowing seawater at ambient conditions for two days prior 
tO use. 

A pre-test culture population of 120,000 larvae was established from 
three ovigerous female crabs brought into the laboratory four days 
before the zoeae hatched. Two days before testing, all larvae that had 
molted to Stage II were culled from the population. One day before 
testing, newly molted Stage II larvae were drawn from each of the three 
broods, pooled, and then distributed into individual bowls for loading 
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into the exposure containers. Each container was filled with filtered 
seawater at 10°C and immediately loaded with 200 larvae. Additional 
containers were loaded to provide field and laboratory controls. Sealed 
containers were placed in a walk-in, temperature-controlled chamber at 
10°C until transport and held on board ship in a water bath at ambient 
temperature. 

Field exposure 

Exposure  regime 

The sound exposure regime was chosen based on the typical patterns 
followed by seismic survey vessels For  an individual zoea, the sound level 
increases as the survey vessel approaches along a trackline, achieves a 
maximum at closest point of  approach (CPA), and then decreases as the 
vessel recedes. At a vessel speed of 2.6 m/sec (5 kt) and with a 10-sec 
interval between discharges, the points of  discharge would be approxi- 
mately 26 m apart. Under  these conditions, a zoea would experience only 
one discharge within 28 dB of  the maximum peak pressure. Cumulative 
energy falls more rapidly with distance than does peak pressure. The 
survey pattern, transmission loss, and lack of  farfield effects (Holliday 
et al., 1987) combine so that the dose received by zoeae will be dominated 
by one discharge. Therefore, the zoeae were exposed to only one discharge 
in the nearfield of  the test array. 

Selection of the air-gun array 

We elected to use a seven air-gun subarray because only nearfield 
exposures were needed and the nearfield sound exposure of a large array 
could be simulated using a subarray. Typically, industry arrays are 
configured from one or more linear subarrays of individual air guns. As a 
result, the observed peak pulse pressure does not continue to be inversely 
proportional to range as the array is approached. In the nearfield, the 
peak pressure is influenced more by the pressure output  of  the nearest 
guns and less by the output  of  the guns farther from the observation 
point. 

To develop the array design and exposure procedures, we developed a 
linear model for estimating the output  of air-gun arrays and performed 
model simulations to compare the output  of  a proposed test array of  
seven air guns with a full array of 32 air guns (see Pearson et al., 1988, for 
more details). The full array simulated was composed of  four subarrays, 
each with eight air guns of mixed sizes. The geophysical exploration 
industry uses mixtures of  gun sizes to form the sound signal that is to 
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penetrate the seabed. The subarrays were 15 m apart, consistent with 
industry practice, where the subarrays can be 10 to 20 m apart. The full 
array had a total gun volume of 53.7 litres (3280 cu. in) and a peak 
pressure source level rated at 64 bar-m (256 dB re 1 /xPa). The simulation 
indicated that the 32-gun array would produce higher pressures than the 
test array at a given distance in the farfield, but the two arrays would 
produce comparable pressure levels at a given distance in the nearfield. 

Analysis of model simulations indicated that in the nearfield (<10 m), the 
proposed seven-air-gun array would simulate the peak pressure (dB), 
energy density (j/m2), cumulative energy density (j/m2), and the pressure 
signature of the 32-gun array quite well (Pearson et al., 1988). 

Sound production 
We used a seven-gun array (Fig. 1) that was a subarray from a larger 
array that had actually been used off the California coast. The guns and 
control equipment were provided by the geophysical exploration company, 
Geophysical Service Inc. (GSI). A single air compressor delivered 
compressed air at 2000 psi to all seven guns. The seven guns of the array 
summed to a total volume of 13.8 litres (840 cu in). The linear array was 
18 m long with an intergun spacing of 3 m, an arrangement that in- 
creased peak pressures at points broadside to the array axis. A 3-m inter- 
gun spacing is typical of industry practice, minimizing the bubble pulse 
interaction between the guns while also maximizing peak pressure. 

The air-gun array was controlled by a firing box from GSI that 
determined the firing rate and synchronized the output of the seven air 
guns. The acoustic output of the array was monitored by hydrophones 
to detect any change in output during a trial. Before exposure, we 
monitored preliminary discharges of the array to verify its proper 
functioning. During planning, the broadband peak source level of the 

Umbilical Exposure Framework 
to Vessel Perpendicular to this Point Floats 4x4 Array Beam 
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Fig. 1. The linear array of seven air guns used to expose zoeae. 
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test array was estimated to be 244 dB re 1 /zPa (238 dB in a 125 Hz 
bandwidth). The broadband peak source level calculated from field 
measurements was 240 dB re 1 ~Pa. 

Exposure  apparatus  

The 120-ft R/V Acania  was the platform for the sound production, 
acoustical monitoring, and deployment of the exposure framework. After 
the sound vessel anchored, we deployed the rigid framework supporting 
the exposure containers and air-gun array 24 m from the stern of 
the vessel (Fig. 2). The exposure framework (Fig. 3) had positions for 
containers at three depths (2, 6, and 22 m) and five distances (1, 2, 3, 5, 
10 m). The positions were occupied by containers according to the 
experimental task to be performed, and, for the work discussed here, 
the positions at ranges of 1, 3, and 10 m at a depth of 6 m were used in 
this analysis. Because the other depths and distances were tested in a 
nonreplicated manner, the data are not presented in this paper. The 
enclosure framework was attached perpendicular to the array midway 
between the two largest guns. The apparatus was deployed behind the 
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anchored sound vessel so that prevailing currents brought the exposure 
framework to hang opposite a point between the geometric center of the 
array and the midpoint between the two largest guns. Lead weights on the 
bottom of the exposure framework were changed between experimental 
blocks to maintain the position of the framework under the prevailing 
current. 

Acoust ic  measurements  
Acoustical monitoring of pre-exposure discharges from the seven-gun 
array was conducted to verify that the polyethylene exposure containers 
were acoustically transparent. We placed one hydrophone inside and 
one just outside a seawater-filled container, deployed the container, and 
discharged the air-gun array. After two discharges, we switched the 
hydrophones and discharged the array twice more. This procedure was 
repeated at the same depth as the array (6 m) at five ranges (1, 2, 3, 5, 
and 10 m) from the array. 

During all field trials (both control and sound emission), the sound 
characteristics were monitored. The ambient noise levels were also moni- 
tored. During the experiment, only one container was deployed at a time 
and each trial was monitored with a hydrophone placed 5 cm above the 
container. The signals from the hydrophone were transmitted to the 
recording and analysis instrumentation by cable. A real-time narrow- 
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band spectrum analyzer was used to analyze selected data samples during 
an experiment to obtain near real-time hard copy records of pressure 
waveforms and pressure-level spectra. All equipment was calibrated to 
obtain acoustic pressure levels referred to 1 /zPa in a specified analysis 
bandwidth. For each exposure, we determined the following measure- 
ments: 

P-P 
RT 

EMA× 

= peak-to-peak pressure in dB re 1/~Pa, 
= rise time in msec (the time from pulse arrival to maximum 

positive pressure), 
--maximum cumulative energy density in J/m 2 during pulse 

passage, 
E+--cumula t ive  energy density in J/m 2 at the time of maximum 

positive pressure, 
/MAX ---- maximum intensity (dose rate) in kW/m 2 during pulse passage, 

I+ = average intensity (dose rate) in kW/m 2 during the rise time. 

The sound level and cumulative energy indicate the intensity of the 
exposure. The rise time and maximum intensity or dose rate indicate the 
abruptness of the acoustic signature. 

Post-exposure culture and determination of survival and molting time 

After exposure in the field, the containers were returned to the laboratory. 
Each container was emptied into one 20-cm-diameter, labeled culture 
bowl. A count was made of living larvae, dead larvae, and any Stage I 
larvae that had been included, as well as molts that occurred during the 
test. All Stage I larvae were culled from the cultures. 

Ten 7.6-cm bowls were used to culture zoeae for determination of 
survival and molting time. For each group of 200 zoeae from a single 
container, the following protocol was used. Fifteen 7.6-cm-diameter glass 
culture dishes were filled with approximately 50 ml of filtered seawater. 
Ten larvae were transferred from the 20-cm stock bowl to each of the 15 
culture dishes, care being taken to stir the stock bowl occasionally. After all 
15 bowls had been prepared, previously prepared labels were randomly 
assigned to 10 of the bowls. Freshly-hatched brine shrimp (Artemia 
sp. nauplii) were added to these ten bowls, which were then placed in 
assigned locations in a Percival incubator. 

Our protocols derived from the standard procedures developed for 
larval culture studies by Sulkin (1986). The standard daily procedure 
entailed transferring larvae by pipette to clean bowls containing filtered 
seawater (10°C). For each bowl, the number of live and dead larvae, and 
number of exuviae were recorded. After adding brine shrimp, the culture 
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bowls were re turned to the incubator.  Cul ture  bowls were discont inued 
only after all the larvae in the bowl had either mol ted  to the four th  zoeal 
instar or had died. 

S tandard  culture procedure  involved use of  seawater filtered th rough  a 
5-/.~m mesh bag containing activated charcoal.  Cul ture  water was condi- 
t ioned to 10°C prior  to use. Brine shrimp cultures were established daily 
for use the following day. Antibiot ic  and fungizone applicat ion was as 
described in Sulkin (1986). Evidence of  epibiotic fouling, which has been 
widely reported for zoeal cultures of  Dungeness  crab, was absent in our  
study. 

Statistical design and analysis 

Generalized Linear Models  (GLIM)  analysis (McCullagh & Nelder,  
1983) was used to test for acute mortal i ty  immediately after exposure. 
The number  of  dead zoeae in a container  immediately u p o n  return to the 
laboratory was assumed to be Poisson distr ibuted with mean  

tx O = N o . T i . Bj (1) 

where P~ij = expected number  of dead zoeae in the / th  treatment (i = 1, ..., 6) 
in the j t h  block (j -- 1, ..., 6), 

N o = number  of  zoeae in the ith container  (i - 1, ..., 6) of  the j th  
block (j  = 1 . . . .  ,6) ,  

Ti = effect of  the ith t rea tment  (i = 1, ..., 6), 
Bj = effect of  the j t h  block (X = 1 . . . . .  6). 

Analysis of  deviance was used to test the null hypothesis  of  equality of  
t rea tment  means  for acute mortali ty.  

For  each container,  the survival of  100 zoeae was followed until  death  
or th rough  the mol t  f rom Stage III to Stage IV. For  each container,  we 
calculated three measurements  of  survival: 

1. Survival [S(III)] f rom the day of  exposure (Day 1) th rough  the mol t  
to Stage III, 

2. Survival [S(III, VI)] f rom the day of  exposure (Day 1) th rough  the 
mol t  to Stage IV, 

3. Condi t ional  survival rate [S( IV  [ III)] of zoeae to Stage IV, given 
that  they were alive at the start of  Stage III. 

We analyzed only S( I I I )  and S ( I V [  I I I ) .  The survival rate S( I I I )  was 
used to assess effects between Stages II and III while S ( I V  I I I I )  was used 
to assess any addit ional  survival effects occurring between Stages III  and  
IV. 
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To compare treatment means, a two-way analysis of variance based on 
the logistic-transformed survival rate(s) 

Y,j = In [ So. ] 
t l  - So.J (5) 

was performed where S O is the survival rate for the container of  the ith 
treatment and j th  block. Subsequent to the overall tests of  effects, linear 
contrasts (Snedecor & Cohran, 1980) were constructed and tested for 
significance (Table 1). Because acoustic effects were postulated to induce 
a decrease in survival if any such effect existed, one-tailed tests of the 
contrasts were performed where appropriate. Specifically, contrasts L1, 
L2, and L 4 w e r e  one-tailed, and L 3 and L 5 were two-tailed tests. Contrast 
Ll compares the average of  the control treatments at all ranges with the 
average for the emission treatments at all ranges. Contrast L2 tests for a 
linear relationship between exposure range and response. Contrast L 3 
tests for nonlinearity in the relationship between the response variable 
and range. The other contrasts, L 4 and Ls, test for interactions. 

From the 100 zoeae per container used in the survival studies, the 
average times to molt from Stage II to Stage III, and from Stage III to 
Stage IV zoeae were computed. Because either lengthening or shortening 
of  the time to molt could have resulted from sound exposure, we 
performed two-tailed tests of hypotheses. A two-way analysis of  variance 
was used to test for differences between treatments. Following the overall 
test of  treatment effects, linear contrasts (Table 1) were used to partition 
the treatment sum of  squares and test for specific treatment relationships. 
Statistical significance will be regarded in this paper as P < 0.10. 

T A B L E  1 
Single D e g r e e - o f - F r e e d o m  C o n t r a s t s  U s e d  in the  Ana lys i s  o f  A c o u s t i c  Effects  

Contrast Treatments Interpretation 
Control Emission 

l m  3 m  lOm l m  3 m  lOm 

Lj 1 1 1 - 1 - 1 - 1 C o n t r o l  vs emis s ion  
L2 1 0 - l  1 0 - 1  1-m r a n g e  vs. 10-m r a n g e  
L 3 1 - 2  1 1 - 2  ! 3 -m r a n g e  vs. ave r age  o f  

1- a n d  10-m r a n g e s  
L 4 1 0 - 1 - 1 0 1 I n t e r a c t i o n  o f  r a n g e  by  

emis s ion  
L 5 1 - 2  1 - 1 2 - 1 I n t e r a c t i o n  o f  r a n g e  by  

emi s s ion  

No te :  C o n t r a s t s  a re  used  to  m a k e  c o m p a r i s o n s  b e t w e e n  p a r t i c u l a r  t r e a t m e n t  m e a n s  o f  
interest .  C o n t r a s t s  a re  cons t ruc t ed  such  t h a t  the  sum o f  the  coefficients (e.g., 1, - 1 )  is zero.  
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RESULTS 

Acoustic measurements 

Sound characteristics measured with hydrophones inside and outside the 
containers indicated that the container walls have negligible influence 
(Table 2). There was no significant difference between the inside and the 
outside peak pressures ((elt4l > 0.3885) = 0.7174). The signatures were 
essentially identical (Pearson et al., 1988). 

The data on the sound characteristics during the control and emission 
treatments are summarized in Table 3. Typical signatures appear in Fig. 4. 
Ambient sound levels measured during the control periods of the experi- 
ment varied from 156 to 168 dB re 1 /zPa. Because of sound from the 
compressor for the air guns, these levels were higher than the normal 
acoustic ambient for the area. As expected, the maximum exposure in the 
experiment occurred at the closest range (1 m). This maximum exposure 
had a mean peak pressure of 230.9 (+1.0) dB re 1 /xPa and a cumulative 
energy density of 250.7 J/m 2. 

Acute mortality 

Immediately upon return to the laboratory after sound exposure, zoeal 
mortality was low (0-2%) with no pattern related to treatment or day 
of exposure. The GLIM analysis showed no significant differences in 

TABLE 2 
Mean Peak Sound Pressure Inside and Outside Containers Exposed to Sounds From an 

Array of Seven Air Guns 

Range Peak sound pressure 
(m) 

Outside lnside Difference 
(dB) (dB) (dB) 

Mean 1 233.5 233.6 -0.10 
SD 1.2 1.1 1.25 
Mean 2 230.9 230.9 -0.05 
SD 0-7 1.0 1.15 
Mean 3 227.6 227.5 0.10 
SD 0.3 0.7 0.42 
Mean 5 225.3 225.3 0-00 
SD 0.9 0.6 0.36 
Mean 10 222.5 222-6 - 0.10 
SD 1.3 1.2 0.96 

Note: Each mean is an average from four discharges of the seven-gun array. Exposure 
depth was 6 m. SD refers to standard deviation. 



104 W. H. Pearson, J. R. SkalskL S. D. Sulkin, C. I. Maline 

T A B L E  3 
Average and Standard Deviation (SD) in Sound Characteristics During the Experiment 

Range P-P~ R T  b EMAx c E+ a I d-e IMAX f 
(m) (dB) (msec) (J/m e) (J/m 2) (Kw/"~2) 

Mean 1 230-9 4.9 250.7 82.9 17.5 64.4 
SD 0.96 0.6 39.1 12.5 4.5 17.1 
Mean 3 229.1 5.7 172.2 67.6 12-6 42.9 
SD 0.89 1.1 33.1 10.0 4.1 7.5 
Mean 10 221.0 3.9 18-0 6.3 1.6 4.3 
SD 0.28 0.2 1-2 0.5 0.1 0.2 

P-P = Peak-to-peak pressure in dB re I /zPa. 
b R T  : Rise time in msec (the time from pulse arrival to maximum positive pressure). 
c EMAX : Maximum cumulative energy density in J/m 2 during pulse passage. 
a E+ : cummulative energy density in J/m 2 at the time of maximum positive pressure. 
el+ : Average intensity (dose rate) in kW/m 2 during the rise time. 
f/MAX = Maximum intensity (dose rate) in kW/m 2 during pulse passage. 

Fig. 4. 
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Pressure waveforms from a discharge of the seven-gun array measures at a depth 
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TABLE 4 
Treatment Means and 90% Confidence Intervals for Zoeal Survival Based on Logistic 

Transformation 

Treatment Range ( m ) Proportion Surviving 

S(III) S(IV/III) 

Control 

Emission 

1 0.877 (0.861-0.907) 0-719 (0.6864).769) 
3 0.895 (0.8744).915) 0.702 (0.6594).747) 
10 0.883 (0.861-0.908) 0.652 (0.6164).710) 

Mean 0.885 0.691 
1 0.877 (0.865-0.910) 0.728 (0.690-0.772) 
3 0.897 (0.878-0.918) 0.672 (0.6264).718) 
10 0.883 (0.870-0.912) 0.710 (0-6704).756) 

Mean 0.889 0.703 
Overall mean 0.888 0.698 

acute mortality among the six control and emission t r e a t m e n t s  (P(Fs,25 > 
1'396) = 0'260). 

Survival to molt to Stage III and Stage IV 

Survival to Stage III [S(III)] averaged 88.8% over all treatments and 
blocks and showed remarkably similar rates across treatments (87.7 to 
89-7%; Table 4; Appendix A). Among individual containers, Stage III 
survival rates ranged from 80 to 94% (Appendix A). Stage Il l  survival 
rates in the two laboratory controls were 91 and 90%. The Stage IV con- 
ditional survival rates [i.e. S(II, qlII)] showed a greater range in response 
that was consistent for both control and emission groups. The Stage IV 
conditional survival rates [S(II/]III)] averaged 69.8% over all treatments 
and blocks and ranged from 65.6 to 72.8% across treatments (Table 4). 
Among individual containers, Stage IV conditional survival rates ranged 
from 47 to 84% (Appendix A). For the two laboratory controls, Stage IV 
conditional survival rates were 62-6 and 71.7%. 

The results of  the analysis of  variance for the survival rates to Stage 
III [i.e. S(III)] showed no significant difference among mean survival rates 
(P(F1,25 > 0.188) = 0.964). Subsequent linear contrasts also provided no 
evidence of  effects of  acoustic emissions on zoeal survival rates through 
Stage III. Analysis of variance of  the Stage IV conditional survival rates 
also indicated no significant difference (P(FI,25 > 1.208) -- 0-334) among 
treatment means. As with the S(III) survival rates, the linear contrasts 
also failed to detect acoustic effects on Stage IV conditional survival 
rates [S(II~III)]. 



106 W. H. Pearson, J. R. SkalskL S. D. Sulkin, C. I. Malme 

Post hoc power calculations indicate that the sample sizes in our study 
were adequate to detect effects on survival. The average survival rate 
through Stage III [i.e. S(III)] across the six treatments of  the experiment 
was 0.888. If the acoustic emissions had caused a 0.10 decline in survival 
(i.e. to 0.788), the experiment would have had a power of  1-/3 = 0.998 to 
detect that decline at a = 0.05 one-tailed. For a 0.05 decline in Stage III 
survival rates, the experiment had a power of  1-/3 - 0.724 at a = 0.05 
one-tailed. Similarly, the average rate of survival for S(IV[III) across 
treatments in the experiment was 0.698. Had acoustic effects resulted in a 
0-10 decline (i.e. to 0.598), the experiment would have had a power of  
1-/3 = 0-792 to detect such a decrease at a = 0.05 one-tailed. For a 0.05 
decline in Stage IV conditional survival rates, the experiment had a 
power of  1-/3 = 0.356 one-tailed. These power calculations are based on a 
single two-treatment comparison (for example, C-1 versus E-l). Con- 
sequently, failure to reject the null hypothesis of  no effects on survival is 
likely the result of  little or no effect (i.e. less than a 10% decline) and not 
the result of  simply overlooking effects because of  low sample size. 

Time to molt to Stages III and IV 

Over all treatments and blocks of the experiment, the mean time to molt 
from Stage II to Stage III averaged 14.4 days. Treatment means for time 
to molt to Stage III were remarkably similar, ranging from 14.2 to 14.9 
days (Table 5; Appendix B). Among the individual containers, time to 
molt to Stage III ranged from 13.12 to 15.90 days (Appendix B). The 
times to molt to Stage III in the laboratory controls were 14.4 and 16.0 
days. The mean time to molt from Stage III to Stage IV averaged 34.91 
days, with a range among treatment means from 34.43 to 35.58 days 
(Table 5). Among the individual containers, time to molt to Stage IV 
ranged from 31.46 to 38.36 days. The times to molt to Stage IV in the 
laboratory controls were 38.8 and 36.2 days. 

The overall F-test of  differences in the mean times to molt to Stage III 
zoeae was nonsignificant (P(Fs,25 > 1-217) = 0.330). Upon further examina- 
tion, however, one test of  a linear contrast (i.e. Lt in Table 1) comparing 
the time to molt  between the average of  the three control levels and three 
treatment levels was significant (P(F1,z5 > 3.611) = 0.069). Stage II zoeae 
exposed to acoustic emissions had a slightly longer observed time to molt  
to Stage III (14.62 days) than control groups (14.26 days) (Table 5). 

Analysis of  the time to molt to Stage IV showed no indication of 
acoustic effects on developmental rate (P(Fs,25 > 0.942) = 0.471). The 
slight 0.36-day delay in development seen in time to molt to Stage III 
was not evident in the time to molt to Stage IV. Indeed, time to molt to 
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TABLE 5 
Treatment Means and 90% Confidence Intervals for Time to Molt (AT) to State III 

and IV 

Treatment Time to Molt (Days) 
Level 

A T to Stage III  A T  to Stage IV  

C--1 14.22 35.58 
(13.82-14.62) (34.07-36.63) 

C--3 14.20 35.23 
(13.80-14.60) (33.95-36.51) 

C--10 14.36 34.43 
(13.96-14.76) (33.06-35.62) 

E--I  14.45 35.69 
(14.05-14.85) (34.41-36.97) 

E--3 14.52 33.81 
(14.12-14.92) (32.53-35.08) 

E--10 14.90 34.71 
(14.50-15-30) (33.43-35.99) 

Overall mean 14.44 34-91 

Stage IV was on an average 0.34 days faster for exposed versus control 
zoeae. The fact that the time delay was juxtaposed between Stages III 
and IV suggests neither of  these differences is biologically significant. The 
effect of increasing the incubation temperature from 10°C to 15°C for 
Stage III zoeae was found by Sulkin and McKeen (1989) to decrease 
time to molt  from 24.5 days to 14-3 days. This 10-day shift, the result 
of incubation temperature, is large relative to the fractional-day shift 
observed in these trials. The linear contrast, L1, that was significant for 
time to molt to Stage III was not significant for time to molt to Stage IV 
(P(Fl,25 > 0.314) = 0-580). The mean time to molt for all the exposed 
zoeae was 34.74 days, slightly shorter (0.34 days) than the time to molt  
for all the control zoeae (35.08 days). 

Post hoc power calculations indicate that for time to molt to Stage III, 
sample sizes used in our study had an ability to detect a one-day shift in 
the mean time with a power 1-/3 -- 0.90 at a = 0.10 two-tailed. For  time 
to molt  to Stage IV, the study had an ability to detect a shift in mean 
time of  3.2 days with a power of 1-fl = 0.90, a = 0.10 two-tailed. 

DISCUSSION 

Maximum exposure conditions were observed at the closest position to 
the array near the two largest [3.3-1itre (200-cu.-in)] air guns. Maximum 
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exposures were to a mean peak pressure of 231 dB re 1 /zPa and 
cumulative energy density of  251 J /m  2 at a range of  1 m and a depth of  
6 m. For  the 6-m depth, sound characteristics at the 1- and 2-m ranges 
were almost the same and differed little at the 3-m range. This finding 
confirms the expectation that in the nearfield of an array the severity of  
sound exposure does not continue to increase with diminishing distance. 

The maximum exposures of  our study are at the high end of  the 
exposures realistically expected during a typical survey operation. Although 
more severe exposure could occur with an array containing guns larger 
than the 3-3-1itre (200-cu.-in) guns used here, such conditions are becoming 
less likely. Currently, the industry is moving away from using large-volume 
air guns to using clusters of  smaller guns (<3-3 litre). Increasing the 
reliability of  the arrays is the reason for this trend. 

There are two other studies on the effects of  sound from air guns on 
marine organisms (Kostyuchenko, 1972; Holliday et  al., 1987), but differ- 
ences in exposure regimes and other factors make comparison with our 
study difficult. Kostyuchenko (1972) studied the effects of  energy released 
from a single air gun (5 litre or =300 cu. in), an electric pulse generator, 
and a TNT charge on survival and injury to the eggs of several fish 
species. Survival in the fish eggs was 75.4% at 0.5 m from the air gun, 
87.7% at 5 m and 92.3% in controls. Kostyuchenko (1972) concluded 
that effects on fish eggs from air-gun discharges occurred up to 5 m from 
the air gun. His data indicate most of  the effects were at the 0.5-m range. 
Kostyuchenko (1972) did not explicitly mention the number of discharges, 
but apparently the fish eggs were exposed to only one discharge. There 
were no measurements of  the sound characteristics under exposure. 
The results of  our study show no effects on the indices examined for 
exposures as close as 1 m from the array. 

Holliday et  al. (1987) investigated the effects of sound energy released 
from up to four 4.9-1itre (300-cu.-in) air guns on the eggs and larvae 
of northern anchovy (Engraul i s  mordax ) .  The organisms were exposed 
1.5 m below the center of the four guns, and gun pressure was varied to 
provide a series of discharges of increasing and then decreasing pressure. 
This exposure regime was intended to simulate the passage of a survey 
vessel. This study by Holliday et al. (1987) had two exposures more 
severe than our maximum exposures. Using four 4.9-1itre (300-cu.-in) 
guns, the study did achieve two higher peak pressures, 5.69 bar (equivalent 
to 235-1 dB re 1 /zPa) and 4.88 bar (233.8 dB). In our study, the highest 
individual maximum exposure was to 232.5 dB in Block 4 of the experiment. 
Because they exposed fish larvae to multiple discharges of  increasing and 
then decreasing pressure, their cumulative energy was probably greater 
than ours. However, during passage of  a survey vessel, an individual 
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zoea would be exposed to only one discharge within 28 dB of the peak 
pressure at the closest point of approach. Because a single discharge 
dominates the dose and because in the nearfield the sound characteristics 
are determined by the closest gun, the maximum exposures in our study 
are at or close to the maximum exposures likely to be experienced by a 
zoea during an actual survey. 

Holliday et al. (1987) report a significant difference in long-term 
survival between anchovy eggs (92.0%) under control conditions and 
eggs (83.2%) exposed at a peak pressure of 1.23 bars (221-8 dB) and 
cumulative energy density of 0-60 bar2sec. When they conducted tests a 
year later at peak pressure of 5.69 bar (235.1 dB) and cumulative energy 
of 2.17 bar2sec, there was no significant difference in either short-term 
or long-term survival between exposed and control eggs. For two-day 
yolk-sac larvae, Holliday et al. (1987) report significant reduction in short- 
term survival at two exposures: peak pressure of 1.53 bar (223.7 dB) with 
an energy density of 1-87 bar2sec and peak pressure of 2.50 bar (228.0 dB) 
with an energy density of 4.07 bar2sec. Exposure at a peak pressure of 
4.88 bar (233-7 dB) with energy density of 1.58 bar2sec did not show 
significant reduction in survival of yolk-sac larvae. Although the effects 
for the two-day yolk-sac larvae led Holliday et al. (1987) to claim that 
cumulative energy was more important than peak pressure in producing 
the effects, this claim is based on only three data points. Moreover, 
studies on the effects of underwater blasts on fish (Yelverton et aL, 1975) 
support the contention that rapid rise in pressure may be more important 
than peak pressure in producing damage. 

In our study, no significant effects were detected for exposures as close 
as 1 m and for peak pressures up to a mean of 230-9 dB re 1 ~Pa (3.51 bar) 
and cumulative energy density of 250.7 J/m 2. The maximum peak pressure 
at which zoeae were exposed was above that at which reduced survival 
was reported for yolk-sac anchovy larvae in the study of Holliday et al. 
(1987). Unfortunately, our measurements of energy density are not directly 
comparable to those in the anchovy study. Our findings suggest that the 
zoeal stage of Dungeness crab may be more resistant to effects from 
energy released from air guns than are fish eggs and larvae. 

The fact that no effects were detected in our study where the experimental 
design had good power enhances the strength of the inference of little or 
no effect on survival and time to molt. The post  hoc power calculations 
confirm that the design had adequate replication to detect effects. Failure 
to detect effects in the experiment which had adequate power, replica- 
tion, randomization, and blind trials indicates that any effects on survival 
and time to molt were small (e.g. <10% for survival, <1 day for time to 
molt to Stage II). 
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APPENDIX A 

Survival Rates Observed to Stages III and IV and Conditional Survival to Stage IV for 
Each Replicate Used in Analyses of Acoustic Effects 

Treatment Range Experimental Survival to Survival to Stage IV 
(m) Block Stage Ill  Stage IV Conditional 

(%) (%) Survival 
(%) 

Control 1 1 86 72 83.7 
2 93 66 71.0 
3 94 76 80.9 
4 84 42 50.0 
5 89 64 71.9 
6 80 59 73-8 

Control 3 1 90 69 76.7 
2 89 66 74.2 
3 89 67 75.3 
4 86 54 62.8 
5 91 59 64.8 
6 92 62 67.4 

Control 10 1 92 76 82-6 
2 87 57 65.5 
3 87 56 64.4 
4 84 53 63-1 
5 91 43 47.3 
6 89 63 70-8 

Emission 1 1 88 68 77.3 
2 86 72 83.7 
3 91 64 70.3 
4 87 57 65-5 
5 93 64 68.8 
6 87 62 71.3 

Emission 3 1 89 68 76.4 
2 85 59 69.4 
3 91 59 64.8 
4 89 55 61-8 
5 92 64 69-6 
6 92 56 60.9 

Emission 10 1 85 62 72.9 
2 88 67 76-1 
3 90 71 78.9 
4 85 47 55-3 
5 91 62 68.1 
6 94 70 74.5 
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A P P E N D I X  B 

Times to Molt to Stages III and IV for Each Replicate Used in Analyses of Acoustic Effects 

Treatment Range Experimental Time to Molt 
(m) Block 

To Stage III To Stage IV 
(Days) (Days) 

Control 1 1 14.74 35.56 
2 13-96 35-40 
3 13-95 34-18 
4 14.01 36.96 
5 14.04 33.01 
6 14.60 38-36 

Control 3 1 13.12 32.10 
2 14.49 36-32 
3 14.54 36.63 
4 13.60 35.24 
5 14.75 36-89 
6 14.68 34.20 

Control 10 1 13.75 32.14 
2 14.60 36.13 
3 14.46 34.77 
4 15.09 34.05 
5 13.75 34-43 
6 14.51 35.04 

Emission 1 1 14.89 36.15 
2 13-84 31.46 
3 14.53 36.76 
4 14.26 35.88 
5 14-38 36.54 
6 14.78 37.33 

Emission 3 1 14.64 33.29 
2 15.52 36.50 
3 14.47 33-61 
4 13.92 31.98 
5 14.14 32.67 
6 14-40 34.80 

Emission 10 1 15.90 36- 84 
2 14.28 33.36 
3 15.43 34.68 
4 14.40 34-70 
5 15.04 35.39 
6 14.35 33.31 


