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Sediment samples collected across the North Carolina continental shelf and
upper slope during research cruises in 1984 and 1985 revealed the presence
of apparently viable benthic microalgae down to depths as great as 285m.
Microalgal biomass, measured as chlorophyll g, and total living biomass,
measured as ATP, were highly correlated across a range of depths from I I
to 285m. The research submersible R/S JOHNSON SEALINK was
subsequently used to conduct jn ~it incubations designed to test the
hypothesis that microalgae can photosynthesize at 285m. No evidence of
active photosynthesis was found, but planktonic microalgae  centric
diatoms! were cultured from sediment samples collected from this site. The
depth limit for productive benthic microalgae must therefore be somewhere
between 41m, the lowest limit reached so far in studies of ~ ~ benthic
productivity using wet diving, and 285m. This depth range corresponds to
the outer conti nental shelf, a biologi cally interesting but poorly studi ed area.

INTRODUCTION

The recent discovery by Littler et al. �985! of viable macroalgae at depths up to
268m in very clear ocean waters has raised the possibility that autotrophic pmduction might
occur in continental slope habitats at depths previously considered too great to allow such
production. If so, benthic primary production might play a hitherto unsuspected role in
supporting continental slope and shelf edge communities.

Cahoon �987; 1989! has demonstrated that production by benthic microalgae can
be significant in the continental shelf ecosystem of North Carolina. At times, benthic
microalgal production can equal integrated phytoplankton production in these waters, The
concentration of benthic microal gae, which are primarily pennate diatoms, at the sediment-
water interface represents a potentially important food source for herbivores associated with
the sediment. However, measurements of benthic microalgal production have been
conducted so far by SCUBA or surface supplied air, which has limited this work to depths
less than 41m. Therefore, nothing is known about the extent of benthic microalgal
productivity beyond this depth, or about the importance of benthic microalgae in the outer
shelf or continental slope regions.

Studies of benthic microalgal distribution in Onslow Bay, North Carolina,
conducted during two cruises of R/V CAPE HATTERAS in 1984 and 1985, suggested that
viable benthic rnicroalgae might occur in sediments across the continental shelf and down
onto the continental slope, which underlies the clear waters of the Gulf Stream  Fig. 1;
Cahoon et al., in prep.!. Chlorophyll tt, a microalgal biomass indicator, was found in all
sediment samples collected at depths ranging from 11 to 285m  Table 1!. The technique
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used to quantify this chlorophyll st eliminated interference from degraded pigment, and so
can be used to estimate intact or viable chlorophyll 1L  Whitney and Darley, 1979!. ATP,
an indicator of total living biomass, was also found in each sediment sample  Tab]e 1!.
Chlorophyll st and ATP were positively correlated across sampling locations  r2 = 0.50, F
= 49.87, df = 1,51, P <0.0001!. These observations suggested that benthic microalgae
were a major fraction of total living biomass in all the sediments sampled.

Figure i. Continental shelf and Slope sampling StauOnS in Onslow Bay, North Carolina.
Rls JOHNSON SEAUJVK dive site denoted by ~. 4 - 1984 site, ~ 1985 site.

7~ ~w
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Additional observations suggested that the benthic nucroalgal biomass found at the

sampling locations beyond the continental shelf break  ca. 55m! may have been produced
in situ. Sediments from the deepest stations were characterized by very low quartz sand
content, and were dominated by glauconite minerals, which indicates a slope origin, rather
than derivation from shelf sediments via down-slope transport  W. Cleary, UNCW Earth
Sciences Dept,, pers. comm,!, Direct observations using epifluorescence microscopy of
sediment samples from sampling locations 42 � 45  Fig. 1! stained with acridine orange
revealed the presence of a variety of organisms that were alive when originally collected.
Between 100 and 1000 green-stained bacteria were observed in each microscope field for
all samples. An average of one or two larger fluorescent cells appeared in each field.
Roughly half of these were stained orange and the others green. These cells varied in shape
and size, ranging from approximately 10 pm to 50 lim in length. From these shapes, sizes,
and staining characteristics it appears that a variety of viable eukaryotic cells co-occurred
with iriuch more numerous bacteria in these sediment samples. A few of these larger cells
were tentatively identified as diatoms, but no other attempts to identify them were made.

The observations above suggested the exciting possibility that productive benthic
microalgae might occur in continental slope sediments down to 285m. However, two other
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explanations for these observations could not be ruled out with the data in hand. First, at
least some species of benthic rnicroalgae are known or are likely to be heterotrophic,
deriving their nutrition from organic substances while maintaining pigment complements in
the absence of light flux sufficient to support autotrophy. Second, dormant or resting
stages of microalgal forms, while containing pigments and ATP and appearing viable,
might accumulate but not grow in slope sediments.

Table 1. Distribution of chlorophyll tt and ATP in the seditnents of Onslow Bay, North
Carolina. Data are tneans/s.d.; n -  tt stations!.

Chlorophyll g
 ug/g sed!

ATP
 ug/g sed!

Depth Contour
interval  rn!

10-19

20-29

30-39

40-49

50-99

100-199

>200

The study reported here was designed to test three possible explanations for the
microalgal signal observed in continental slope sediments off North Carolina: autotrophic
production in situ, heterotrophic growth of pigmented microalgae, or accuxnulation of
dormant microalgal forms.

METHODS AND MATERIALS

The study site was one of the continental slope sites visited during an earlier cruise
of R/V CAPE HATTERAS in October 1985, located at 33o02.4'N, 77o19.3'W,
approximately 60 miles SSE of Cape Fear, North Carolina  Fig. 1!. This site was 280m
deep, with bottom sediments consisting of light brown material overlying black
phosphorite sediment. The bottom had extensive sediment scarps with as much as lm
relief. There was a northeast current of about 0.1 to 0.2m/sec during our operations.
Bottom sampling, in situ incubations, and other measurements and observations were
conducted using the R/S JOHNSON SEALINK, deployed from the R/V EDWIN LINK
during a cruise off the North Carohna coast in August, 1987.

The basic approach used to detect autotrophic production by benthic microalgae was
i/t situ incubation of replicate light and dark benthic chambers amended with radiolabelled
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bicarbonate. A subsequent shipboard incubation of retrieved sediments with radiolabelled
organic compounds was used to detect heterotrophic activity.

Benthic chambers used for in situ incubations were Ekrnan grabs �5 x 15 crn!
fitted with clear Plexiglas  light treatment! or opaque PVC  dark treatment! as the top of the
grab in place of the metal doors on a standard Ekman grab  Fig. 2!. These one-piece tops
were hinged at one side, with a snap clasp at the opposite side and foam rubber around the
edges to provide a seal after closing the top. A whirling cup rotor device  Cahoon, 1988!
was built into the center of the top to provide stirring by ambient flow after deployment. A
10-ml plastic syringe containing radiolabelled solution was attached to each top.

Figure 2, Line drawing of Ekman grab modified for use as self-stirring benthic incubation
chamber. Grab is shown deployed, top closed, bel'ore injection of labeled solutes.

T-handle

Two light and two dark chambers were deployed during a dive on August 10,
1987. Prior to actual placement of the chambers, the submersible's lights were
extinguished for 20 minutes while the submersible sat on the bottom to permit measurement
of ambient light flux using a LiCor Li-1000 Integrating Quantum Meter and LI-193
Spherical Quantum Sensor inside the forward compartment of the submersible. A flat
portion of the bottom was then selected and the submersible's manipulator arm was used to
place each of the modified Ekman grabs  open! in a row on the bottom, alternating light and
dark grabs. Each grab was pushed far enough into the sediment to ensure a good seal.
After placement, the manipulator arm pressed down each of the tops until it snapped shut,
sealing the grab. The arm was then used to depress the plunger on each syringe, thus
injecting radiolabelled solution  nominally 50 pCi l C HCOs in 37 ppt NaCl, 10ml total
volume; solutions in the dark syringes included 125mg L'iCMU, a photosynthesis inhibitor!
into each grab, beginning the incubation.

Grabs were retrieved during a dive made the next day. Visual observations
confirmed that the rotors had been stirring during the incubation. The submersible's
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manipulator arm was used first to trip each grab, closing it, and then to pick it up and place
it in a light-tight box for return to the surface,

The contents of the grabs were processed in a dark room illuminated only with red
light immediately following return to the surface. The water in each grab was siphoned off
carefully. Sediinent subsamples were taken for microscopic examination using
epifluorescence and for incubation with f� nutrient medium to look for growth by viable
microalgae. Sediments remaining in each grab were subsampled with a 1 crn diam. coring
tube. Triplicate cores were taken from each grab for bacterial chlorophyll g analysis  Caraco
and Puccoon, 1986! and total chlorophyll g analysis  Whitney and Darley, 1979!, In
addition, eight cores were also taken from each grab for subsequent incubations with
radiolabelled organic compounds for detection of heterotrophy,

Incubations for detection of heterotrophy began immediately after sediment samples
had been processed. Individual core samples were placed in glass screw cap tubes, which
were filled to a total volume of 10ml with filtered seawater after amendment following a
nested design as follows: half the tubes were wrapped in aluminum foil  dark! and half
were exposed to fluorescent light at an intensity similar to that on the bottom at the study
site during daytime through the use of neutral density filters  light!; half the tubes were
amended with a i4C labeled solution of organic compounds  '4C glucose, approximately 1
pCi, and '4C Na-acetate, approximately 1 pCi! and half were not, Half were amended to
lmM glycine, in order to stiinulate heterotrophy by addition of an organic nitrogen source
and half were not  Table 3!. As a control for uptake of labeled compounds by inorganic
processes  adsorption, etc.!, eight tubes with sediment that had been frozen were incubated
in the dark at a later date with the same '4C labeled solution of glucose and acetate. Thus,
there were eight treatment groups, with four replicate tubes in each, plus the eight control
tubes. Incubations lasted 24h, after which the tubes were frozen and stored for later
analysis.

Laboratory analysis of sediment samples for detection of autotrophy and
heterotrophy began with thawing the corresponding sediment samples, decanting the
supernatant water, and extraction for 24 h at 4'C in 90% acetone. One ml of the resulting
extract was dissolved in 10ml of scintillation cocktail  Ecoscint, National Diagnostics! for
liquid scintillation counting of t4C activity on an LKB RackBeta counter, which was
programmed to correct for color and quench using external standards. The reinaining
portion of the acetone extract was analyzed for chlorophyll a content according to Whitney
and Darley �979!. Autotrophic production should have resulted in labeling of acetone-
soluble fractions of extracted microalgae  lipids and pigments! via incorporation of '4C
HCO3 in the light treatments, as Welschmeyer and Lorenzen �984} have found. Similarly,
heterotrophic production should have resulted in labeling of acetone-soluble fractions
extracted from microalgae incubated with ' C labeled organic compounds at higher rates in
viable rnicroalgae than in those that had first been frozen. Measurement of radioactivity in
lipid fractions was chosen in preference to more direct analysis of radioactivity in
particulates because of interference from adsorption of labeled materials by sediments.
Incorporation of radioactive carbon into lipid fractions from aqueous solution should occur
only via biological uptake.

RESULTS

Comparisons of light measurements at the bottom with the submarine's lights on
and off allowed determination of ambient light flux and the light flux attributable to the
submarine's presence. Ambient light flux to the bottom peaked at about 0.0025 pEinsteins
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m 2 s l, which is about G.OOG] 2% of surface incident radiation  approx. 2000 ]tE m- s-'!.
These va]ues correspond to a light extinction coefficient value, k, of approximately O.G4,
which indicates clear water, but not the very clearest reported  Jerlov, 1970!, Light flux to
the bottom p ~~ shK ly about so] nmn. Int gmmnatmd light flux for the 24h p ri~
over which the irt sire incubation was conducted was approximately 51,5 ]tE m s . Light-2 -1

flux attributable to the submarine's lights during a 10 min period following injection of
labeled solutions to begin the incubation and during a 20 minute period preceding recovery
of the grabs was approximate]y 37.8 and 1]5.2 ]tE m s, respectively. Thus, the
submarine's lights provided about 3 times as much light for the light treatment grabs as
natural ambient light provided. Ambient light levels were low, corresponding to predawn
levels, with visibility of about 5 to 7m.

Table 2. Radiolabeling of acetone extracts  dpm C/ml extract! of sediment samples from4

light and dark grabs. There were no significant differences among grabs �-way ANOVA,
F 1.92, n-3,20, P-0,1583, n.s.!,

Light 2 Dark 1 Dark 2Light 1Grab:

50.2
46.4
40.5
43,4
42.0
54,8

4s.s
44.2
39,6
54.6
49.9
51,3

4!.0
49.1
46.5
49,3
38,1
49.0

47.9
57,g
5S.1
44.7
49,8
50.7

51,0 45.5 46.2 48.1

Microalgal biomass was estimated as chlorophy]1]] in sediment subsamples from
the heteratraphy experiment by the method of Whitney and Darley �979!. This method
uses extraction in acetone followed by partitioning with hexane to eliminate some of the
degradation products af microalgal pigments that are common in sediments and interfere
with accurate measurement of intact chlorophyll ]]. Average chlorophyll ]] content of the
sediment subsamp]es was 0.238 pg/g sediment  s.e. = 0.094, n = 32!, a value that is about
42% of the average value for continental shelf and slope sediments and about 50% of' the
value for slope sediments deeper than 200m reported by Cahoon er ed.  in prep.!.

Bacterial ch]orophyl] st was estimated by the spectrophatometric methad of Caraco
and Puccoon �986! in order to correct for any contribution to total chlorophyll ]L from non-
microalgal sources. Half the sediment subsamples taken from the grabs on their initial
recovery were used for estimation of total chlorophyll s] by the Whitney and Darley �979!
method, and half the subsamples were analyzed for bacterial chlorophyll ]]. Average total
chlorophyll p in these samples was 0.326 ]tg/g sediment  s.e. = 0.044, n = 11!, and
average bacterial chlorophyll ]t was 0.124 ]tg/g sediment  s.e, = 0.024, n = 11!. Thus,
most of the chlorophyll 1] in the sediments was microa]ga], although bacterial ch]orophy]] lt
was apparently not negligible; the simi]arity of the absorption spectra for algal and bacterial
ch]orophyll st make it likely that some bacterial chlorophyll a would be "found" even if there
were little of it actually present.
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Scinti]]ation counting of the acetone extracts from the sediment subsamp]es from the
light and dark grabs revealed that very little ' C was incorporated inta the acetone-sa]ub]e
fraction  Table 2!, Furthermore statistica] comparison of ' C activity in sediments from
light and dark grabs revealed no significant difference between these treatments  Tab]e 2!.
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Therefore, there is no evidence for autotrophic production, even with the enhanced light
flux provided by the submarine,

Table 3. Radiolabeling of acetone extrar.ts  dpm 14C/ml extract! from sedimeats used in
heterotrophy experiments'. "Gl-Ac" - C labeled glucose and acetate, "lmM Gly" lmM
g lycine.

GI-AC
Light

1 mM Gly 1mM Gly

125301
132341
121471
142067

129959
112817
127616

98898

26465
1184
1999
231

375
833
203
189

130295 7470117323

Dark 107307
112451
108749
114902

126646
116003
134896
129103

762
1995
220
318

824

3610
1198

577
139

110852 126662 1381

Control

174707
150818
179986
l66846
157806
132519
177212
191824

166464

' A one-way ANOVA was used to coinpare the treatments, excluding the control treatments;
there were significant differences among Ihe treatinents  F-246.19, df 7,24, P <0.0001!,
Duncan's multiple range test was then used to coinpare treatments, resultiug in the
following groups, within which there were no significant differences at alpha 0.05: Group
A: Light/Gl-Ac/-, Dark/Gl-Ac/-; Group B: Dark/Gl-Ac/- ~ Light/Gl-Ac/1 mM Gly; Group C:
Light/Gl-Ac/lmM Gly, Dark/Gl-Ac/lmM Gly; Group D: Light/-/lmM Gly, Dark/-/-. Dark/-
/1 inM Gly, Light/-/-.
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The results of scintillation counting of the sediment subsamples incubated with
organic substrates showed that large amounts of labeled material were present in acetone
extracts from sediments incubated with 14C labeled organic compounds  Table 3!.
However, the amounts of radioactivity in the controls  previously frozen sediments
incubated with labeled organic compounds! always exceeded the amounts of radioactivity
found in the live treatments. Simple solution of labeled glucose and/or acetate in the acetone
solvent could account for the radioactive labeling observed in this experiment. Exposure to
light did not support enhanced uptake of labeled organic compounds compared to samples
incubated in darkness  Table 3!. Addition of glycine did not enhance uptake of labeled
organic substances  Table 3!. Finally, there is no evidence that continued incubation of
sediment samples in the laboratory without '4C labeled organic substrates resulted in



enhance J uptake of remaining ' C HCO3 in light treatments with or without added glycine
 Table 3!, Therefore, there is no evidence here that any autotrophic or heterotrophic activity
attributable to mictoalgae occurred in these sediments,

Observation of sediment samples using epifluorescence microscopy and staining
with the vital fluorescent dye Rhodainine 123  R. Dillaman, Dept. of Biological Sciences,
UNC Wilmington, pers. comm.! immediately after return to the laboratory revealed a
variety of live cells. Under the conditions used for these observations, living cells appeared
yellow and chlorophyll-containing cells appeared red. Ten microscope fields were
observed. A total of 28 small yellow cells, 10 large yellow cells, and 3 red cells were
observed. These observations are similar to those from sediment samples taken during an
earlier cruise to this location  Cahoon, pers, obs.!, and suggest the presence of a variety of
viable cells, at least some of which were too large to be bacteria, and at least some of which
contained chlorophyll. Thus, viable, but perhaps inactive or dormant microalgae aplcared
to be present in these sediments.

Several sediment subsainples were incubated in glass test tubes with f/2 medium
 Guillard and Ryther, 1962! in subdued laboratory lighting for four months after the cruise.
Subsequent examination revealed growth of a variety of microalgal species in these tubes.
Concurrent incubation of supernatant water from the grabs yielded no identifiable
microalgal growth, indicating that the procedures used to ensure clean culture techniques
were effective and that contamination of the grab samples by plankton from the upper
layers of the water column was unlikely. The microalgae present in the sediment-containing
tubes included the centric diatoms Melosira and Thalassiosira, pennate diatorns tentatively
identified as Navicula and Fragihria, and unidentified small flagellates. Most if not all of
these microalgae can be characterized as common planktonic forms. It seems likely that
these microalgae were present in the sediments as dormant stages, and became active again
after some time in laboratory conditions.

DISCUS SION

The results of our measurements and experiments indicate that even though there is
a microalgal biomass signal in the sediments on the North Carolina continental slope, there
is no evidence that autotrophic or heterotrophic activity is sustained at this depth by
microal gae.

Light flux to 285m at this site is considerably less than the levels classically thought
to sustain plant growth  the 1% light level!, and is also much less than the light levels
reported by Littler er al, �985! to be available at the site where they found viable
macroalgae. Falkowski �988! has calculated that 0.1% of surface incident radiation is the
minimum required to support oxygen evolution by plants. This is approximately three
orders of magnitude more light than we ineasured at our study site. On this basis alone it is
safe to say that autotrophy should not occur under these conditions, even with considerable
shade adaptation by resident microalgae  Parsons et aI., 1984!.

It is important to note that the biomass signals that indicated the presence of
microaigae in continental slope sediments and led to this study were quite consistent, but in
this case misleading. The presence of intact chlorophyll L ATP, a positive correlation
between these parameters, and positively staining cells in microscope fields all suggested
the presence of viable rnicroalgae. It appears that the presence of viable but dormant forms
of microalgae, that is, spores and cysts, can account for all these observations.
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Consequently, the presence of truly active microalgae can only be verified by physiological
measurements of microalgal processes, as we have attempted to do here.

Although our results are negative in a sense, they serve one other purpose. It is
clear that the depth to which productive benthic microalgae extend is probably much less
than 285m. Assuming that Falkowski's �988! estimates of the minimum light
requirements for plant growth �.1%! and our estimates of the light extinction coefficient in
these waters �.04! are approximately correct, then the maximum depth to which
productive microalgae might extend would be on the order of 170m, well past the North
Carolina continental shelf break, which is at approximately 55m  Menzies er al,, 1966!.
Thus, we predict that productive microalgae should occur across the entire continental shelf
of North Carolina.
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DIVER INVENTORY OF A MIDSHELF REEF FISH COMMUNITY IN
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A total of 26 stationary diver censuses of reef fishes were carried out in
1988 and 1989 at low and hi gh relief stations on a midshelf rock scarp, A
total of 4,485 individuals representing 31 species in 16 diferent families
was recorded. Numerically dominant species for 1988 were the purple
reeffish, Qiilrri~ig ~ the belted sandfish, g~rr ~ ~gj~~i and the
slippery dick, J~!~Qgr~ gi~gga~. For 1989, spottail pirifish, gjgi~f~

dt' d ', ~d'
were also abundant. Of 17 species occurring both years, four had
significantly diferent interyear abundances. +l~rgjg ~ yellowtail
reefgsh, Q. ~nfl~~ and blue angelfish, i~!anti ~ @~~~i had
signi ficantly higher abundances at high relief stations and Q. ~v' ~g was
significantly more abundant at low relief stations. Many of the abundant
species have tropical affinities and extend their distributions into the
Caribbean Sea.

INTRODUCTION

Hard substrate marine habitats  rock ledges, coral reefs, hard bottom and man-made
structures! are well known for their large populations of associated fishes. In North
Carolina waters, hard substrate habitats are locations for important recreational and
commercial fisheries for snappers, groupers, porgies, black sea bass, king mackerel and
other species that are harvested primarily by hook and line or trapping  Huntsman, 1976;
Grimes et al,, 1982!. This fishery is continuing to grow rapidly owing to high demand for
quality seafood. Fishing pressure on the reef-associated fishes continues to increase as
fishermen become ever more efficient at exploiting the reefs.

As part of a long term study describing the fish resources of these reefs, we are
characterizing the reef fish community inhabiting a rnidshelf rock outcrop in Onslow Bay,
North Carolina. We describe the inshore reef fish communities elsewhere in these
proceedings  Lindquist er al,, 1989!. Previous studies of the midshelf commumty are based
largely on destructive and biased sampling techniques such as hook, line and trapping
 Huntsman and Manooch, 1978!. One exception is a submersible observation report on
deeper' reef fishes that includes a few rnidshelf stations where abundances of commercial
and recreational species are included  Parker and Ross, 1986!. In this paper, we have
selected a nondestructive, repeatable, diver census technique that yields quantitative
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samples that can be readily analyzed with available statistical techniques  Bohnsack and
Banneiot, 1986!.

Various biological and physical factors have been proposed to explain variability
within and bctwccn reef fish communities  Sale, 1980!. In particular, rcccnt studies on
North Camiina's artificial reefs suggest that both local current fields and amount of vertical
relief may bc important in determining reef fish abundance  Lindquist and Pietrafesa, 19&9;
Stephan and Lindquist, 1989!, ln this paper we address the following questions: 1! Are
there significant differences in interannual species abundances? and 2! Are there significant
differences in species abundances at stations wi h differing levels of vertical relief?

MATERIALS AND METHODS

All diving operations were conducted under thc auspices of NURC/UNCW aboard
the 110 ft �3m! R/V ~~W4~ ~~i+gg �988! and the 37 ft   1 1 m! charter vessel
~ ~ �989!. All dives utilized either NOAA Nitrox I or ll enhanced air mixtures
which ef1'cctively increased bottom time  Mastro, 1989!.

Thc study site is located on a high-relief hardbottom scarp system  Mearns, 1986!,
known locally as 23 mile rock, at 33'59.40 N and 77'20.18' W. Station depths ranged
from 80 ft �4m! to 101 ft �1m!. Stations within thc site consisted of sharply breaking
ledge walls and more gi3dual sloping stations composed of a series of lower relief broken
rock or lcdgcs. In 1988, visual censuses were conducted on June 12 and 13 and in 1989,
on May 29, 31, Junc 1, 2, 12 and 15, during both morning �7:34 - 11:45 hrs! and
afternoon �2:40 - 13:45 hrs! periods. During both years bottom water temperature ranged
from 21 to 22'C and horizontal underwater visibility ranged froin 20-60 ft � - 1 gm!, Only
one diver  IEC! collcctcd visual census data during 1988, whereas three divers  IEC, DGL
and SKB! participated in 1989.

Diver census methods were based on the stationary visual survey method developed
by Bohnsack and Bannerot �986! for the Florida Keys coral reefs. Iiiis technique requires
that divers remain stationary while listing and then counting fishes within a cylinder of 25 ft
�.5m! radius. Because of the reduced underwater visibility sometimes encountered off
North Carolina, we shortened the radius to 13 ft �m!.

During each dive, a buddy pair descended to thc reef and stationed themselves on
the reef by scparatinp at least 26 ft  gm! from one another  thus avoiding overlapping
counts! but still withm the limits of underwater visibility  in case of emergency buddy-
dependent procedures!. Each diver then listed all species seen within thc radius limits
 including species above in the water column for 5 minutes! while slowly rotating in a
clockwise direction. Next each species was enuincrated by starting at the bottom of the list
and working up the list by making a clockwise sweep of the cylinder for each species.
After a count was completed, the pair selected new locations on the reef. Three to four
counts could be accomplished for each diver during onc dive of 30- 35 min bottom time
 no decompression limits!, Each diver also recorded the following data for each census
station'. depth, vertical relief, bottom water temperature, horizontal visibility estimate, date,
tirnc, estimate of sand bottom and rack bottom percent cover, prescncc of storm and strong
curtent activity and mean, minimum and maximum fork length estimates for each species.
Voucher specimens for most species were taken either with microbarb sling spears
 Randall, 1963! or standard spears for later identification verification. Al] data were
recorded on polypaper sheets and later transcribed to computer coding sheets for entry and
analysis on the UNCW VAX computer using SAS,
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ln order to test the hypothesis that stations with greater vertical relief contained a
greater abundance of some spccics, wc partitioned thc data into low vertical relief � - 5 ft,
n = 13! and high vertical relief �- 10 ft, n = 13! stations and sclectcd test species that had
at least a sample size of three stations for each relief class. We chose nonparamctric
statistical tests for all abundance comparisons because fish counts are typically not normally
distributed.

RESULTS

Table L. Mean number of Individuals for the sample slatlons follovved by
tolal sample slee  ln parentheses! for 1988 and 1989 diver surveys of
reef fishes at t he 23 mlle rock study site.

Species 1988  9! 1989  '17!

MURA EN IDAE  moray eels!
I fgglnna sp,

S ERR AN IDAE  sea basses!
Ceutmuriatia Itszgma
C. attiata
KLSLgantlatsa RILSnaa
Sazaruia aLLttillLILtiLLa

GRAMMISTIDAE  soapfishes!
k LLLLldlL nlasgIILLILa

APOGONl DAE  cardioalllshes!
heave LrsnllrjnLLL Saiatlia

CAR ANGIDAE  jacks!
Caraaa Liitgtla

LtrI'JANIDAE  snappers!
Kiinlnlt LLLIitaa alttrlruhcna

HAEMULIDAE  gruors!
HaggLLLILLLL ggmljnsgtlun
H. LLLunjnri

SPAR IDAE  porgies!
GLIarnua ntutnalla
I?iplaIILLa IrnULmLLILi
Rmum LLagtga
~LLLQLLLLLa sp.

SCIAEMDAE  drurrrs!
Kauaua anihmalia

CHAETODONTIDAE  butrertlyfisbes!
Masttujim nsslilttga

POM ACANTHI DAE  angelfishes!
1ILLlxandmllsrmLLsinnaia

POMACEVTRIDAE  damsei fishes!
Cbr~urua nnrJLtyaLLOLa
C. asnttj
Zamaaantt3ta ~
2: zatiabilia

1.0  I!

2,8 �!

2,8  9!
15.2  9!

1.0 �!

8.0 �!

25.0  I!

3.3 �2!
5.6 �0!

16,1 �7!
4,4 �4!

1.3 �!

3,4 �!

5.0 �!

41.5 �!
7.3 �5!3.0  9!

1,0 �! 3.9  9!
I I 8.9 �6!

1.5 �!
6.0 �!

4,8 �! 10,1  LS!

1,0 �! 1,3 �!

3.7  9!

4.7 �!
17,3  9!

1.4  9!

3.1 �7!

4.3  8!
18.1 �5!
3.0 �!
1.7  9!
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A total of 4,485 individuals representing 31 species in 16 families was observed
during the visual censuses in 1988 and 1989  Table I!. Nearly twice as many censuses �7
versus 9! were accomplished in 1989. This difference resulted from the «vailability of
divers trained in fish censusing and the number of dive days provided at the site for the two
years.
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Table 2. Continued

LABRIDAE  wrasses!
1hutiaalls tuI!stzllas
R. nits
Halisliuarsx !L''tittatiis
E ~uauii
LIutuuiiaUass aiiLsiiiiiis,
~ ulutis

BLENNIIDAE  blcoaies!
Eatableiuulis auitiuatam

GOB IIDAE  So bias!

BA LIST DAE  IeathcrjackeLs!
Idarumattuts hiei4m 1.0 �!

1.0 �!
1.0 �!

14.2 �5!
1.0 �!

10.6  9!
3.0  I!

1.0 �!
1,0 �!

7.0 �0!

4.5 �!

1.3 �!

1UTAL SPECIES OBSERVED 19 29

p<0.05  Wi!ooxoa test of abaodaoces beNveen years!

For 1988, a total of 19 species in 13 families was recorded. Of the seven species
that occurred in all nine of the 1988 censuses, three  in deceasing order! were numerically
dominant: the purple reeffish, Chromis scorri, the belted sandfish, Serranus subligarius,
and the slippery dick, Halichoeres bivirrarus  Table 1!. A Kruskal-Wallis test among the
abundances of these three species showed no statistical difference  p<0.05!. Less abundant
species that occurred in at least 5 of the 9 censuses were  in order of decreasing
abundance!: cubbyu, Equerus urnbrosus, yellowtail reeffish, Chromis enchrysurus,
seaweed blenny, Parablennius marmoreus, blue angelfish, Holacanrhus bermudensis,
white grunt, Haemulon plumieri, scamp, Mycteroperca phenax, and bank sea bass,
Cenrroprisris ocyurus.

For 1989, a total of 29 species in 15 families was censused  Table 1!. Of eight
species that occurred in at ]east 14 of the 17 censuses, five  in decreasing order! were
notably abundant: spottail pinfish, Diplodus holbrooki, C. scorti, M. phenax, H. bi vi rrarus,
and F-, umbrosus. A Kruskal-Wallis test followed by a Wilcoxon paired test atnong the
abundances of these five species showed a statistical difference between D. holbrooki and
the other species.

An interyear compariso~ of those species that occ.urred during both years indicated
that only four species, M. phenax, S. subligarius, H. plumieri and C. scorri, had
statistically significant abundance differences  Table 1!. All but S. subli garius had higher
abundances in 1989, Most notable among our interyear comparisons  Table 1!, is that D.
holbrooki, the most abundant species in 1989, did not occur in our visual censuses in
1988.
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The partitioning of species abundances by vertical relief class resulted in 17 species
with adequate sample sizes for comparison  Table 2!, Our hypothesis that greater vertical
relief stations have higher abundances of some species is supported only for the two
Cliromis species and H. bermudensis  Table 2!. An unexpected result was the statistically
significant higher abundance of H. bi vi irarus for the low relief stations. One species, the

d porgy «grus pagrus, was associated only with the low relief stations  Table 2!.
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Table 2. Mean number of individuals for low and high relief census
stations followed by total sample size  in parentheses! of 19gg and 19$9
diver surveys at the 23 mlle rock study site.

Species low relief
�-5 ft!

High relief
�-10 ft!

SER RAN1DAE  sea basses!
CcllLLQ~ sXltrtta
C.. atrigta
MXslarQPLIsa rtharuut
Sarratuta atttttigttritta

A Pm!ON I DAE  card inalfishes!
t.dt tgan aaa!rttrtun~

HAEMULlDAE  grunts!
8 P~

SPARIDAE  porgies!
~mga u9ftuaita

h!a!!tn aki
Eaarus rtagrtta

SCIAEN!DAE  drums!
Rguuux atrtttmatta

cHAEI oDohrrlDAE  butterflyfishes!
Chaafrttlrut aaJlitita

POMACANTH1DAE  angelfishes!
" Eel isaattuta h9rrggtLmia

POMACENTR1DAE  damsel fishes!
Qmi~ gashrragrit;a

E xariahitis.
LABR1DAE  wrasses!

" Hlglisllasrga i,~vtga
8LENNI JDAE  blennies!

P trabiganiua atartrtttraita

2 5 �1!
5.2 �!
5.5 �3!
5.6 �1!

2.7 �!
6.3 �!
9.g �3!

11.4 �2!

4,7 �!

5,5 �1!

3.7 �!

5.8 �3!

2.5 �!
75,0 �!

3.7 �!
133.6 �2!

1.5 �!

8,4 �1!

1.0 �!

2.1 �2!

5,9 �0!

1.2 �!

4,4 �3!

2.5 �!
5.9 �1!
1.2 �!

5.9  8!
27.9 �3!
1.& �2!

15.g �3!

7.2 �0!

9.4 �1!

3.4 �!

s = p<0.05, '~ = p<0,01  Wncoxon test between high and low relief abundances!

DISCUSSION

Despite the nondestructive nature of the stationary diver survey sampling technique,
this method does have some inherent weaknesses. We feel that the primary weakness of
any visual census technique is that cryptic species  e.g, blennies and gobies! and nocturnal
species  e.g. cardinalfishes! are likely to be underestimated or even overlooked all together
 Bortone et al,, 1986!. Our species list then primarily represents the noncryptic and diurnal
species.

However, the method has a number of major advantages. A minimal amount of
equipment  chp board and pencil! is required, Since the diver is stationary, little physical
effort is expended, air or Nitrox mix consumption is reduced, and bottom time is extended.
In addition, a stationary diver disturbs the bottom sediments very little, thus reducing
aggregations of wrasses and sea basses that tend to be attracted to bottom disturbance.
Most importantly, the method allows multiple samples to be collected that can be adequately
treated statistically.
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Our interannual comparisons may have been affected by sources of variation in our
station selections, Unfortunately, we were unable to precisely relocate the 1988 stations
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during 1989. All except one of the 1988 samples were from high relief stations while 1989
samples were from both high and low relief stations. However, species that had
significantly higher abundances at high relief stations  Table 2! were not significantly more
abundant in 1988 compared io 1989  Table 1!. The lower number of samples  and sample
days! in 1988 probably accounts for some of the species not being recorded in 1988,
However, we cannot account for the absence of conspicuous and normally abundant
species such as spottail pinfish in 1988,

We suggest that the two Chromis species and H. bermudensis were more abundant
at the high relief stations partially because of the greater availability of holes and crevices in
the high relief vertical ledges {especially near the top of the ledge!. The cap rock on these
ledges is a softer limestone-like substrate that is greatly bioeroded. The smaller Chromis
species and the juvenile H, hermudensis take refuge from predators in the bioeroded holes
and crevices  SKB, pers. obs,!, Also, since the two Chromis are water column
zooplankton feeders  DGL and IEC, pers. obs,!, these species may find a greater
abundance of zooplankton at the higher relief stations,

Many of the abundant species at the 23 mile rock have tropical or subtropical
affinities. For example, the slippery dick, yellowtail reeffish, seaweed blenny and white
grunt all extend their distributions in to the Caribbean Sea. There are reports that one of our
top ranking species, the purple reeffish, may occur in deeper water off Jamaica and
possibly Puerto Rico and the Virgin Islands. Other commonly occurring species such as the
cocoa damselfish, Pornacentrus variabi is, the hogfishes, Bodianus, and the spotflin
butterflyfish, Chaetodon oceIlatus, also extend into the Caribbean.
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THE FORAMEN OVALE ISSUE - DIVERS AT RISK

James A. Carry
230! S. jefferson Davis Hwy

Apt. 1309
Arlington, V!RGINlA 22202 U.S.A.

Recent studies have described a phenomenon known as right-to-left
shu~ting. Individuals can shunt blood through the heart in a variety of
ways, but a patent foramen ovale appears to be the main problem with
which divers must concern themselves. Some authorities intimate that this
cardiac ah>it>rmalt ty may place divers at increased risk of bt>th ai r embolism
and decompression sickness. As much as 20-30% of the adult population
may have this problem as a function ofimmersion, body position, age, or
performing a valsalva maneuver. A basic explanation of decompression
sickness and air embolism are folio~ed by a description of the patent
foramen ovale phenomenon of bubbles actually moving rhrough the
chambers of the heart during two-dimension ultrasoundimaging.

DECOMPRESSION SICKNESS

Decoinpression sickness is generally brought about by absorption of too much
nitrogen from the compressed air the diver is breathing while under pressure.!f a diver
stays too long at any given depth and returns to the surface without making allowances for
elimination of the inert gas in so!ution, the nitrogen in the body will begin to bubble similar
to the carbon dioxide in solution in a soft drink that is abrupt!y opened. This can occur even
if the diver adheres to standard, proven decompression schedules  "tab!es"!.

Occasiona!!y, it can resu!t in pain so great that the diver is bent over in agony or has
difficulty walking, This is why decompression sickness is often referred to as "the bends".
A large portion of divers may have bubbles in the venous side of the circulation  venous
gas embo!ism! which are easily filtered by the lungs without symptoms, Large quantities of
such bubbles may result in respiratory impairment called "the chokes", Bubbles forming in
the tissues and venous return of the brain, spina! cord, or inner ear may cause serious
neurological symptoms. Decompression sickness has also been called the "staggers" as a
result of this inner ear impairment. Decompression sickness is a very complicated problem
as a function of where bubbles go and how an individual's body reacts to those bubbles on
a given day. It must be emphasized that the observed signs and symptoms of
decompression sickness are not necessarily serious and spectacular; they can be very
subtle.

In summary, decompression sickness has its origin in bubble formation. It may
result in vascular obstruction by gas, tissue or fat; a reduction in available circulating blood;
asphyxia due due to pulmonary impairment; pain; central nervous system injury; permanent
disability; or even death.
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AIR EMBOLISM

Air embolism or arterial gas embolism  AGE! is associated with lung-overpressure
accidents. As the diver ascends from a dive, the pressure exerted on the body by the water
decreases. This results in expansion of the air in the lungs, The diver must breathe
normally on ascent or risk over-pressurization  over-inflation! of the lungs. If the lung is
overpressurized from a depth as shallow as even four feet of sea water � fsw!, air may
rupture the alveoli and enter the pulmonary circulation, This will return to the heart where
the air passes into the arterial circulation. This air  bubble! typically is transported to the
brain where blockage of blood flow will occur depriving the brain of oxygen, Individuals
who have a history of smoking or lung problems such as asthina or bronchitis are at greater
risk of pulmonary over-pressure accidents.

ln summary, air embolisrn generally originates from a pulmonary over-pressure
event but may also be the result of arterialization of venous gas emboli. These circulating,
arterial bubbles can cause spectacular results by interrupting blood flow to the brain, heart
or other tissues,

FORAMEN OVALE

Prior to birth, the fetal circulation does not pass through the lungs since the
respiratory function is performed by the mother's circulation via the umbilical cord. The
jorameri ovale is an opening in the septum  wall! of the heart which separates the right
atrium from the left atrium, As a result, most blood entering the right atrium from the vena
cava bypasses the right ventricle preventing blood from being sent to fetal lungs which are
not yet functional. Any blood which does make it from the right atrium down into the right
ventricle is ultimately detoured away from the fetal lungs into the systemic circulation by
the ductus arteriosus. Very little blood ultimately travels to the fetal lungs, When the infant
is born and draws its first breath, the pulmonary portion of the cardiovascular circulatory
system is initiated and the foramen ova/e  " flap valve" ! functionally closes.

Within a year, it should be structurally closed. The ductus arteriosus which was
also detouring blood away from the lungs also cease to function in that capacity. Many
adults lead healthy, productive lives unaware that their foramen ovale did not completely
close after birth, Many individuals with both a partially patent or functionally closed  as
opposed to structurally closed! foramen ovate have either not been diagnosed as such or
function normally with the known condition at sea level. The normal pressure gradient
from the left to right atrium keeps theforamen ovale closed in these individuals. Therefore,
the presence of this congenital abnormality has no significance under normal
circumstances. In fact, 20-309o of the nomial population may have patent foramen Ovale.
Once some of these individuals perform a valsalva maneuver or induce cardiac
engorgement such as with immersion, theforamen ovate may become patent to the point
that significant right-to-left shunting can occur. This would allow venous bubbles that
would otherwise be filtered by the lungs to bypass the lungs and be passed directly to the
systemic circulation where they could easily induce cerebral air embolism. Those bubbles
that are shunted and do not go to the brain may go elsewhere throughout the bod
p ace for them to end up is in the spinal areas. Given the high lipid content and poorl

circulation of the spinal cord, those bubbles could easily "seed" further bubble formation
from the inert gas already absorbed by the diver. That couM cause a spinal "hit" regardless
of whether you want to argue venous-versus-arterial phenomenon. This ' I'k Iis is most i e y tooccur after a dive with a high likelihood of venous gas embolistn and in the diver with a
relatively large shunt.
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The patient presenting with symptoms of air embolism but without a recent history
of either pulmonary over-pressure or a profile indicative of decompression sickness may
well be shunting asymptomatic venous bubbles into the left atrium and ultimately, the
carotid arteries. This may be why patients with a dive profile indicative of decompression
sickness with attendant venous gas embolism and no history of recent pulmonary difficulty
present with symptoms of either cerebral air embolism or both cerebral air embolism  AGE!
and decompression sickness  VGE!,

Echocardiography can be used to determine whether or not an individual has a
patent foramen ovate. I feel that further research is required before we start this screening
and eliminate such individuals from diving. Certainly, individuals with such a known
condition need to dive more conservatively. Considering that every fetus has a patent
foramen ovale, we have a major reason why women probably should not dive, while
pregnant. Knowing that a valsalva maneuver pressurizes the lungs so that we can equalize
ear pressure while diving, we should also consider recommending the Frenzel method of
equalization which does not pressurize the lungs,

ACKNOWLEDGEMENTS

I thank E, Camporesi, MD, R. K. Hill, MD, R. Moon, MD, A. Pilmanis, PhD and
R.D, Vann, PhD for personal communications and correspondences.

ADDITIONAL READING

Anthony, C. and G. Thibodeau. 1983. Textbook of Anatomy and Physiology. The C.V.
Mosby Company.

Bove, A. 1988. Pressure July/August. Undersea and Hyperbatic Medical Society,
Bethesda, Maryland

Hill, R.K. 1988. NDA News Sept./Oct. "Medical Answers". National Association of
Underwater Instructors, Montclair, California.

Pilmanis, A. 1983. Chamber Operator's Manual. USC Catalina Hyperbaric Chatnber 2nd
revision 1986.

69





OCCURRENCE OF TROPICAL FISHES IN NEW EN  LAND WATERS

Mary C. Curran
Woods Hole Oceanographic Institution

Woods Hole, MASSACHUSETTS 02543 U.S.A.

Tropical species representing 22 families have been observed in New
England waters during late summer and early fall, These fishes are a+ected
by northward-moving current and eddy systems and ultimately occupy
inshore areas, Some species are transported as larvae whereas others are
transported as j uveniles or adults, Many of these fishes do not survive
through the fall when water temperatures become colder. This paper
describes how life-history traits  e.g. time spent in the water column during
egg, larval and juvenile stages! may influence the likelihood of advection of
these species to New Eng land waters.

INTRODUCTION

The occurrence of tropical species in New England waters in the late summer and
early fall has been docuniented for over a century. These species are defined as those which
live and reproduce primarily in the tropics and only occasionally enter temperate waters.
Many of these species are collected from more than one life-history stage and are listed in
Table I. Although many authors have speculated on the travel routes these fishes httve
taken, no study has included both the potential travel times and travel routes, My study will
combine such information with life history traits in order to determine whether individuals
travelled as eggs, larvae, juveniles or adults, or if individuals, by nature of the travelling
time, changed from one stage to another during migration. I have not included many of the
faster swimming and tnore migratory fishes such as the jacks  Carangidae!, barracudas
 Sphyraenidae!, and molas  Molidae! because their normal distributions are tnore likely to
overlap with temperate areas.

Recreational diving for tropical fishes in New England areas is an enjoyable pastime
for local divers. Depending on topography, substrate type, and a variety of other factors,
these fishes can be observed during a shore dive. I have seen spotfin butterflyfish in
Woods Hole and other divers have seen goatfish, bigeyes, and filefishes. Studies that
document tropical fishes in New England often include seining or trawling techniques.
Regardless of whether the fishes have been captured, a large number of tropical species
have been sighted in temperate areas. These species are discussed in the following sections.

This paper is divided into three sections: the first presents the life-history
information that is available on each fish species; the second provides estimates of potential
travelling titnes given various current velocities and distances; and the third will incorporate
the previous information to discuss trends.
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LIFE HISTORY TRAITS OF TROPICAL FISHES FOVND IN
NKN ENGLAND WATERS

This section is divided by fish family and includes the information available on
species distribution, egg type  pelagic or demersal!, where fishes spawn, and length of
time at each growth stage. Not all of these characteristics are known for the species
discussed, The fish distributions are the maximum geographical ranges cited in the
literature, Local sightings «re presented with any reported fish lengths. Table I is a checklist
of these species.

MVRAENIDAE

Gyrnrrnthr>rax furtebris is found at depths to 50 rn in the tropics  DeBoer et al.,
1973!, and is found from Canada to Brazil  Hardy, 197Sa!. A 169 cm specimen was
collected in Nova Scotia during August  Leim and Day, 1959!. Not much is known about
development in this family. A related species Muraena helena has pelagic eggs  Hardy,
1978a!, and development in related families  Ophichthidae and Congridae! takes
approximately 4 days at 2 C  Castle, 1984!. Leptocephali were found in the Florida Straits
 Hardy, 1978a!,

OPH ICHTII IDAE

Ahlia egmorriis has oceanic leptocephalus larvae found from Massachusetts to
Brazil  Hardy, 1978a!. Adults move seaward in the late fall and early spring, perhaps to
spawn  Hardy, 1978a!.

Ophichthus gomesi is found from Massachusetts to Brazil and probably spawns in
the spring and summer  Hardy, 197Sa!.

S YNODONTID AE

Synndus foetens is distributed from Massachusetts to Brazil, but is uncommon in
the northernmost part of its range  Hildebrand and Schroeder, 1928; Jones et al., 197S!.
They migrate north seasonally and are rarely found north of North Carolina between
January and May  Jones et al,, 1978!. Spawning occurs thmughout the year but mainly in
the spring. The newly hatched larvae are found offshore of Virginia in May. Prejuveniles
and juveniles are pelagic  Jones et al., 1978!.

Trachi nocephalus myops occurs from Cape Cod to Brazil  Jones et aL, 1978!, A 44
cm specimen was collected in August and a 65 mm specimen in October from Woods Hole
Lux and Nichy, 1971!. There is a prolonged spawning season, and prejuveniles and
juveniles are found in or near the Gulf Stream at depths up to hundreds of meters  Jones et
al., 1978!,

EXOCOETIDAE

Cypselurus heterurus strays to Newfoundland  Hildebrand and Schroeder, 192S!
and to as far south as Brazil  Hardy, 1978a!. A 235 mm specimen was found in the Gulf of
Maine  Bigelow and Schmeder, 1953!. It is cosmopolitan in warm waters  Hildebrand and
Schroeder, 1928!, and adults are coastal  Hardy, 1978a!. The larvae swim to the surface
after hatching and attach to seaweed  Hardy, 1978a!,
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B EL !N IDAE

gbiertnes hians is a circumtropical species found from Massachusetts to Brazil
 Hardy 197>a!, It moves northward or shoreward in summer  Hardy, 1978a!.

5rrongylura marina is found from Maine to Brazil  Hardy, 1978a!. Adults move
inshore in fall near the mid-Atlantic states  Hardy, 1978a!. The eggs develop in about 7
days  Hardy, 1978a!. Juveniles are seen in Long Island in October  Hardy, 1978a!.

Tylosurus acus is a circumtropical species found from Massachusetts to Brazil
 Hardy, 1978a! and may move inshore in summer  Hardy, 1978a!. This species probably
spawns offshore in June or July in Florida  Hardy, 1978a!. Their demersal eggs hatch in
about ]0 days between 25-30.4"C. The young may follow floating offshore objects
 Hardy, 1978a!,

H EMIRH AMPH IDAE

This family is generally found in coastal waters  DeBoer er at., 1973!, and is
pelagic  Hardy 1978a!. Hyporhamphus untfasciattis is distributed from New Brunswick to
Argentina  Bigelow and Schroeder, 1958; Hardy 1978a!, although it is more common
south of Chesapeake Bay  Hildebrand and Schroeder, 1928!. Specimens have been found
off Cape Cod and the Gulf of Maine  Bigelow and Schroeder, 1953!. A 19 cm specimen
was collected in New Brunswick in September  l.eim and Day, 1959!. Adults probably
spawn in the summer from June to September  Hildebrand and Schroeder, 1928; Lippson
and Moran, 1974!. Their pelagic semi-buoyant eggs hatch in one to two weeks  Hildebrand
and Schroeder, 1923; Lippson and Moran, 1974; Collette et al,, 1984!, Larvae axe found in
estuaries and open ocean  Lippson and Moran, 1974!,

Euleprorhamphtss velox and Hemirhamphtss brasiliensis can be found from
Massachusetts to Brazil  Hardy, 1978a!, and juvenile H. brasiliertsis are pelagic and may
be carried by the Gulf Stream farther northward than the normal adult range  Hardy,
1978 a!.

I'ISTUI ARIDAE

Fiststlaria tabacaria is distributed from Nova Scotia and Newfoundland to Brazil
 Hildebrand and Schroeder, 1928; Hardy, 1978a!. Specitnens have been sighted near
Woods Hole  small individuals!, the Gulf of Maine, and Georges Bank  at 128 rn!
 Bigelow and Schroeder, 1953!. A 44 cm specimen was collected off Nova Scotia in
September  Leim and Day, 1959!, It is an inshore species  Hardy, 1978a! that spawns
buoyant eggs in open water  Fritzsche, 1984!.

SYNGNATHIDAE

Hippocampus erecrus strays to Nova Scotia and Georges Bank and is found as far
south as Argentina  Hildebrand and Schroeder, 1928; Bigelow and Schroeder, 1953;
Hardy, 1978a!. Adults are found among eel grass and seaweed  Bigelow and Schroeder,
1953!. This species has been noted inshore in Woods Hole from July through September
 Hardy, 1978a!. In Chesapeake Bay, they may leave inshore areas for deeper water during
cold months  Hardy, 1978a!. This species breeds in the summer  Bigelow and Schroeder,
1953!. Young may leave the brood pouch in June  Hardy 1978a!.
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Syngnathut petugicus is distributed from Nova Scotia to Argentina  Bigelow and
Schroeder, 1953; Ilardy, 1978a!, The adults are associated with Sargassum  Hardy,
!978a!. The related species Syngnathus f orida hatch in 10 days  Hildebrand and
Schroeder, 1928!. The larvae of S. pelagicus may be found up to 3220 m deep  Hardy,
1978a!,

PRIAC ANTII I DAE

Pristi genys altus is nocturnal  DeBoer et at., 1973! and is often found in deep water
 Bigelow and Schroeder, 1953!, It is found from Maine to Nicaragua, only occasionally
reaching the northernmost part of its range  Hildebrand and Schroeder, 1928; Bigelow and
Schroeder, 1953; Hardy 1978b!. An 85 mm specimen was collected in October near
Woods Hole  I.ux and Nichy, 1971!, and a specimen near Cohasset, MA was 38 mm
 Bigelow and Schroeder, 1953!. They spawn from July to September  Hardy, 1978b!.
Priacanthids have pelagic eggs  Johnson, 1984!. The larvae are pelagic and are associated
with, and possibly transported by, the Gulf Stream  Hardy, 1978b!.

Priacanthus cruentutus is found from Rhode Island southward, and Priacanthus
arettatus is found from Massachusetts to Argentina  Hardy, 1978b!. Juveniles of the latter
species move at least as far north as Woods Hole from September to November  Hardy,
197 8b!,

MULLIDA E

Mules auratus is found as far north as Woods Hole and Nova Scotia, but is rare
north of Cape Cod  Bigelow and Schroeder, 1953; Johnson, 1978!. In Woods Hole, a 62
mm specimen was collected in August, and a 80 rnm specimen in September  Lux and
Nichy, 1971!, Two European species Mullu.r surmeletus and Muilus barbarus spawn
pelagic eggs in the early summer  Johnson, 1978!.

DACTYLOPTFRIDAE

Dttctylopterus volirans is distributed from Cape Cod to Argentina, although it rarely
travels north of North Carolina  Hildebrand and Schroeder, 1928; Bigelow and Schroeder,
1953; Lux and Nichy, 1971; Fritzsche, 1978!. A 70 mrn specimen was collected from
Chesapeake Bay  Hildebrand and Schroeder, 1928!, and a 69 mm specimen was collected
in Woods Hole in August  Lux and Nichy, 1971!, The eggs are pelagic and hatch in one
day  Fritzsche, 1978; Washington et al., 1984!. The larvae are also pelagic  Fritzsche,
1978!.

CIIAETODONTI DA E

Chaetodott capt'srratus is distributed as far north as Massachusetts  Randall, 1968!.
Individuals have been observed in Rhode Island and Martha's Vineyard  Kenney, 1988;
Schwabe, pers. comm.!.

Chaetodon ocellrttus is found from Massachusetts to Brazil  Randall, 1968!.
Individuals have been seen near Rhode Island, Martha's Vineyard, and Woods Hole
 Kenney, 1988; Schwabe, pers, comm,; pers. obs.!. They have pelagic eggs  Fritzche,
1978!.
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POMACANTHIDAE

A single juvenile Holacanthus ciliaris has been collected near Martha's Vineyard
 Schwabe, pers. comm.!, They generally range from Florida to the Dominican Republic
 Randall, 1968!, and rarely stray into temperate waters. Little is known about life history
stages in pomacanthids,

POMACENTRIDAE

Abudefduf saxarilis is distributed from Rhode Island to Uruguay  Fritzche, 1978!.
They spawn from April to November in Jamaica  Fritzsche, 1978!. Pomacentrid eggs are
demersal; they are guarded in a nest and hatch in about 7 days at 24"C  Fritzche, 1978;
Richards and Leis, 1984!. The larvae are pelagic and the juveniles have been found
associated with drifting Sargassum  Fritzche, 1978!.

Sregastes parrittss has been seen by divers near Rhode Island  Kenney, 1988!, and
Massachusetts  Schwabe, pers. comm!.

Sregastes leucosiicius is distributed from Massachusetts to Brazil  Randall, 1968!,
and has also been seen near Rhode Island  Kenney, 1988!,

SCAR IDAE

Little is known about the life history of scarids except that they have pelagic eggs
 Fritzche, 1978; Richards and Leis, 1984!, Sparisoma rubri pinrte and Scarus ranioprerus
are found from Brazil to Massachusetts  Randall, 1968!. No local information is available,

AC ANT HURIDAE

This family has eggs that are pelagic and the larvae are poorly developed when they
hatch  Leis and Richards, 1984!, Acanthurus coeruleus is found from New York to Brazil
 Randall, 1968!, but Schwabe  pers. comm.! has seen specimens near Martha's Vineyard.

Acart thurus bahiantts is distributed from Massachusetts to Brazil  Randall, 1968!,
and has been observed in Rhode Island  Kenney, 1988!.

BALISTIDAE

Balistes caprictcs is found from Nova Scotia to Argentina  Randall, 1968; Martin
and Drewry, 1978!. A 381 mm specimen was found near Cape Cod, and fry 51 - 76 rnm
were collected on Georges Bank  Bigelow and Schroeder, 1953!. A 28 cm and 36 cm
specimen were found in Nova Scotia in July and September, respectively  Leim and Day,
1959!. Individuals were also collected in Plytnouth, MA, and the Gulf of Maine  Bigelow
and Schroeder, 1953!. It is generally a coastal tropical species  DeBoer et al., 1973! that
probably spawns from July through September  Martin and Drewry, 1978!, Eggs of
Balisres are demersal and are laid in nests. Incubation generally lasts 14 days  Martin and
Drewry, 1978; Aboussouan and Leis, 1984!. All balistoid larvae are pelagic  Aboussouan
and Leis, 1984!. Juveniles are pelagic and are found drifting in Sargassum  Martin and
Drewry, 1978!, Usually, they enter the Mid-Atlantic Bight during the pelagic stage  Martin
and Drewry, 1978!.
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Canthidermis surf amen is pelagic, has demersal eggs  Aboussouan and Leis,
]984!, and is found in deeper water than other balistids  DeBoer et al�1973!. It ranges
from Massachusetts to the Caribbean  Randall, 1968!.

MONOCANTH I DAE

Monocanthus hispidus is distributed from Nova Scotia to Brazil, although it is
uncommon north of Woods Hole  Hildebrand and Schroeder, 1928; Bigelow and
Schroeder, 1953; Randall, 1968!. A 12 cm individual was seen in Nova Scotia in August
 Leim and Day, 1959!. Individuals were collected from Woods Hole, Nahant, and Boston
 Bigelow and Schroeder, 1953!. Specimens near Provincetown were 152 mm  Bigelow
and Schroeder, 1953!. Specimens from 30- 63 mm  thought to be young of the year!, and
a specimen 131 mm, were found from August to November in Woods Hole  Lux and
Nichy, 1971!. The adults are pelagic, swimtning near floating debris  Martin and Drewry,
1978!. They leave inshore areas in winter and have a prolonged spawning season at sea
 Martin and Drewry, 1978!. Monocanthid eggs are detnersal and hatch in about two days
 Aboussouan and Leis, 1984!. Larvae stay near the bottom when newly hatched, but larger
oties are found at the surface in Sargassum  Martin and Drewry, 1978!. Juveniles are
pelagic and leave shore in winter  Martin and Drewry, 1978!.

Monocanthus ciliatus is distributed from Brazil to Cape Cod with individuals
straying as far north as Newfoundland  Bigelow and Schroeder, 1953; Berry and Vogele,
1961!, A 178 mm specimen was collected in the Gulf of Maine  Bigelow and Schroeder,
1953!,

Aluterus schoepfi occurs from Nova Scotia to Brazil  Bigelow and Schroeder,
1953; Berry and Vogele, 1961; Randall, 1968!. A 46 cm specimen was collected in August
in Nova Scotia  Leim and Day, 1959!. The pelagic juveniles are associated with Sargassum
mats  Martin and Drewry, 1978!.

Aluterus scripta is distributed from tropical seas to South Carolina, but stray
individuals from 127-140 mm have been collected on Georges Bank  Bigelow and
Schroeder, 1953!.

Aluterus monoceros is cosmopolitan in warm seas, but occasionally reaches
Massachusetts  Berry and Vogele, 1961; Martin and Drewry, 1978!. Adults may be found
in shallow areas or in flotsam in the open ocean  Martin and Drewry, 1978!.

OSTR AC I IDA E

Acantho gtracion quadricornis ranges from North Carolina to Brazil and strays to
Massachusetts  Randall, 1968; Martin and Drewry, 1978!. Schwabe  pers. comm.!
observed a cowfish near Martha's Vineyard that could have been A. quadricornis or A
polygonius, although the latter has not been documented north of New Jersey  Randall,
1968!. Acanthostraclort has pelagic eggs which hatch in two to four days  Martin and
D«wry, 1978; Aboussouan and Leis, 1984!.

TETRAODONTIDAE

Sph<>eroides macu1atus range from Florida to the Bay of Fundy, but is rarely «und
north of Cape Cod  Hildebrand and Schroeder, 1928; Bigelow and Schroeder, 1953; Le"
and Day, 1959; Martin and Drewry, 1978!. Individuals 15 � 64 mm and 167 - 213 mm
have been collected from July through October in Woods Hole  Lux and Nichy, 1971!
They are inshore fish, that descend to deep water in the winter in the Northeast  Bigelow
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and Schroeder, 1953; Martin and Drewry, 1978!. They spawn in the summer beginning in
May, and may spawn through September and October  Hildebrand and Schroeder, 1928;
Bigelow and Schroeder, 1953; Laroche and Davis, 1973; Lippson and Moran, 1974!. Eggs
hatch in about three to five days at 2'C  Hildebrand and Schroeder, 192S; Martin and
Drewry, 1978!. The newly hatched larvae are found in estuaries and marine environments
 Lippson and Moran, 1974!. Juveniles are semi-demersal  Martin and Drewry, 1978!,

Both Sphoeroides restuCkneus and Lagocephalus iaevigargs are found f'rom
Massachusetts to Brazil, although they are uncommon in the northern part of their range
 Hildebrand and Schroeder, 1928!, Two specimens of L, laevi gates 184 - 570 mm were
collected in Chesapeake Bay  Hildebrand and Schroeder, 1928!.

DIODONTIDAE

Chilomycrerus schoepfi ranges from Maine to Brazil, although they are most
coinmon south of South Carolina  Hildebrand and Schroeder, 1928; Bigelow and
Schroeder, 1953; Martin and Drewry, 1978!. Spec.imens in Chesapeake Bay ranged from
90 - 225 mm and were caught in May and June  Hildebrand and Schroeder, 1928!. Adults
leave inshore areas when water temperatures becoine cold, and cannot survive below 5.80C
 Martin and Drewry, 197S!. They spawn in July through October  Martin and Drewry,
1978!. Chilomycrerus has pelagic eggs that hatch in 3-5 days  Leis, 1984!,

Diodon hysrrix is uncommon north of Florida but can be found near Massachusetts,
drifting in the Gulf Stream  Hildebrand and Schroeder, 1928; Randall, 1968; Martin and
Drewry, 1978!. It spawns in the Caribbean from February to March  Martin and Drewry,
1978!. Diodontids generally have pelagic eggs that hatch in three to five days  Leis, 1984!.
The juveniles are pelagic  Martin and Drewry, 1978!.

ANTENNA RI IDAK

Histrio histrio is found in tropical and subtropical waters and is carried as far north
as the Grand Banks via the Gulf Stream  Martin and Drewry, 197S!. Specimens 57 � 121
mm were collected in Georges Bank in Septetnber, and some specimens are collected
periodically near Woods Hole  Bigelow and Schroeder, 1953!. It spawns froin July to
October  Hildebrand and Schroeder, 1928!, and the Florida Current is a major spawning
area  Martin and Drewry, 1978!. The eggs hatch in 4.5 days at 21-23'C and in 3 days at
3'C  Martin and Drewry, 1978!. Larvae and prejuveniles are found in the Florida Current
 Martin and Drewry, 1978!,

TRAVEL TIMES AND DISTANCES

The time it takes a tropical fish to reach New England waters will depend on from
where it started and on how quickly the currents are moving. Using numerous estimates
from charts, literature and physical oceanographers, I have calculated several estimates for
the tninimum travel time. Since Florida is the usual northernmost portion of the range of
many of the fishes, or is the northernmost spawning region of these fishes, the travel
routes begin there. Obviously if the fish's journey begins farther south, for example in the
Caribbean, then travel time will be longer. I will state any assuinptions that are made.
1. Assuming an 1800 mile distance and a speed of 4 knots, it would take a non-

swimming fish  e.g, egg, larval or weak-swimming stage! about 19 days to reach
lower Cape Cod. This is the most siinplifted calculation, and it does not take into
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consideration that the Gulf Stream does not maintain a speed of 4 knots for the
majority of its path. Also, the Gulf Stream veers sharply to the east at about 380N,
so the organisms carried in the current would be transported away from the
continent at this point, and could only continue the remaining 240 nautical iniles to
Cape, Cod using inuch slower routes. This estimate assumes that each degree of
longitude is equal to 60 nautical miles.

This estimate accounts for the fact that a degree of longitude does not equal 60
nautical miles everywhere in the world Assuming a velocity of 200 cm/sec, ii
would take 11 days to travel froin 25'N 80 W to 38'N 68'W, This distance of
1836 kin again assumes that the Gulf Stream would transport fishes directly to New
England.

The next estimate was obtained using a Surface Current Chart for summer  July,
August, Septeinber 1978! which is divided into 1' quadrats each with a incan
velocity. Nine different velocities from nine different areas along the route were
used for this calculation. The estitnate assumes that there is no eastward movement
and that each quadrat is 60 nautical miles. It would take approximately 13 days
travelling from 28'N 80'W to reach the latitude where the Gulf Stream veers
sharply to the east �8'N 71'W!, From there it must enter an eddy or other slower
current system to reach Massachusetts. Maximum speed of such eddy systems is no
inore than 2 kts, If captured in a warm-core ring with a 30 nautical mile radius and
carried away from the Gulf Stream, it would take the fish about 2 days to reach the
edge of the continental shelf. From there they must make the remainder of the
journey without much help from any currents. Therefore, the trip would take at
least 15 days,

Using a Pilot Chart for August 1981 which charts current speed and direction on a
larger scale  only three different velocities used along the Gulf Stream route!, it
would take approximately 18 days to travel 1511 km from Cape Canaveral �90N
800% to 38oN 700W  where the Gulf Stream veers sharply to the east!. Again, the
fish would need about two days to travel around the ring, and then travel from the
continental shelf to an inshore area. Therefore, this trip would take no less than 20
days.

DISC US S IO N

If a transported fish does not deviate froin the optiinal path, it could not reach New
England waters in less than 10 to 20 days, However, this assumes that the Gulf Stream
carries it directly to Cape Cod, that there is no considerable eastwatd advection, and that the
organism does not veer from the maximum velocity areas of the current. Most larvae and
juveniles would probably not be able to swim against the current or make significant
headway in the direction of the current under their own moinentum Only adults of some
faster-swimming species could significantly alter the velocity and direction of their
movement while under the influence of the Gulf Stream, although all individuals may be
able to position themselves within the lateral and vertical structure of the current to adjust
speed or to be shunted out of the current. Given that it will take about two weeks for
individuals to reach the area, most individuals in the egg state will have hatched before
reaching Cape Cod waters, although some species such as Sphoeroides maculatus can
spawn as far north as Chesapeake Bay. Most individuals will be at the late larval / early
juvenile stage during transport. Older juveniles and adults recorded in local waters tend to
bc pelagic but poor swimmers, and are often found drifting with debris  for example the
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monocanthids and balistids!. Occasionally, inshore species such as GymnorhoraxIisnebris
enter the warm current system and ultimately reach New England. Once individuals reach
the area, they may encounter unfamiliar predator and prey species, and must obtain food
and avoid being eaten. Despite the long and complicated journey from warmer areas to
New England, individuals of tropical species do survive and provide diving enthusiasts an
opportunity to observe these fishes in local areas,
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ASPECTS OV A MATING AGGREGATION OI THE SPIDER CRAB
LIBINIA EMARGINA TA

Robert E. DeGoursey
Peter J. Auster
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The University of Connecticut at Avery Point

Groton, CONNECTICUT 06340 U.S.A

The spider crab, ~ggjg g~~r'~gag, undertakes small scale seasonal
movements from preferred overwintering areas to breeding sites each
spring. SCUBA observations were made of a mating assemblage at a
shallow site in Fishers Island Sound, Connecticiit, USA. The assemblage
occurred in an area of approximately 5000m2 with an estimated density of l
crab m . Sex-specific size class data revealed: l! mature females become
ovigerous in proportion to their size distribution in the total population, 2!
there is no correlation between male and female size in paired crabs, 3!
pa~red males were significantly larger than the overall male population, and
4! paired females were not significantly larger than the overall female
population. Observations of behavioral sequences such as agonistic bouts
between males and male-female obstetrical behavior confirm most previous

f f* 'Cl
sp.! also demonstrate gregarious behavior similar to L,.

u~rjtttllg. Crab aggregations may functionally serve as a protective
mechanism during critical  vulnerable! periods of growth and reproduction.

INTRODUCTION

Some brachyuran crab populations have been observed to undergo major spatial
shifts or migrations to preferred sites or substrates for the purposes of mating or molting.
Species of Maja, Paralithodes, Loxorhynchus and Libinia form large and very dense
aggregations of individuals. These aggregations have been termed "heaps" for Maja
 Carlisle, 1957! and "pods" for Paralithodes  Powell and Nickerson, 1965; Powell 1974!
and Libinia  Aldrich 1972, 1974; DeGoursey and Stewart 1985!. In some species  e.g.
Chionecetes opilio!, molting and mating occur concurrently because copulation is
dependent on the pairing of an interrnolt  hard-shelled! male with a newly molted female
 Watson, 1972!. Mating pairs in these species generally exhibit pre- and post-copulatory
coupling where the interrnolt male will protect the vulnerable premolt or soft-shelled
female. In other species,  e.g. Libinia! crabs pair and copulate when both sexes are in an
intermolt shell condition  Hinsch, 1968!. This molting «nd mating behavior in Libinia spp.,
are independent events and temporally separate. DeGoursey and Stewart �985! described
molting Libinia emarginata forming large "pods" in October. The mating behavior to be
reported here was observed in May. This paper provides the firstin situ account of Libinia
emarginata migrating to preferred substrate, courtship, mating behavior, and subsequent
di spersion.
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MATERIALS AND METHODS

The study site was located in the subtidal zone off the east point of Ram Island
Connecticut 41 18'4l "N, 72 58'34"W. Depth ranged from 5-8m sloping from the
northwest to the southeast. The substrate was primarily a sandy mud with well sorted shell
debris, Boulder outcrops extending from the east point of the island to a depth of 6m
ranged in size from 0.5 to 2.0m in diameter. Horizontal surfaces of the boulders were
covered with several macroalgal genera including Laminaria, Chondrus, and Ceramic.
The boulder habitat provided shelter for numerous resident organisms including the lobster
 Homarus americanus! and Jonah crab  Cancer borealis!.

Observations and samples were obtained with SCUBA on 30 April, 1, 5, 8, and 20
May 1986. Additional observations were made on 16, 19 and 25 May 1989. Observations
were recorded immediately following each dive. Still photographs and video footage were
taken for photodocumentation.

A representative sample of crabs was collected on all dives in 1986 except the one
on 20 May, On this date only females were collected to examine egg masses. Paired crabs
were collected and kept separate from general population samples. All crabs were sexed
and carapace length  from the notch of the rostrum to the posterior margin of the carapace!
was measured to the nearest 0,1mm. The abdominal flap of fernale crabs was examined to
differentiate between immature and sexually mature individuals  sensu Hinsch, 1972!. The
abdominal flap of all female crabs was articulated away from the body to determine the
presence or absence and condition of eggs attached to the pleopods. Shell condition was
also noted  i.e. intennolt, postmolt!. Collected crabs were not returned to the study site.

Mean size and variance was determined for all males and females. Females were
further divided into immature, ovigerous, and mature  but not ovigerous!. All data was
normally distributed. Two tailed T-tests were used to determine if inequality of size existed
between immature and mature females; mature and ovigerous fetnales; all males and paired
males; and mature females and paired feinales. Percent change in the number of ovigerous
females over time was determined.

RESULTS

A mating assemblage of L. ernarginara was first observed on 30 April 1986. Aerial
extent of the assemblage was approximately 5000m2 with crabs at an approximate density
of 1 crab m 2, Crabs observed in May 1989 were found in exactly the same location at the
same density. Few crabs were observed at this site during March of either year. The water
temperature ranged from 9.5 to 13.00C during all observations. All crabs  n = 443 in 1986!
collected during the study were in intermolt condition,

Crabs were observed individually or in a variety of pairing postures. The obstetrical
posture  sensu Hinsch, 1968! was the most common  Fig. 1!. ln this posture the female
was manipulated by the male's walking legs and chelae so that the fernale carapace was
behind the male with the posterior margin of both carapaces in contact. The fourth pair of
walking legs of the male was clasped around the dorsal carapace of the fernale. The tips of
the male's dactyls were inserted between the females walking legs. The female was
maintained in this position whether the male was stationary or walking. In inost cases the
proportionally larger male carried the female at a height off the substrate such that the
females' walking legs could not make contact. The obstetrical position also leaves the
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males' chelae unobstructed for feeding and defense. All obstetrically paired female crabs
collected were sexually mature and some had newly extruded bright orange eggs.

Figure 1. A large male crab embracing the smaller female in the
obstetrical posture. The tips of the dactyls effectively immobilize the
female.

Copulating crabs  n = 8! were observed on 30 April 1986 and again on 16 May
1989  Fig. 2!. The male firmly grasped the female rostrum with his chelae, and using his
walking legs positioned the abdomen of the female against his abdomen in a copulatory
posture. During copulation the abdominal flaps of both crabs were extended. Mating
occurred with both crabs standing on their walking legs or with the male lying on his dorsal
carapace with the female on top of him. One pair  83.5rnm CL male and 60,4 CL female!
observed on 16 May 1989 maintained a copulatory embrace for approximately 15 minutes
until disturbed by a second male  CL = 76.7mm!.

Other pairing postures involved less contact. Females were often found in an
upright position partially buried into the substrate with a male in an upright position above
her. The male, with his abdominal segments, would maintain contact with the female
carapace. When confronted by another male, the paired male would raise up on the tips of
his dactyls and extend his chelae. In this position, "caged" over the female, the male would
defend against other males. All females in these paired associations were sexually mature.

Agonistic bouts  n = 12! between males were observed on nearly every dive  Fig.
3!. Females were often present. Bouts were generally of short duration, lasting 30 to 60
seconds. Crabs would confront one another with chelae raised to push or grasp an
opponent. Fighting was ritualistic as no injuries were inflicted. Ostensively, these bouts
took place between males for the possession of a fernale. On one occasion, 5 May, 1986, a
male  CL = 59.0mm! was copulating with a female when a larger male  CL = 89.0mm!
approached to challenge. The larger male was able to maneuver the pair against a boulder
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and pin down the smaller male's chelae with his own. The female was retained between the
fighting males until the larger male used his walking legs to pull the female away and
reposition her beneath his carapace, The large male then released his opponent and walked
away with the female. A similar interaction was again observed on 16 May, 1989 when a
copulating pair was challenged by a smaller male, In this instance, the larger male was able
to maintain possession of the female.

Figure 2. A pair of crabs in the copulatory embrace. Note the
conspicuously large chelae of the male  left!.

Paired crabs were always in contact with the sandy mud substrate but individual
crabs would ascend to the tops of boulders to forage on algae. Solitary crabs, especially
females, were also observed partially burrowed into the bottom, Many of these females
were ovigerous. In 1986, crabs had begun to disperse from the study area within 20 days
of the original siting, migrating  presumably! to deeper water.

Little evidence of predation on crabs was observed. The remains of 3 L, ernarginara
were found with the carapace split and legs either missing or scattered near the carapace. H.
americanus prey on large decapod crustaceans in this manner  Weiss, 1970!. In addition
the whelk, Busycon cannt'cularurn, was observed feeding on the remains of L. emarginara,
Whether the crab was alive or dead when the whelk attacked is unknown.

The sex ratio of the 1986 mating aggregation was 1.1:1  M: F!. Table 1 lists size
class data by sex and state of maturity. T- tests revealed that mature non-ovigerous females
were not significantly different in size than ovigerous females  p ! 0.10!. Immature
females were significantly smaller than either maturity group  p < 0.05!, Seventeen paired
crabs were collected and sizes compared to the normal population. Paired females were not
significantly different than the mean of the overall fernale population  p > 0.10!. However,
paired males were significantly larger  p   0,01! than the overall male population. The
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percent of ovigerous females increased through the period of observations. On 30 April,
1986, only 28% of the mature females collected were ovigerous. This increased to 47% on
5 May. All mature feinales j'100%! were ovigerous on 8 and 20 May.

Figure 3. An agonistic encounter between two male crabs. These fighting
bouts are ritualistic and do not result in iniurv.

Table 1. Comparisons of sizes of male and female L. engarginata from a
mating aggregation in 1986. Sizes are carapace length  mm!. Females are
shown in total and in each reproductive state.

N 234
MEAN 71.8
SD, 16 4
MIN. 32.8
MAX. 103,8

D IS CUS SION

These are the first field observations of a mating assemblage of L. emarginata. It
appears that L. emarginata is more gregarious in nature than most other brachyurans. The
forination of molting "pods" of L. emarginata were alluded to by Aldrich �974! with more
detailed observations reported by DeGoursey and Stewart �985!. The molting aggregation
located by these authors in 1973 is located within 40 meters of the mating assemblage
reported in this paper. The factors involved in site selection by the crabs can only be
speculated on at this time. Depth, sediment type, topography and faunal and algal
asseinblages are the same at each site. The presence of pheromones in L. emarginata
 Hinsch, 1968! has been speculated but not confirmed. Aggregations could initially focus
amund several female crabs and subsequently build in size.

ALL
FEMALES
211

58.5
7.1

31.8
72.7

MATURE
FEvfAIZS
73
60.6

5.8
48.7
72.7

OVIGEROUS
FEMAIES
111

60.2
4.6

48.6
72.1

IMMATURE
FEMALES
27
46.2

6.3
31.8
57,1
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The number of ovigerous females increased to 100% during our observations. This
would suggest that intense mating activity had taken place days  or weeks! prior to our
collections. That is, there is some unknown time period between copulation and egg
extrusion, Yearly 100% of the egg masses we examined were newly extruded  bright
orange!. Little actual copulation was observed.

Hinsch �968! reported that female L, ernarginara are capable of producing 3 - 4
successive broods during the mating season with egg development to the swimming zoeae
requiring approximately 25 days  at Woods Hole!. We collected almost no females with
mature eggs. Only one specimen from 8 May 1986 had a well developed, eyed egg mass. It
would appear that following mating, the females extrude eggs and disperse to deeper water
to brood the egg mass and eventually release the zoeae. Subsequent broods could be
produced at these sites since the females retain spermatophores in their seminal receptacles.

Laboratory observations of mating L. ernarginara  Hinsch, 1968! found obstetrical
behavior initiated only when ovigerous females, bearing well-developed eggs, were about
to release zoeae. We observed obstetrical behavior involving only non-eggbearing mature
females or females with newly extruded eggs, Perhaps the obstetrical position is again
assumed as the egg masses develop and zoeal release is imminent, but our observations do
not confirm this,

Our observations of obstetrical posture differed from those reported by Hinsch
�968!. She indicated that the male always grasped the female and positioned her carapace
at right angles to his. In this study, the female was not always held in the same attitude,
Positioning may depend on how the fifth walking legs of the male interlock over the female
carapace.

The obstetrical posture has only been reported in L. emarginara and one other
oxyhrynchan species, Loxorhynchus grandis  Hanauer, 1988!, In L. grandis this
positioning is apparently a copulatory posture. The obstetrical posturing of L, ernarginara
ostensively serves to protect the egg mass during development and larval release. Why
does it occur in so few species? Most brachyuran males hold the female beneath the
carapace, It may be difficult  if not impossible! for male L. emarginara to walk with a
female heM below the carapace because the fernale appears disproportionately deeper
bodied when compared to other brachyuran species. For the male, carrying the female with
the rear walking legs may result from anatomical necessity.

The agonistic behavior we observed between males was consistent with Hinsch
�968! and has been observed in other brachyuran species. Fernale pheromones have been
shown to elicit predictable behavior in conspecittc males in blue crabs, Callinecres sapidus,
 Ryan, 1966! and green crabs, Carcinus maenas,  Eales, 1974! and may be present in
many brachyuran species including L. emarginara. The gregarious behavior demonstrated
by L, emarginara and other species may serve as a protective mechanism during life history
events when the crabs are vulnerable to predation. Very low predation rates occurred
during our observations of the mating and molting assemblages  DeGoursey and Stewart,
1985; this study!.

All mature females were part of the mating aggregation since all eventually became
ovigerous. All males, however, may not have reproduced. Although our sample size was
small, paired males were significantly larger than the overall male population. This result
could be due to competition by males for females. That is, larger males generally winning
agonistic encounters with other males for mates. Alternatively, our data could be biased by
immature  smaller! males in the population sample, It is impossible to determine the stage
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of maturity of a male L. emarginata by visual inspection alone. These smaller individuals
could have reduced the overall mean of the population resulting in a significant difference
when compared to paired males.

The scientific literature abounds with laboratory observations of mating behavior in
many species of brachyurans and other decapods but few in situ reports. Most field
observations  Powell and Nickerson, 1965; Powell, 1974; DeGoursey and Stewart, 1985;
Taylor et al,, 1985; Hooper, 1986 and Hanauer, 198S! are found only in the recent
literature, There are still many gaps in basic life history information that only in situ data
can fill,
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FUTURE APPLICATION OF SUBMERSIBLES TO THE STUDY OF
SMALL SCALE PHYSICAL-BIOLOGICAL INTERACTIONS
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Major oceanographic research programs over the next ten years will require
 or at least greatly benefit from! the development of new modes of
deployment and operation of submersibles. One very promi sing application
for suhmersibles will be as instrumentation platforms for non-intrusive
measurements of the interactions between zooplankton behavior and small
scale physical mixing processes, Such applications will require dramatic
reductions in noise, vibrations and turbulence currently associated with
thruster control of position, They will also require thar control systems be
developed that will allo~ the submersible to passively drift wi th a parcel of
~ater and plankton or follow the vertical migration of plankton using
passive  i.e., buoyancy control! rather than active  i.e., thruster! position
control systems. Such control  or autopilot! systems will have to integrate
onboard oceanographic sensor systems with buoyancy control to maintain
the desired position and at the same time ensure safe submersible operation.
Thrusters in such applications should be used primarily for recovery and
deployment. The future success of these and other new applications of
submersibles will be dependent not only on technological developments and
operational cost control, but also on recognizing that the rules governing
submersible deployment and operation will have ro continue to evolve as
technology and applications develop.

INTRODUCTION

The expanded use of scientist operated submersibles  such as Deep Rover! has
triggered a growing discussion in the diving community of the nature and extent of training
and regulations needed to insure the safe operation of such activities, Three divergent views
exist on this subject. First, there is the view that these systems are the logical extensions of
scuba operations and thus should be regulated by similar experience and rules. Inherent to
this view is that we already know sufficient about the potential uses of these systems to
develop training and regulations to insure the safety of those uses. A second view is that
these systems are an inherently unsafe extension of piloted submersibles such as Sea Link
and Alvin. The premise here is that complex sub deployment and operation systems, highly
trained pilots, mother ships and support crews are required to insure safe operation of
submersibles. Period, A third view is that the past uses and operation procedures provide
only a partial perspective on the future uses and optimal strategies for ensuring safety. In
this paper I will argue that scientist operated submersibles such as Deep Drifter represent an
entirely new class of underwater observation platform that can insure safety through
engineering design and control and at the same time allow the flexibility required to meet
rapidly expanding applications, It is my intent in arguing this position to stimulate a
discussion of how we can  and must! begin to work together as a community of scientists,
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engineers and divers to develop ways to insure both operational safety and application
flexibility.

A PLANKTON PERSPECTIVE ON SUBMERSIBLE USE

This paper is written from the perspective of an oceanographer interested in
determining whether submersibles could be used to resolve a series of sampling problems
currently stalling research directed at understanding how physical-biological interactions
control plankton dynamics. As a result, 1 will focus on the linkages among oceanographic
research need, required instrumentation, and instrument deployment methods. For the
purposes of this talk, I will focus on two major emerging needs in biological
oceanography: 1! the need to follow individual or small groups of zooplankton in time and
space to understand their behavior; 2! the need to simultaneously measure physical,
chemical and biological structure and interactions that may control plankton dynamics.

OCEANOGRAPHIC RESEARCH NEEDS

There has been a growing recognition by the oceanographic community that small
scale physical-biological interactions play a critical, but poorly understood, role in
controlling the dynamics marine planktonic food chains and fisheries recruitment. For
inany years it has been assumed that the dynamics of these systems  temporal and spatial
variability in stocks and recruitment! were primarily controlled by mesoscale advection and
in situ biological growth and mortality processes. Models of these systems have been built
by nesting biological process models  built on functional relationships defined in the
laboratory between organism feeding and growth and controlling environmental
characteristics such as temperature, light, food concentration! within a physical
oceanographic model of advection and dispersion. Effects of sinall scale  mm to 10's of m!
spatial variability and physical-biological interactions have been considered to be negligible,

The validity of the underlying assumptions has begun to be challenged on several
grounds, First, this approach has been unable to improve predictions of subseasonal or
interannual population fluctuations despite major improvements in physical models and
biotic data bases over the last twenty years  Lasker, 1988; Mullin, 1988; Reeve, 1988!.
Part of the problem inay be thai the biotic components of the models assume that
zooplankton responses are independent of previous feeding history and therefore of
temporal variability in the field. Although extensive prehistory effects are well documented
in the lab  Donaghay, 1988!, their effect in the field is less well defined because of the
difficulty of following population of plankton over time in the ocean  Price er al, 1988!.
Second, these lab based models invariably underestimate in situ growth in most oceanic
environments  Lasker, 1975; 1988; Mullin, 1988!. This has lead to the hypothesis that in
situ success of many plankton species is dependent on finding small scale patches of
concentrated food  Lasker, 1975!. The formation and persistence of such patches is
dependent on small scale physical-biological interactions: areas of strong vertical density
gradients and reduced physical turbulence lead to patch formation. An alternative
hypothesis is that since the rate of food capture by a plankter is a function of relative
particle velocities  a function of both plankton swimming and rnicroscale physical
turbulence! and food concentration, plankton feeding success may be dependent on finding
regions of high microscale turbulence. Testing between these hypotheses will require
simultaneous measuring of plankton and stnall scale turbulence.

Testing the above hypotheses will represent one of the major conceptual and
technical challenges in oceanography over the next ten years, Major initiative level planning
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efforts are already well underway as evidenced by an extensive series of planning meetings.
NATO workshop, 1987  Rothschild, 1988!; Savannah Zooplankton Behavior Symposium
 Price et ai, 1988!; Lake Arrowhead Zooplankton Workshop, May 1988  Marine
Zooplankton Colloquium, in press!; and Wintergreen Global Ecosystem Dynamics
Workshop, June 1988  Cullen, 1989!. A primary conclusion of these workshops has been
that we need to develop not only a theory of physical biological interactions, but also
approaches to simultaneously measuring physical and biological processes and interactions
in the ocean on the time and space scales relevant to the organisms,

THE CHALLENGE

Meeting this objective represents an enormous challenge of developing not only
new instruments, but also developing new sampling platforms. During the past 20 years,
biological and physical oceanography grew independently with a rapid divergence in
sampling platforms, techniques, frequencies and data analysis procedures  Dickey, 1988;
Price et aI, 1988!. For example, physical oceanographers routinely measure fine scale  mm
to m! physical structure and mixing processes with free fall instruments composed of
rnicrosensors for temperature and conductivity and air foil probes for measuring energy
dissipation associated with microturbulence  Osborn and Crawford, 1980!. Free fall
instruments are used to eliminate the aliasing of the data from ship induced motions,
Biological oceanographers routinely measure zooplankton species abundances using nets or
pumps designed to collect large volume samples at discrete depths. Although these two
techniques measure primary physical and biological parameters, their temporal and spatial
characteristics are so different that they cannot be used to effectively test the bio-physical
interaction hypotheses, New approaches are clearly needed.

A second approach to this challenge has been to develop instruments that could
measure continuously and simultaneously both physical and biological properties. Current
technology, however, has limited the biological measurements to secondary properties
 such as chlorophyll fluorescence instead of phytoplankton biomass or species! or primary
biotic properties at scales much larger than those proposed to control microscale physical
biological interactions. ln most cases, these techniques have been deployed from ships or
large subs and as a result provide Eulerian snapshots of physical-biological structure. The
exception is the recent work by Hitchcock  et al, in press! in which physical  temperature,
conductivity, pressure, light! and biological  fiuorescence! sensors were placed in an
isopycnal fioat and allowed to drift with the phytoplankton. This instrument is providing
the first sets of continuous and simultaneous physical-biological data of a single population
over time. Clearly, a similar instrument is needed for zooplankton.

DEEP DRIFTER CONCEPT

Collection of similar data for zooplankton is a more complex problem. Many
zooplankton swim sufficiently well to act as other than passive tracers of water motion. An
isopycnal type Lagrangian drifter will thus not follow a zooplankton patch. The primary
factor involved is that plankton vertical migration from deep to surface ~aters often results
in diel shifts in their physical advective transport. Since the extent of vertical migration
appears to vary dramatically in time and space  at least in a Eulerian sense!, measuring
temporal changes in physical-biological structure and interactions requires a platform that
can non-intrusively follow the zooplankton population's movements. One very promising
solution to this problem would be to modify a small submersible that could serve as a
manned Lagrangian platform for making time series observations of physical, chemical and
biological interactions on a single zooplankton population as it moved through a diel cycle.
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The migrating drifter is in many ways structurally similar to existing submersibles,
its operation and deployment modes are very different, The three most important
differences are considered below.

First, such applications will require drainatic reductions in noise, vibrations and
turbulence currently associated with thruster control of position. Although it is evident that
thruster operation will alter ie situ microscale turbulence and zooplankton behavior, recent
work by Widder er ai �986! clearly indicates that these problems can be avoided by
allowing the submersible to passively drift with a parcel of water and plankton. The
proposed Deep Drifier application will require the development of control systems that will
allow the submersible to passively drift with a parcel of water and plankton or follow the
vertical inigration of plankton using passive  i.e., buoyancy control! rather than active  i,e.,
thruster! position control systems. Such control  or autopilot! systems will have to integrate
onboard oceanographic sensor systems with buoyancy control to maintain the desired
position and at the same time ensure safe submersible operation, For example, acoustic
sensors might be used to locate a patch of migrating plankton and keep the submersible
within that patch. Thrusters in such applications would be used primarily for recovery and
deploytnen t.

Second, Deep Drifter will require a much higher level of instrumentation to sense
the far, near and variable field physical and biotic environment. Far field sensors should be
used to continuously define the submersible's position relative to coarse scale physical
 current shears as defined by Doppler current meters! and biotic features  zooplankton
patch boundaries defined acoustically! and the physical boundaries of the environment
 distance to sea surface and bottom, mother ship, and geographical position!. Real time
access to this information will be crucial to selecting a starting point for drifter mode
operation, to insuring the drifter stays with the patch, and to guiding variable field sensor
deployment  see below!. Real-time access will also be critical to insuring safe operation and
recovery. Near field sensors should be used to provide a continuous record of the physical
and biotic environment at the depth of the sub. These sensors should include temperature,
salinity, light, oxygen, pH, pressure, light transmission, fluorescence, and some non-
intrusive measure of zooplankton abundance. Data from these near field sensors should
serve as a reference point for the variable distance sensors. They will also provide critical
Lagrangian data for post-cruise time series analysis. A set of variable field sensors should
be designed to measure critical biological and physical characteristics simultaneously over
the widest spatial scales possible, Variable field sensors could be crucial to defining spatial
gradients in properties that could influence zooplankton behavior. These sensors should be
mounted so that they can be moved up to 10m above, below or in front of the sub. This
variable field sensor system should include not only sensors that provide digital data  as in
near field!, but also low light video for measuring zooplankton behavior and suction
samplers for taking discrete samples for later analysis, All of these sensors should be
packaged to sense the same volume of water, In addition to measuring spatial variability by
moving the sensor package, some of the sensors should be able to measure spatial
variability instantaneously. For example, holography systems currently under development
have the capacity to measure particle distributions with 10 pm resolution in a cylindrical
free space 10 cm in diaineter by several meters long. Although data from such systems
would not be available in real time, such data could be critical to testing many of the current
hypotheses about physical-biological interactions,

Third, the Deep Drifter concept involves a radical shift in perspective of the role of
submersibles in biological oceanography. Currently, many biological oceanographers view
submersibles as a sampling platform of last resort for observing and collecting organisms
too fragile or elusive to be collected by standard methods. The Deep Drifter concept,
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however, views the submersible as an integral part of a broader sampling strategy that
would optimize the use of all sampling platforms  buoys, ships, free fall profilers, ROV's,
satellites!. The idea here is that Deep Drifter would provide the high resolution data needed
not only for process identification  i.e. testing microscale interactions!, but would also
provide data critically needed for ground-truthing buoy, ship and satellite remote sensing
systems. The importance of such ground-truthing should not be underestimated. In turn,
data collected from these other platforms would provide the larger scale physical and
biological data matrix so critical to evaluating the significance of the process and structure
resolved by the submersible. This application will require some overlap of critical sensor
systems. It will also require that dives are carefully coordinated with broader scale
sampling efforts.

Fourth, the Deep Drifter concept inay require modified deployment and recovery
methods. These modifications should be designed to reduce surface time, reduce operating
costs and improve safety. One primary way to achieve these objectives is to increase the
use of U-shaped pontoon A frame systems for launch and recovery. Work in Crater Lake
by Jack Dymond  pers. comm.! has shown that a motorized pontoon craft can be used to
track and recover small submersibles upon reaching the surface. Upon recovery, an A
frame on the pontoon is used to sufficiently raise and secure the sub to allow equipment or
personnel exchange. The pontoon also provides an alternative way to transport the craft
between the dive site and a mother ship or shore. Perhaps more importantly, the pontoon
could provide a critical buffer between the mother ship and the submersible during open
ocean recovery. I gather from the comments of many sub users that such a buffer would be
very welcome. In those cases where the dive site is relatively close to shore, the pontoon
craft could completely replace a mother ship. Such replacement would result in huge cost
savings.

SUMMARY

The Deep Drifter concept represents a new and as yet hypothetical application of
small submersibles. If successful, this type of use could dramatically alter not only
plankton ecology and small scale physics, but also greatly expand the use of submersibles.
Given the scientific potential and an appropriate regulatory response from the diving
community, it is not too difficult to envision submersibles as an important a tool for
oceanographers interested in the upper ocean as it already is for those interested in the deep
sea. However, if the diving community develops regulations based solely on past
experience, there is a considerable danger that concepts such as Deep Drifter will never
advance beyond the conceptual stage.
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