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U N D E R S T A N D I N G  THE DYNAMICS o f  t h e  

relationship between phytoplankton and 
higher trophic levels is necessary for un- 
derstanding the transfers of matter and 
energy through planktonic food webs. 
There have been several suggestions in 
the literature that copepods were more 
strongly associated with the subsurface 
productivity maximum than the chloro- 
phyll maximum (Herman, 1983; Herman 
and Platt, 1983; Napp et al., 1988). Zoo- 
plankton have been shown to respond to 
microscale (centimeters) patches of phy- 
toplankton in the lab (Tiselius, 1992; Saiz 
et al., 1993), however, except for Tiselius 
et al. (1994), who found correlations to 
15 cm, there have been few data to con- 
firm these results in situ. Zooplankton be- 
havioral response to their food environ- 
ment is therefore a critical factor to 
consider in trying to predict the relation- 
ship between phytoplankton and zoo- 
plankton in the ocean. 

Testing of hypotheses regarding zoo- 
plankton-phytoplankton associations in 
situ has been difficult due to problems as- 
sociated with sampling resolution. Tradi- 
tional net sampling methods integrate 
over the small (cm to m) spatial scales 
relevant to exploring such relationships. 
Phytoplankton sampling by bottles or flu- 
orometers generally gives spatial resolu- 
tions no finer than tens of centimeters 
(Bjorenson and Nielsen, 1991). Recent 
developments of in situ fluorometers have 
allowed observation of vertical variability 
to several centimeter resolution (Deren- 
bach et al., 1979, Cowles and Desiderio, 
1993: Cowles et al., 1993). Unfortu- 
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nately, similar resolution of zooplank- 
tonic fields using noninvasive sampling 
techniques has been lacking due to tech- 
nological constraints. 

The high-resolution spectral fluorome- 
ter of Cowles (e.g., Cowles and Deside- 
rio, 1993) has allowed observations of 
the microscale structure of both chloro- 
phyll and phycoerythrin fluorescence 
(Cowles et al., 1993). Both chlorophyll 
and phycoerythrin were seen to have sig- 
nificant variability at tens of centimeters, 
but the two fields were quite uncorrelated 
with each other. These observations raise 
many important questions concerning 
physical-biological couplings in the 
plankton at small scales and zooplankton 
foraging behavior in a patchy environ- 
ment. For example, what physical and bi- 
ological processes might be operating to 
allow formation and persistence of such 
thin layers or small patches of high phy- 
toplankton biomass? What are the time 
and space scales of persistence of such 
features? Are the scales of phytoplankton 
patchiness the same for different taxa? 
And, in particular for this study, are the 
patches available to, or exploited by the 
zooplankton'? The answers to such ques- 
tions may alter our ideas about patchi- 
ness, production, and trophodynamics in 
the ocean. 

To attempt to answer some of these 
questions, two instruments were devel- 
oped: FishTV (Jaffe et al., 1995) and 
OSST (Optical Serial Section Tomogra- 
phy) (Palowitch and Jaffe, 1994, 1995). 
FishTV uses ultrasound (445 kHz) to lo- 
cate micronekton (>1 cm) in a three-di- 
mensional (3D) volume. OSST measures 
laser-stimulated fluorescence over a 70 X 
70 cm sheet with 0.67-cm resolution. 
These instruments were profiled simulta- 
neously, imaging the same water 30 

miles west of San Diego in the southern 
California Bight. Here we focus on the 
relationship between the acoustic and op- 
tical depth profiles. 

Methodology 
FishTV 

FishTV consists of a set of eight pro- 
jecting transducers and eight receiving 
transducers that operate at a frequency of 
445 kHz. Together, the transmitters and 
receivers form an 8 x 8 image with a 
field of view of 16 X 16 °, at frame rates 
up to 4 Hz. Data reported in this article 
were obtained with the system operating 
at a frame rate of 2 Hz. Range resolution 
is -2.5 cm. In a typical deployment 
mode, the system images a volume that 
starts at a range of 2.5 m and ends at 6.3 
m range, giving a volume of -6 mL Indi- 
vidual locations of targets (echo count- 
ing) can then be computed accurately if 
densities are <40-50 m -' (see below) 
(Jaffe et  al., 1995). The system has re- 
cently been used to track several hundred 
targets and infer properties about the tra- 
jectories of the animals (McGehee and 
Jaffe, 1996). 

The sonar imaging system is calibrated 
over its entire field of view and therefore 
provides values of target strengths as a 
function of position. To register the pres- 
ence of an animal, a threshold signal-to- 
noise ratio of the signal was used. If a re- 
flection exceeded this threshold for 
several range cells (a sonar pulse extends 
for several range cells), an animal was 
judged to be present, and its position in 
3D was recorded. Because the beam pat- 
terns of the system yield large readings in 
the area surrounding a target, even though 
no animals may be present, these regions 
were excluded from further analysis when 
a target was detected. Monte Carlo simu- 
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lations of  the ability of the system to cor- 
rectly echo-count  uniformly distributed 
targets indicate that this effect will have 
no significant influence on the estimated 
number  o f  targets, up to densities o f  
40-50 m -3. At higher densities the system 
will undercount the number of  individu- 
als. A frame consists of  the 3D positions 
and target strength of  the set of  animals 
that were in the field of  view of  the sonar 
system over a system cycle. Frames were 
indexed as a function of depth, so that the 
optical and sonar recordings  could be 
cross-referenced. FishTV acquires images 
by pulsing a transmitting array sequen- 
tially. In this deployment an entire image 
was collected in 0.14 s. 

Several issues need to be addressed in 
interpreting the sonar images and, in par- 
ticular, assessing whether our estimates of  
animal densities are absolutely accurate. 
The short answer is that they are not; they 
are most  certainly an underest imate  of  
abundance. However,  if the composit ion 
of the animal population does not change 
appreciably over the water depth, the rela- 
tive abundance as a function of depth will 
be accurate. For example, Stanton et al. 
(1996) have shown in a recent survey of  
Georges Bank that taxa of  similar sizes at 
the site had large differences in backscat- 
ter (e.g., gastropods versus crustaceans). 
This led them to conclude that they could 
not equate volumetric backscatter strength 
with biomass  in a simple way. In our 
case, vertical net tows showed no evi- 
dence of  gastropods or similar animals. 
Crustacean zooplankton were the primary 
source of  acoustic variability. In addition, 
Deamer  and Martin (1995) have shown 
that in using a narrow band sonar system, 
such as FishTV, care must  be taken in 
equating the target strength measurements 
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Fig. 2." A CTD/fluorometer profile taken 1 h before the simultaneous optical and sonar 
profiles were collected. 

FIshTV Sonar 

86 cm 

Digital Camera 

I l lumination 

Fig. 1: A schematic diagram of the 
FishTV and OSST systems showing the 
geometric placement of the instruments. 

Fig. 3: Simultaneous display o f  sonar and optical raw data at 60 m depth: (a) 
a 2D image (a side-view projection) of  the sonar data, (relative) target strengths 
of  the objects are shown on the lef t-hand side of  the frame, (b) one frame of  opti- 
cal data, and (c) s imul taneous  vert ical  prof i les  o f  the optical  and acoust ical  
data sets showing the location of  the current f rame (asterisk). Raw acoustic im- 
ages were corrected fo r  range spreading and unequal gains among transmitter- 
receiver pairs. 
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with animal size. This is because the 
backscatter pattern (frequency- and angle- 
dependent target strength) of the animals 
have 20-30 dB nulls that can lead to seri- 
ous underestimation of  animal size. An- 
other complication is the animal orienta- 
tion: animals viewed from the side reflect 
much more sound than those viewed 
head-on. Finally, our current algorithm 
does not perform subvoxel (voxel = 3D 
pixel) positional estimation, which leads 
to an underestimate of  target strength. All 
of these effects tend to bias our results to- 
ward an underestimation of  both animal 
abundance and target strengths. However, 
if animal orientations are not a function of  
depth, and the species composition is con- 
stant, our estimates are a good measure of  
relative abundance. Because species com- 
position is likely to change as a function 
of depth, the target strength estimates that 
we derive cannot be correlated with ani- 
mal size. On the other hand, the estimates 
of  animal abundance will be valid. 

Mult ibeam sonar systems such as 
FishTV allow finer resolution, or access 
to more resolution cells (in a given sig- 
nal-to-noise level) than is possible using 
convent ional  technologies .  Dual -beam 
systems do not allow 3D localization of  
acoustic targets, and both dual-beam and 
spl i t -beam systems saturate at much 
lower  animal densities than the multi-  
beam system. This may preclude their 
use in many oceanic situations. 

The acoustic data f rom a mult ibeam 
system yield information about both ani- 
mal abundance  and their locations 
through echo counting (counting of indi- 
vidual targets). At high animal densities, 
all acoustic systems will be unable to dis- 
tinguish individual targets. At these den- 
sities, systems will switch f rom echo 
counting to echo integration, and no reso- 
lution of  individual targets is possible.  
Echo counting is widely regarded as the 
most accurate measure of  animal abun- 
dances (Stanton and Clay, 1986). 

OSST 
Data included in this manuscript repre- 

sent the first at-sea results with the new 
optical imaging system. The optical sys- 
tem (OSST) measures laser-induced fluo- 
rescence by creating a sheet of illumina- 
tion and photographing it with a very 
sensitive (10 5 lux) charge-coupled device 
(CCD) camera. Briefly, all lines below 
520 nm of a ship-board argon ion laser 
were used for stimulation. The fluoresced 
light was then imaged with a CCD camera 

(Photometrics,  Tuscon AZ) with a long 
pass (>680 rim) filter on the lens. The 
laser sheet was positioned -1 m in front of 
the camera/sonar package and aligned so 
that the plane of the image was parallel to 
the camera plane (Fig. 1). The field of  
view of  the system was -70  cm × 70 cm 
over 102 × 102 pixels with a resolution of 
0.67 cm and a frame rate of 0.9 Hz. 

Combining the Instruments 

The R/V Sproul was moored 30 miles 
west of  San Diego in 300 m of water on 
25-28  July. On the evening of  27 July, 
numerous vertical profiles were obtained 
by deploying both the FishTV and OSST 
systems, as well as temperature probes 
and a depth sensor. CTD profiles were 
also performed using a Sea Bird SBEI9  
CTD interfaced with a Wet Labs "Wet  
Star" fluorometer and a SeaTech 25-cm 
path length transmissometer. The instru- 
ment package  consis t ing o f  OSST,  

FishTV, and depth and temperature sen- 
sors was used to profile between 20 and 
80 m. In Figures 2 and 3 addition, pro- 
files with the CTD/fluorometer/transmis- 
someter package were made on an hourly 
basis. In this article, the analysis from a 
set of  four profiles made at 15-min inter- 
vals between 2040 and 2140 PST is pre- 
sented. We estimate that registration be- 
tween the sonar images and the optical 
images to 1 m was achieved, primarily 
limited by timing accuracies between the 
various computers  that were collect ing 
the information (future versions will re- 
solve this issue). 

The FishTV and OSST systems were 
both mounted on an aluminum frame that 
was profiled through the water column. 
Figure 1 shows the geometric configura- 
tion of  the system that permitted the si- 
mul taneous  acquisi t ion of  both the 
FishTV and OSST images.  Of  special 
note is that the small arm that generates 
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Fig. 4: Processed 3D locations of targets at depths of (a) 31 m, (b) 53 m, (c) 64 m, and 
(d) 70 m. The dashed line shows the volume imaged by the sonar, starting at 2.0 m and 
ending at 5.8 m. Targets varied between (a) -75 dB (red) and -85 dB (blue), (b) -67  
dB (red) and -83 dB (blue), (c) -76 dB (red) and -83 dB (blue), and (d) -75 dB (red) 
and-83  dB (blue). 
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the laser sheet is in the acoustic shadow 
of the digital camera (with respect to the 
FishTV system). This configuration per- 
mitted an exact overlap of both the opti- 
cal and acoustic images at a range of 2 m 
from the acoustic transducers and -1 m 

away from the front of the digital camera 
case. The sonar was set so that targets 
starting at a range of 1.8 m away from 
the front of the sonar and ending 5.15 m 
away were imaged. This yielded a vol- 
ume of -3.4 m 3 for the system. 

R e s u l t s  

Data from the OSST and FishTV in- 
struments were merged to produce pro- 
files of chl-a fluorescence and animal 
abundance as a function of depth (Fig. 3). 
Optical data were averaged over each 
frame and interpolated onto 10 cm verti- 
cally spaced locations. The acoustic sig- 
nal was binned by target strength; the 
signal plotted is the total number of hun- 
dreds of targets per 3.4 m 3 with acoustic 
backscatter intensity greater than -85 dB 
(the smallest size class of targets; -1 cm). 
All such acoustic data are plotted from 
each profile. 

Vertical profiles made with the OSST 
and the CTD-fluorometer-transmissome- 
ter package showed similar small-scale 
(meters) features: a temporally persistent 
subsurface chlorophyll maximum layer 
at -50  m (primary maximum), and a 
sharp (<5 m thick) transient peak cen- 
tered around 60 m (secondary maxi- 
mum; Fig. 3c). This secondary maxi- 
mum was visible for -8  h; calculations 
based on phytoplanktonic growth rates 
and grazing rates suggest that it was a 
patch that advected past our anchor site, 
rather than a feature that formed and 
dissipated in situ during that time. Pro- 
files of acoustic targets showed a strong 
correlation with the fluorescence profiles 
with one major difference: there were 
almost no animals in the secondary 
(high chlorophyll, high variance) chloro- 
phyll maximum. The numbers of ani- 
mals peaked in the primary (lower 
chlorophyll, lower variance) maximum 
and decreased rapidly below. 

The location of the individual tar- 
gets at four depths (above the primary 
maximum, within the pr imary maxi- 
mum, in the secondary maximum, and 
below the secondary maximum) reflect 
the relative absence of zooplankton 
from the secondary maximum (Fig. 4). 
These images can be compared  with 
the corresponding optical images (Fig. 

5), which show isotropic, random dis- 
tr ibutions of f luorescence  down to 
scales o f - 3  cm, with less variance 
than random at smaller scales. Al- 
though every effort  was made to ac- 
count for effects of the instrument 
package motion on these optical im- 
ages, we cannot reject the possibility 
that they are an artifact of mixing by 
the instrument package or poor focus 
of the camera system. We feel it is 
likely, however, that these images rep- 

resent the true, undisturbed state of the 
fluorescence microstructure, suggesting 
a very inhomogeneous distribution of 
fluorescence on microscales. 

The mismatch between the fluores- 
cence and acoustic signal is made obvi- 
ous in a comparison of the four vertical 
profiles (Fig. 6). This mismatch is persis- 
tent over the sampling period (1 h). Tar- 
get strengths in the secondary maximum 
are about equal to background levels 
(outside the fluorescence maxima). The 

31.86 m 53.13 m 

I . . . . . . . . .  ~ . . . . . . . .  I . . . . . . . . .  I . . . . . . . . .  [ . . . . . . . . .  i . . . . . . . . .  I . . . . . . . . .  J . . . . . . . . .  ~ . . . . . . . . .  I . . . . . . . . .  : 

64.72  m 68.43 m 

I t I 1 I I 

0 1 2 3 4 5 

Fig. 5: Four images from the OSST, uncontaminated by ship heave. The images repre- 
sent the different regions of  the water column: 31.86 m is above the primary fluores- 
cence maximum, 53.13 is in the primary fluorescence maximum, 64.72 is in the sec- 
ondao' maximum, and 68.43 is below the secondary maximum (see profiles in Fig. 2). 
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Fig. 6: A comparison of  the four optical and acoustical depth profiles. The ordinate 
shows units" in hundreds of animals~3.4 m3 for the acoustic data (in black) and units of  
relative fluorescence for the optical data (colored). 

strong correspondence of the acoustic 
signal with the primary maximum is ob- 
vious in Figure 6. This is the relationship 
that would be predicted from a first-order 
model relating chlorophyll and herbivo- 
rous zooplankton. 

Of the many points to consider in in- 
terpreting these data, perhaps the most 
important one is the effect of ship heave. 
Other analyses (not shown) demonstrated 
that small-scale observations were unaf- 
fected by the ship motions at the crest 
and trough of a heave cycle (4-5-s pe- 
riod). In addition, images where ship 
heave was prominent have average fluo- 
rescence values consistent with the fluo- 
rescence profile. In the case of the 
acoustics, because the time it took to col- 
lect an entire image was 0.14 s, and be- 
cause the ship heave values were pre- 
dominantly <50 cm s ~ (98% of all values 
were <48 cm s '), the vertical translation 
of the platform was typically around 7 
cm during the complete acquisition of a 
sonar image. In addition, because the 
image is raster scanned, the delay be- 
tween adjacent beams is less than this 
amount. Because the beam widths of the 
system are only slightly more than this 
(6.3 cm) at 1.8-m range and substantially 
more (18 cm) at 5.15-m range (the fur- 
thest part of the field of view) the transla- 
tion of the platform had a minor effect on 
the spatial patterns recorded by the 
FishTV. 

A CTD profile taken -1 h before the 
FishTV profiles (Fig. 2) shows a fairly 

linear density profile with depth. The 
chlorophyll peaks at 50 and 65 m are 
each flanked by sharp gradients in tem- 
perature. These layers represent regions 
of high temperature gradient formed by 
straining of the temperature field by inter- 
nal waves. The high horizontal velocities 
seen below 55 m (Franks and Jaffe, un- 
published data) suggest that the sec- 
ondary chlorophyll maximum was ad- 
vecting horizontally much faster than the 
primary maximum (20-40 cm s ' versus 
10-20 cm s-'). 

In addition to the sonar, optical, and 
CTD profiles, vertical net tows were 
performed with a single 50-cm diame- 
ter Bongo net with a 505-#m mesh. 
The results from a set of vertical hauls 
to various depths indicate that there 
was a layer of animals between 50 and 
70 m. Estimates of the number of ani- 
mals in the 1-10-mm size class were 
40-50 m -3. Not surprisingly, the num- 
ber of animals in the 1-cm and above 
class was very small due to net avoid- 
ance. The animal densities recorded by 
the system at the peak of acoustic re- 
verberation were extremely high, and it 
is very likely that the system was un- 
dercounting the number of animals at 
this depth (54 m). Because of a lack of 
corroborating data, it is impossible to 
tell exactly what kind of animals were 
responsible for this peak of acoustic re- 
flectivity; however, it does seem rea- 
sonable to assume that they were some 
type of micronekton. 

Discussion 
The data described in this paper rep- 

resent the first at-sea results from the 
coupled acoustic/optical system. These 
data revealed surprising relationships 
between the small-scale distributions of 
phytoplankton and zooplankton. The 
phytoplankton showed a large amount 
of microscale (1-10 cm) heterogeneity. 
The zooplankton showed strong correla- 
tions with the "background" fluores- 
cence (i.e., the primary, persistent sub- 
surface fluorescence maximum) but did 
not show any corresponding enhance- 
ment in the most intense fluorescence 
peak. 

One possible explanation for the high 
number of animal counts in the sonar im- 
ages was that there was an extremely 
high number of smaller crustacean zoo- 
plankton, such as copepods, and that the 
sonar was recording a signal that was a 
superposition of echoes from this large 
number of animals. This hypothesis can 
be rejected by noting that the target 
strengths and densities of the smaller ani- 
mals are not high enough to lead to the 
echo-intensities seen at 445 kHz. On the 
other hand, we cannot definitely say that 
only sonar reflections from micronekton 
were recorded, because other animals 
could have been present in the water col- 
umn that were not sampled by our verti- 
cal net tows. 

There are more questions created than 
answered by this first coincident, in situ 
view of fluorescence and acoustic targets 
in the ocean. Some of the most com- 
pelling directions for future research in- 
clude measurements of smaller acoustic 
targets (i.e., higher frequency transduc- 
ers), auxiliary sampling to test hypothe- 
ses about food quality and type, and a 
better understanding of the response of 
herbivorous zooplankton to microscale 
patchiness of their environment. Concur- 
rent use of both optical and sonar imag- 
ing systems offers many potential advan- 
tages not only for in situ measurement of 
the spatial distribution and activity level 
of planktonic organisms but also for the 
"ground-truthing" of sonar systems. In a 
recent study, the OASIS system (Jaffe et 
al., unpublished data) for mapping ani- 
mals with sonar and simultaneous optical 
images of them was deployed in Saanich 
inlet and produced a set of data that 
yielded target strength information with 
concurrent optical animal identification. 
Hopefully the technology presented in 
this article and additional work by our 
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group and others wil l  a l low increased 
understanding of  the behavioral  re- 
sponses of  zooplankton to their environ- 
ment and the importance of such dynam- 
ics in ensuring the transfer of  matter and 
energy through the food web. 
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