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ABSTRACT. The assoc~atlon of larval polychaetes with manne snow was investigated ( l )  w ~ t h  SCUBA 
to sample marine snow In the f ~ e l d  and (2)  in laboratory experiments. The field sampling took place in 
the Atlantic Ocean off Charleston, South Carolina, USA 13 sample dates) and in the Pacific Ocean at 2 
locations around the San Juan Islands, Washington, US:\ (7 sample dates).  On all of the sample dates 
marine snow was present and abundant ( r m g e  1 to 63 agg.  I - ' ) .  Larval polychaetes were  signif~cantly 
concentrated on aggregates on 7 of the 10 sample dates. Larval polychaetes from 12 families \yere pre- 
sent in the plankton samples of which 10 families were found associated with aggregates. On average. 
16% (SD = 22%) of all larval polychaetes were  on aggregates. Precompetent and competent larval 
polychaetes made up 84 and 16% respectively of the larval polychaetes in the plankton. O n  average 
20% of all precompetent polychaete larvae were on aggregates. In contrast, competent polychaete lar- 
vae were strongly associated with aggregates with 80":) of the competent larval polychaetes on aggre- 
gates. Laboratory experiments using 4 polychaete species and laboratory-made marine snow also 
found that larval polychaetes were concentrated on aggregates In d vel tical flume, observations were  
made on the behavior of larval polychaetes following contact with aggregates.  Upon contacting manne  
snow, larval polychaetes crawled into or over the surface of aggregates for several minutes before 
swimming away. Thesc field and laboratory observations suggest that a precompetent polychaete larva 
m ~ g h t  spend about 5 h d.! vlsiting aggregates and that during a day ~t may vis~t  about 90 aggregates. 
C0mpeten.t larval polychaetes may spend > l 9  h d.' on aggregates. Polychaete larvae visiting or resid- 
ing on aggregates may be feedlng on the aggregate microbial community. Further, the vertical flux 
and,  perhaps, benthic deposition of larvae residing in aggregates is due  to the sinking of the marine 
snow. Clearly, marine snow is a n  important component of the environment for many types of poly- 
chaete ldrvae and adaptations to life In aggregates nld): have played a role in the evolution of poly- 
chaete larval traits. 
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INTRODUCTION 

In a liter of fresh- or seawater the planktonic organ- 
isms are generally assumed to be randomly distributed 
in space; that is, we assume that biological or physical 
structure in these environments do not impose fine 
scale order on the distribution of organisms. This tradi- 
tional view of the planktonic world is perhaps an  arti- 
fact of the sampling techniques researchers have 
historically used. Plankton are collected with water 

sampling bottles which 'gra'b' a volume of water, or 
with plankton nets which filter a larger volume of 
water and concentrate the trapped organisms into a 
collection bucket. Consequently, any fine scale biolog- 
ical or physical structure in the environment is 
destroyed during sampling; the sampling technique 
dictates the world view of the biologist. 

Shortly after people began to enter the pelagic realm 
in submersibles (Tsulita 1952, Suzuki & Kato 1953) or 
as divers (Hamner et al. 1975) it became apparent that 
plankton are not necessarily randomly distributed in 
the water column. For example, using SCUBA, Omori 
& Hamner (1982) observed dense aggregations of a 
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variety of zooplanktors, aggregations which were 100 
to 1000 times more concentrated than the average pop- 
ulation density as indicated by a plankton tow. Further, 
in all marine and freshwater environments in which 
researchers have looked, they have found macroscopic 
aggregations of detritus and microbes (e.g. marine 
snow, lake snow or aggregates), which provide a struc- 
tured benthic-like micro-habitat in the water column 
(Alldredge & Silver 1988, Kiarboe et al. 1990, Grossart 
& Simon 1993, Kiarboe 1996). The concentrations of 
detritus and microbes within aggregates are generally 
much higher than concentrations in the surrounding 
aggregate-free water (Alldredge & Silver 1988). 

Marine snow is not only ubiquitous in the ocean and 
has been observed in at least 1 lake, it is often quite 
abundant. In estuarine waters concentrations of 
marine snow can be > l00  1-' (Wells & Shanks 1987), 
whi1.e in coastal waters concentrations are usually 
around 1 to 10 I-' (Alldredge & Silver 1988). In Lake 
Constance (Germany) aggregate concentrations were 
generally on the order of 10 I-' (Grossart & Simon 
1993). In the ocean, many benthic invertebrates pro- 
duce larvae which spend days tn month< in the  p!ank- 
ton. Given the abundance of marine snow it seems 
inevitable that the larvae of benthic invertebrates will 
contact aggregates. What happens when a larva con- 
tacts an aggregate? Do larvae swim away following 
contact or do they remain with the aggregate exploit- 
ing it as a food source or habitat? 

Shanks & Edmondson (1990) made the first observa- 
tions on the association of meroplankton with aggre- 
gates. They made observations on 4 dates at Cape 
Lookout Bight, North Carolina, USA. They found that 
9 and 74 % respectively of the precompetent and com- 
petent larval polychaetes were associated with aggre- 
gates. On average 80% of the vertical flux of compe- 
tent larvae through the water column was due to 
larvae associated with aggregates. In a later study, 
Bochdansky & Herndl (1992) found larval polychaetes 
associated with aggregates sampled in the northern 
Adriatic Sea. Their observations further suggested that 
larval polychaetes may have been feeding on the detri- 
tus and microbes in aggregates. Most recently, Green 
& Dagg (1997) found larval polychaetes to be associ- 
ated with marine snow collected in the Gulf of Mexico. 

In this study we further investigate the association of 
larval polychaetes with marine snow. The previous 
studies took place in 3 locations and one might assume 
that the association of larval polychaetes with aggre- 
gates is a phenomena peculiar to these locations. By 
sampling additional locations and in a new ocean, we 
greatly expanded the conditions under which one can 
expect to find polychaete larvae associated with 
marine snow. The number of aggregates collected per 
sample was larger in this study than in the previous 

studies. This allowed for a more detailed analysis of the 
taxonomic composition of the larvae in aggregates and 
their relative sta.ge of development. 

METHODS 

Field sampling. Field sampling of marine snow took 
place in the waters of the Atlantic and the Pacific 
Oceans. Samples were collected on 3 dates between 
August and November of 1991 in the Atlantic Ocean 
approximately 3 km offshore of Charleston, South Car- 
olina, USA (31°43'N, 78O43'W). In the Pacific Ocean 
samples were collected on 5 dates between July and 
August 1992 in Parks Bay, Shaw Island (48"33'N, 
122" 59' W), and on 2 dates in August 1992 in West 
Sound, Orcas Island (48" 37' N, 122'58' W). Shaw and 
Orcas Islands are located in the San Juan Islands, 
Washing ion, USA. 

From 4 to 6 replicate marine snow samples contain- 
ing 30 to 200 aggregates > l  mm in longest dimension 
were collected from between 3 and 5 m depth by 
SCUSA divcrs using the teclinique ul' Shanks & 

Edmondson (1 990). Aggregates were drawn into a 1 m1 
sampling syringe and transferred via a connected 
T-valve into a 50 m1 reservoir syringe. With this sam- 
pling technique 100 aggregates can be concentrated in 
<25 m1 of water. In the collection procedure, the sam- 
pling syringe was mounted on a frame with an  under- 
water flashlight to aid visualization of the aggregates. 
The beam from the flashlight illuminated the water in 
front of the intake for the sample syringe. Due to the 
light reflected off of the aggregates, even the clear 
mucus matrix of the marine snow was visible. The 
diver swam to the up-current end of their tether and 
sampled as the current carried them to the down- 
stream end of their tether. Sampling was haphazard; 
the diver sampled aggregates in sequence as they 
passed through the beam of the flashlight. 

On  20 August 1992 in West Sound it appeared to the 
divers that there were 2 size classes of aggregates. Small 
aggregates tended to be between 1 and 5 cm in longest 
dimension and large aggregates were > 10 cm in longest 
dunension (see Table 2). Divers collected separate repli- 
cate samples of 'small' (100 aggregates sample-') and 
'large' (30 aggregates sample-') aggregates. 

Plankton samples (i.e. marine snow and the water 
surrounding marine snow) were collected in the 
Atlantic Ocean sam.ples using a submersible bilge 
pump. Water (37.5 1) was pumped from the depth at 
which the marine snow was sampled and filtered 
through a 53 pm mesh plankton net. In the Pac~fic 
Ocean plankton samples were collected with a 25 cm 
diameter 53 pm mesh plankton net. The net was towed 
vertically from 6 m to the surface (approximately 300 1 
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filtered). All samples were stained with Rose Bengal 
and preserved in 3 % Formalin. 

The size and concentration of marine snow was 
determined using the photographic technique devel- 
oped by Honjo et al. (1984). About 30 photographs of a 
13.2 X 9.2 X 5 cm volume of water (0.607 1) were taken 
at depths between 3 and 5 m. Photographs were taken 
at random using the following procedure Divers 
adjusted their buoyancy to become neutrally buoyant, 
closed their eyes, drifted with the current for 15 s (the 
time needed to recharge the strobes), and then took a 
photograph. The process was repeated until the entire 
role of film had been exposed. Photographs were pro- 
jected ( 1 1 . 5 ~  the image size) onto a digitizing pad and 
the dimensions of all aggregates greater than 1 mm 
(the size of the smallest aggregates collected by divers) 
were determined. The volume of ellipsoidal aggre- 
gates was calculated from the diameter assuming a 
spherical shape. The volume of long aggregates was 
calculated from long and short axes measurements 
assuming a cylindrical shape. In each photograph the 
number of aggregates > l  mm in any dimension was 
determined and used to calculate the concentration of 
aggregates (i.e. number 1.'). 

Polychaetes in marine snow and plankton samples 
were enumerated at 400x under white light using a 
compound microscope. Except for the large marine 
snow samples collected on 20 August the entire aggi-e- 
gate sample was enumerated The large aggregate 
samples from 20 August and the plankton samples 
were aliquoted prior to microscopic examination using 
a Stempel pipette (Omori & Ikeda 1984). Samples or 
aliquots from samples were placed in 15 in1 centrifuge 
tubes and spun for 5 min on a hand-crank centrifuge. 
Sedimented animals were removed from the tube with 
a Pasteur pipette and placed in a Sedgwlck Rafter cell. 

Polychaete larvae from 11 of the 12 families enumer- 
ated were classified as precompetent or competent 
depending on the number of setigers present. Because 
larvae in the family Arenicolidae were in tubes, it was 
impossible to count the number of setigers, hence, the 
relative competency of these larvae was not deter- 
mined. Larvae belonging to the family Eunicidae were 
considered competent regardless of setiger number 
since these larvae are not considered to have a plank- 
tonic stage from which they must settle to the benthos 
(Thoi-son 1946). The number of setigers present at 
competency for each family was based on the literature 
and where a range of values were found for the num- 
ber of setigers present at competency, an  intermediate 
number was chosen (see Table 1).  

Laboratory experiments. Four species of poly- 
chaetes were collected for laboratory experiments: 
Nereis succinea, Arenicola cristata, Autolytus sp., and 
Serpula vern~~cularis. N. succjnea and A. cristata were 

Table 1 Estimated mlnlmum numbel- of setigel-S present at 
competency In larvae from 10 of the 12 polychaete families 

sampled d u r ~ n g  t h ~ s  study 

Glyccr~dae  
Magclonldae 
Nephtyidae 
Nereidae 
Onuphidae 
Phyllodoc~dae 
Sabellarndae 
Serpulidae 
Spionidae 
Terebellidde 

Setigers at 
competency 

Source 

Thorson (1946) 
Thorson (1 946) 
Rasmussen (1973) 
Sti-athmann (1987) 
Bhaud & Cazaux (1987) 
Strathmann (1987) 
Bhaud & Cazaux (1987) 
Strathmann (1987) 
Rasmussen (1973) 
Thorson (1946) 

collected in Chaileston, South Carolina Ripe N suc- 
cinea adults were collected during 2 epitokous swarm- 
ing events whlch took place on 12 and 24 April 1993 
in the boat slip at the South Carolina Marine Re- 
sources Research Institute, Charleston, South Carolina 
(31" 43 N, 78" 43 W) A cristata egg masses were col- 
lected at Bull Island, South Carolina (33 '5N,  
79" 27 W) on 16 May 1992 Brooding Autolytus sp  
wele collected between 16 July and 12 August 1992 at 
night from the Fiiday Harbor Laboratories (Univeisity 
of Washington Friday Haibor Washington, USA) 
dock Ripe S vermicularis adults were collected from 
Argyle Creek, San Juan Island, Washington during 
August 1992 and May 1993 

Standard techniques (Strathmann 1987) were used to 
spawn Nerels succinea and Serpula vermiculans and 
inaintain their larvae in the laboratory N succjnea 
larvae were used in laboratory experiments at 48 h 
(3 setigerous body segments) and 96 h ( > 3  setigerous 
body segments) after fertilization S vermicularis lar- 
vae Tvere used in laboratory expeiiments approximately 
16 and 30 d after fertlhzation The gelatinous egg masses 
of Aren~cola cristata were held in the laboratory at 24OC 
in aerated plastic tubs filled with 1 pm filtered seawatei 
The non-feeding larvae were used in laboratory exper- 
iments within 24 h after hatching from the egg masses 
(4 setigers) Brooding Autolytus sp adults were main- 
tamed in iunning seawater tables and their non-feeding, 
crawl-away larvae were used in expenments within 24 h 
after emerging f i  om the brood sac 

Artificial marine snow was made in the laboratory 
using the roller table technique of Shanks & Edmond- 
son (1990) Unfiltered seawater was added to 1 1 (14 cm 
diam X 6 5 cm deep) cylindiical Plexiglas tanks These 
tanks were rotated on the roller table at approximdtely 
15 rpm Aggregates formed within 1 5 h All experl- 
inents were run at the same temperature at which the 
larvae had been raised 
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Initial experiments using Arenicola cristata and 
Autolytus sp. larvae Indicated that there was not a sig- 
nificant difference in the degree of association of these 
larvae with aggregates if they were added to the tanks 
before or after the formation of aggregates. The 
remaining laboratory experiments were all conducted 
by adding the larvae to the roller table tanks prior to 
the formation of aggregates. An average of 40 larvae 
were added to each tank. The tanks were placed on 
the roller table and rotated for 8 to 12 h.  

At the end of each experiment, black and white pho- 
tographs were taken through the face of each of the 
still-rotating tanks. The photograph was captured to a 
video monitor and uslng an image analysis program 
the number and diameter of marine snow in each tank 
was then determined. The volume of aggregates was 
calculated assuming they were spheres. 

Immediately following the photography, each tank 
was sampled while still rotating on the roller table. As 
many macroscopic aggregates as possible were re- 
moved from each tank with a syringe. The syringe 
needle was inserted through the serum cap tank stop- 
per. The organisms remaining in the tank a f te r  t h e  
removal of the marine snow were captured by filtering 
the water through a 25 pm mesh sieve. The laboratory 
plankton samples were stained with Rose Bengal and 
preserved in 3 O/o Formalin. The number and identity of 
the organisms in these samples were determined using 
the techniques outlined above for the processing of the 
field samples. 

Behavioral observations. Observations of the 
response of polychaete larvae to marine snow were 
made in a vertical flume which was designed to sus- 
pend marine snow so that observations could be made 
through a dissecting microscope. The vertical flume 
consisted of a Plexiglas tank 7 X 15 X 5 cm. Water 
entered the tank from the bottom and passed through 
a baffle before entering the working section of the 
flume. Water exited at the top of the tank through a 
ring of tiny holes. An adjustable peristaltic pump was 
used to circulate the water through the tank. A surge 
damper was placed between the pump and the tank 
intake that removed most of the surging motion of the 
flow generated by the peristaltic pump. 

Observations were made with a dissecting micro- 
scope mounted horizontally in front of the tank. The 
flume was mounted on a, scissors jack which allowed 
the adjustment of the vertical position of objects in the 
tank relative to the microscope. The horizontal posi- 
tioning and focusing of the microscope was achieved 
by mountlng the microscope on a pair of linear mot~on 
ball bearing slides. The linear motion slides were 
mounted perpendicular to each other thus allowing 
smooth horizontal motion and focusing of the rnicro- 
scope. Lighting was provided by a fiber optic lamp 

with a red filter over the output lens. With this system 
an aggregate and associated organisms could be 
observed for many minutes through the dissecting 
microscope. 

Polychaete larvae collected from the field with a 
53 pm plankton net were placed in the vertical flume 
along with aggregates made in the laboratory on the 
roller table. Aggregates were no more than 24 h old 
and were transferred from the roller table tanks to the 
vertical flume with a wide bore (1 cm) pipette. An 
aggregate was selected from those present in the mid- 
dle of the vertical flume and this aggregate was 
observed for as long as possible. Aggregates would 
eventually migrate sideways across the tank until they 
entered the boundary layer next to one of the side 
walls at which point they would sink to the bottom of 
the tank in the reduced flow field of the boundary 
layer. While an aggregate was under observation all of 
the responses of organisnls upon contacting an aggre- 
gate were noted. Approximately 12 h of observations 
were made during this study. 

RESULTS 

Field sampling 

Marlne snow was present and abundant on every 
dive. Aggregates were most numerous though small in 
the Atlantic samples collected off Charleston, South 
Carolina (Table 2) .  Aggregate volume varied over a 
wide range. The smallest aggregates (4 October 1991, 
Table 2) were only 0.0004 m1 in volume, while the 
largest had an average volume of almost 36 m1 (20 Au- 
gust 1992 large, Table 2); aggregate volume spanned 
5 orders of magnitude. Although aggregates were pre- 
sent and abundant everywhere they made up only a 
tiny portion of the water column (Table 2). At most they 
made up only 0.5 0in of the water by volume (small plus 
large aggregates on 20 August 1992, Table 2). 

Larval polychaetes were caught in marine snow sam- 
ples on all dives (Table 3). If larval polychaetes are sig- 
nificantly associated with aggregates then the concen- 
tration of larvae in the aggregate samples must be 
significantly higher than the concentration of larvae in 
the plankton tow samples. On 4 October 1991 in the At- 
lantic and 28 July 1992 and 31 July 1992 in the Paclfic, 
the concentration of larvae in the aggregate samples 
was not significantly different from that in the plankton 
tows (Mann-Whitney U-test, p > 0.05); larvae were not 
clearly associated with aggregates on these dates. On 
all other dates there were significantly higher concen- 
trations of larvae in aggregates than in the plankton 
samples (Mann-Whitney U-test, p > 0.05); larval poly- 
chaetes were strongly associated with aggregates. 
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Although larval polychaetes were usually signifi- 
cantly more concentrated in aggregates, they were 
generally rare components of the community of organ- 
isms on aggregates. Excluding the large aggregates 
sampled on 20 August 1992, there was on average only 
about 5 polychaete larvae per 100 aggregates or only 
0.05 larvae aggregate-' (Table 3).  Larval polychaetes 
were much more abundant on aggl-egates in West 
Sound. Here in the small aggregates sampled on 
20 August 1992 and the aggregates sampled on 
27 August 1992 we found 17.75 and 8.83 polychaete 

larvae per 100 aggregates respectively (Table 3 ) .  In the 
large aggregates sampled on 20 August 1992 there 
were 3.3 larvae in each aggregate (Table 3 ) .  

Knowing the number of larvae aggregate-' (Table 3 )  
and the number of aggregates 1-' (Table 2) we calcu- 
lated the number of larvae m-3 which were on aggre- 
gates (Table 3 ) .  To determine the concentration of 
larvae in the water surrounding the aggregates we 
subtracted the concentration of larvae on aggregates 
from the total concentration of larvae as  determined 
from the plankton tows or pump samples. Lastly, using 

Table 2. Phys~cal characteristics of marine snow sampled in the Atlantic and Pac~fic Oceans. Values are  means and  SDs are  given 
in parentheses 

Date Length (mm) Dlameter (mm) Volume (m]) No.  I - '  ";I Conc. of agg.  by vol. 

Atlantic. Charleston 
30 Aug 1991 2.01 (2.38) 0.58 (0.55) 0.0013 (0.0058) 62.82 (48.29) 0.008 
4 Oct 1991 1.68 (1.34) 0.50 (0.28) 0.0004 (0.004) 13.48 (9.98) 0.006 
1 Nov 1991 1.55 (1.47) 0.60 (0.33) 0.0007 (0.0018) 53.13 (19.66) 0.004 

Pacific, Parks Bay 
22 Jul 1992 5.18 (8.79) 0 72 (0.77) 0.0181 (0 613) 4.70 (1.81) 0.009 
28 Jul 1992 2.26 (1.98) 0 44 (0.17) 0.0005 (0 0009) 8.71 (4.01) 0.0004 
31 Ju1 1992 1.43 (0.92) 0 82 (0.22) 0.0009 (0 0009) 11.04 (4.66) 0.001 
3 Aug 1992 3.81 (5.84) 1 2 2  (0.84) 0.0120 (0  026.5) 3.29 (2.55) 0 004 
6 Aug 1992 6.15 (10.78) 0 96 (0 56) 0.01 12 (0 382) 3.29 (2.77) 0 004 

Pacific, West Sound 
20 Aug 1992, small 55.46 (68.28) 5.27 (6.57) 1.295 (3.772) 1.01 (1.08) 0.131 
20 Aug 1992, large 156.75 (20.15) 17.10 (0.00) 35.981 (4.626) 0.1 1 (0.44) 0.396 
27 Aug 1992 51.60 (58.37) 3.22 (2.94) 1.135 (4.084) 2.14 (1.68) 0.243 

Average o\.cr all dates 0.08 (0.16. n = 10) 

Table 3. Overdll abundance of larval polychaetes on marlne snow aggregates,  numbers of larvae m-3 residing on aggregates and 
in the aggregate-free surrounding waters, and the percent of the polychaete larvae which were associated w ~ t h  aggregates. Val- 
ues are  means with SDs and number of replicates in parentheses. nc: the concentration of larvae in the aggregate samples was 
not significantly different from the concentration in the plankton samples, no further calculations were made Calculations of 
overall average were made assuming the percentages of larvae in aggregates on  4 Oct 1991, 28 Oct 1992, and 31 Jul 1992 were 

0 and summing the percentage for small and large aggregates for 20 Aug 1992 

Date No. per 100 agg. No. m " in agg. No. m-' in surr. water 

Atlantic, Charleston 
30 Aug 1991 
4 Oct 1991 
1 Nov 1991 

Pacific, Parks Bay 
22 Jul 1992 
28 Jul 1992 
31 Jul 1992 
3 Aug 1992 
6 Aug 1992 

Pacific, West Sound 
20 Aug 1992, small 
20 Aug 1992, large 
27 Aug 1992 

%, of total in agg.  
- - 

Average over all dates 
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these values we determined the percentage of the lar- 
vae in the water column which were on aggregates 
(Table 3).  Note that these calculations were not applied 
to the data from 4 October 1991, 28 July 1992 or 31 July 
1992 when there were not significantly higher concen- 
trations of larvae in the aggregate samples (as 
described above) 

The total number of larval worms ranged from a low 
of only 409 m-3 on 27 August 1992 (no. m-3 in agg. plus 
no. m-"n surr., Table 3) to a high of 6721 m-3 on 
30 August 1991. Larval polychaetes in aggregates 
ranged from only 16 on 28 July 1992 to a high of 
1179 m-%n 30 August 1991. The lowest concentra- 

Table 4. Percentage of precompetent and competent larval 
polychaetes in the plankton samples and associated with 
aggregates on those days when there was a significant differ- 
ence between the concentrat~on of larvae on the aggregate 
and plankton samples. For 20 Aug 1991 the results from the 

small and large aggregates have been combined 

1 Date Percentage in Percentage of larvae 

I 
plankiul~ associated with agg. 

Precomp. Comp. Precomp. Camp. 

30 Aug 1991 
1 Nov 1991 
22 Jul 1992 
3 Aug 1992 
6 Aug 1992 
20 Aug 1992 
27 Aug 1992 

Mean L SD 

Table 5. Percentage of precompetent and competent larvae 
from the 12 polychaete families observed during the study 
which were associated with aggregates. Values are means. In 
parentheses for each mean is the SD (-: not calculated 
because n = 1) and the ratio of the number of days when 
aggregates contained this family and stage to the total num- 
ber of days when this family and stage were observed in the 

plankton pump or net samples 

Family Percentage of larvae on aggregates 
Precompeten t Competent 

Arenicolidae - l00 (-, 1/11 
Eunicidae - 49 (17, 5/81 
Glyceridae 33 (3, 1/3) 67 (33, 2/31 
Magelonidae 0 (-,O/l) - 
Nephtyidae l00 (0, 5/5) 100 (0, 3/3) 
Nereidae 13 (12, 2/8) 40 (24, 2/51 
Onuphidae 16 (12, 4/8) 44 (20, 4/71 
Phyllodocidae 17 (12, 5/81 67 (21, 4/61 
Sa bellaridae 23 (12. 5/8) 50 (29, 2/4) 
Serpulidae 0 (0. 012) 0 (0, 0/2) 
Spionidae 16 (12, 7/8) 23 (15, 3/7) 
Terebellidae 60 (24, 3/41 50 (-, 111) 

tions of larvae associated with aggregates were found 
in Parks Bay and the highest in the Atlantic samples 
(Table 3). 

A better gauge of the degree of association of larvae 
polychaetes with aggregates is provided by the per- 
centage of the larval polychaete population found on 
aggregates (Table 3). The percent of the larval poly- 
chaetes on aggregates ranged from around 0 (4 Octo- 
ber 1991, 28 July 1992 and 31 July 1992) to a high of 
70% on 1 November 1991. Overall 16% of the 1.arval 
polychaetes were caught on aggregates (Table 3). 

The lowest percentages were found in the samples 
from Parks Bay and the highest in the samples col- 
lected from the Atlantic and West Sound (Table 3). 
There was no relationship between the percentage of 
larval polychaetes associated with aggregates and the 
size of the aggregates, concentration of aggregates, or 
the percentage of the water volume made up of aggre- 
gates (Tables 2 & 3). The variation in the degree of 
association of larval polychaetes with aggregates was 
apparently due to some unmeasured variation in the 
quality of aggregates. 

Comparing the pcrccntage of :he water colilnlri 
made up of aggregates (on average 0.08 %, Table 2) to 
the percentage of the polychaetes in aggregates (on 
average 16%, Table 3) it is obvious that larval poly- 
chaetes were highly concentrated in marine snow. 
These values suggest that larval polychaetes were on 
the order of 200 times more concentrated on aggre- 
gates than in an equal volume of the aggregate-free 
surrounding water. 

We compared the percentage of precompetent and 
competent larvae in the plankton samples to the per- 
centage of larvae in the water column which were 
associated with aggregates (Table 4). Precompetent 
larvae made up an average of 84 % (SD = 13 %) of the 
larval polychaetes in the plankton sample. On average 
20% (SD = 15%) of these precompetent larval poly- 
chaetes were on aggregates (Table 4). The distribution 
of competent larval polychaetes was quite different. 
On average competent larval polychaetes made up 
only 16% (SD = 13 %) of the larval polychaetes in the 
plankton, but, of these individuals, 80% (SD = 14%) 
were residing on aggregates. 

Twelve families of polychaetes were present in 
plankton samples of which 10 were found In th.e aggre- 
gates samples (Table 5). The 2 families which were not 
found in aggregates, Magelonidae and Serpulidae, 
were only present in the plankton samples on 1 and 2 d 
respectively. All of the Nephtyidae, precompetent and 
competent larvae, were associated with aggregates. In 
general, across the 10 polychaete families found on 
aggregates, there was a lower percentage of the prec- 
ompetent larvae than competent larvae associated 
with marine snow (Table 5).  
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Table 6. Results of laboratory experiments aggregate physical charactenstics (size, volume, and no aggregates l - ' )  and degree 
of association of larvae with aggregates (no. of larvae per 100 aggregates and ' X )  of larvae on aggregates).  Values a r e  means with 
the SD and number of replicates in parentheses. nc: concentration of larvae in the aggregate samples was not significantly dif- 

ferent from the concentration in the plankton samples; no further calculations were  made 

Date Agg diameter (mm) Agg. vol. (ml) No agg .  I - '  

Arenicolidae, Arenicola crisiata 
18 May 1992 4.4 (0.4, 12) 

Syllidae, Autolyfus sp. 
23 Jul 1992 4.7 (0.4, 8)  
29 Jul 1992 4.7 (0.3, 6) 
5 Aug 1992 4.4 (0.3, 6) 
13 Aug 1992 4.7 (0.5, 6) 

Serpulidae, Serpulia vermicularis 
27 Aug 1992, 16 d old 4.7 (0.5, 6) 
18 Aug 1993, 30 d old 4.3 (0.6,  6) 

Nereidae. Nereis succinea 
13 Apr 1993, 2 d old 3.9 (0.3, 6) 
14 .Apr 1993, 2 d old 4.4 (0.4, 6) 
28 Apr 1993, 4 d old 4.5 (0.6, 6) 
29 Apr 1993, 4 d old 4.6 (0.2, 6) 

No. per 100 agg '3, of larvae on agg.  

Laboratory experiments 

In laboratory experiments (Table 6) ,  21 Arenicola 
cristata larvae were found per 100 laboratory-made 
aggregates. On average 39'% of the A. cristata larvae 
in the tanks were associated with aggregates. Four 
laboratory experiments using Autolytus sp.  larvae 
were carried out in 1992 (Table 6). In 3 of the 4 experi- 
ments Autolytus sp. were significantly concentrated in 
the aggregate samples (Mann-Whitney U-test, p < 
0.05) and between 6 and 15"<, of the larvae were in 
aggregates. In the laboratory, experiments were per- 
formed using precompetent (16 d old) and competent 
(30 d old) larvae of Serpulia vermicularis (Table 6 ) .  
Precompetent S. vermicularis larvae were not signifi- 
cantly concentrated on aggregates (Ivlann-Whitney U- 
test, p < 0.05) while the competent larvae were (Mann- 
Whitney U-test, p 0.05) and,  in the later case, 83 "/o of 
the larvae were associated with aggregates. In the lab- 
oratory both 2 and 4 d old larvae of Nereis succinea 
were significantly concentrated (Mann-Whitney U- 
test, p < 0.05) on aggregates (Table 6). The percentage 
of N. succinea on aggregates ranged from 6 to 31 % 
with no significant difference in the degree of associa- 
tion with aggregates between the different aged lar- 
vae (l-way ANOVA, p < 0.05). 

teractions were observed (8 spionids, 1 sabellarid and 
2 nereids). In each case the response was similar. Upon 
contacting the aggregate, the larvae stopped swimming 
and began crawling over the external surface of the ag- 
gregate or entered and crawled about inside. This is in 
marked contrast to the behavior of other plankters upon 
contacting aggregates. For example, adult calanoid 
copepods upon contacting aggregates simply bumped 
the aggregate and then jumped away (authors' pers. 
obs.). The polychaete larvae remained on the aggregate 
for on average 2 5 1.5 min after which they left the ag- 
gregate and swam off into the surrounding water or the 
aggregate was lost to view. .4ll but 1 of the observations 
was made on precompetent larvae. The behavior of the 
1 competent spionid observed was not obviously dif- 
ferent from that of the precompetent larvae. It re- 
mained on the aggregate for 5 min before the aggre- 
gate was lost from view. Larvae did not obviously 
change course to approach aggregates, rather larvae 
which visited aggregares appeared to simply bump into 
them; at least in the vertical flume, larval polychaetes 
were not obviously attracted to aggregates. The con- 
clusions to be drawn from these observations are: 
( l)  larvae were not passively entangled in aggregates, 
rather the association was due to the activity of the lar- 
vae; and (2) larvae appeared to visit aggregates; re- 
maining for several minutes and then swimming away. 

Behavior observations 
DISCUSSION 

Using the vertical flume approximately 12 h of ob- 
servations were made on the behavior of polychaete 
larvae upon contacting marine snow. A total of 11 in- 

Marine snow was present on all 10 sample dates and 
on 8 of those dates larval polychaetes were signifi- 
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carltly concentrated in aggregates. Despite the fact 
that aggregates accounted for only a tiny portion of the 
water column by volume (on average only 0.08%, 
Table 2) 16%) of all larval polychaetes in the water col- 
umn were associated with aggregates. Larval poly- 
chaetes were highly concentrated on aggregates. If the 
larval polychaetes are separated into precompetent 
and competent stages the association with marine 
snow becomes even more striking. Precompetent lar- 
val polychaetes made up an average of 84 % of the 
polychaete larvae in the water column and of these lar- 
vae 20 % were associated with aggregates (Table 4).  In 
contrast, competent larval polychaetes made up only 
16 % of the polychaete larvae, but 80 % of them were 
on aggregates. Larval polychaetes were not randomly 
distributed In the water column. They tended to be 
highly concentrated in a tiny volume of the water col- 
umn, the marine snow. 

We limited the field sampling to aggregates larger 
than 1 mm in diameter. At all study sites numerous 
aggregates smaller than 1 mm were present. During 
the observations of larvae in the vertical flume we saw 
larval polychaetes associste with 2ggregates sma!!c: 
than 1 mm. It is quite likely that polychaete larvae 
associate with aggregates c1 mm in diameter in the 
field. If this is indeed the case then we have underesti- 
mated the actual degree of association of larval poly- 
chaetes with aggregates. 

Polychaete larvae, especially competent larval 
stages were strongly associated with marine snow. 
This conclusion is similar to that found in 3 previous 
studles (Shanks & Edmondson 1990, Bochdansky & 
Herndl 1992, Green & Dagg 1997). Shanks & 
Edmondson (1990) found that on average 9 and 74 % 

of the precompetent and competent larval polychaetes 
respectively were concentrated on aggregates. Boch- 
dansky & Herndl (1992) found that in the northern 
Adriatic Sea larval polychaetes, especially spionid 
nectochaetes, were strongly associated with aggre- 
gates. Green & Dagg (1997) found from 7 to 36% of 
the larval polychaetes (all stages) were on aggregates 
collected in the Gulf of Mexico. To date, the associa- 
tion of larval polychaetes with marine snow has been 
investigated at 2 locations in the Atlantic Ocean along 
the east coast of North America, at 2 coastal sites in 
the Eastern North Pacific, at a coastal site in the 
northern Adriatic Sea, and in the northern Gulf of 
Mexico (Shanks & Edmondson 1990, Bochdansky & 
Herndl 1992, Green & Dagg 1997, this study). Glven 
the similarity of the conclusions drawn by these stud- 
ies and the broad geographic range of the study sites 
it seems safe to conclude that in temperate coastal 
waters larval polychaetes, particularly competent lar- 
vae or nectochaetes, are strongly associated with 
aggregates. 

Sampling in the 3 previous s tud~es  (Shanks & 
Edmondson 1990, Bochdansky & Herndl 1992, Green 
& Dagg 1997) was not as extensive as that carried out 
for this study. Hence, the lists of polychaete families 
encountered on aggregates in these previous studies 
are not as extensive as that reported here (Table 5) .  
Shanks & Edmondson (1990) and Bochdansky & 
Herndl (1992) found larvae from the families 
(1) Magelonidae, Spionidae, and Nephtyidae and 
(2) Spionidae, Nereidae, and Disomidae respectively 
on aggregates. Green & Dagg (1997) dld not identify 
larval polychaetes to famlly. In the field samples, we 
found 10 families associated with aggregates (Table 5) 
including Spionidae, Nephtyidae, and Nereidae which 
had previously been observed on aggregates. We did 
not find Iarvae from the family Disomidae in any of the 
plankton samples, and Magelonidae was only present 
on 1 sample date, at very low numbers, and their lar- 
vae were not found in aggregates. In addition, the lab- 
oratory experiments suggest that larvae from the fami- 
lies Syllidae and Serpulidae may also at times be 
associated with aggregates. These results indicate that 
a wide diversity of poiyciidetes dssociate with aggre- 
gates and that some families at least (e.g. Spionidae, 
Nephtyidae, and Nereidae) are regular components of 
the metazoan community on aggregates. 

The observations In the vertical flume indicate that 
the association of larval polychaetes is an active one. 
They do not simply become entangled with marine 
snow and then are unable to leave. Rather, larvae 
swimming free in the water, upon contacting an aggre- 
gate, stopped swimming and began to glide over the 
surface or through the interior of the aggregate. After 
several minutes of crawling about an aggregate larvae 
were observed to break contact and swim off into the 
surrounding water. From these observations we can 
conclude that the association of larval polych.aetes with 
aggregates is active and, tentatively, that larvae may 
not reside on aggregates for long penods, but rather 
they visit aggregates for several minutes at a time. 

On average 20 and 80%) of the precompetent and 
competent larval polychaetes respectively were on 
aggregates (Table 4).  If we assume that larval poly- 
chaetes visit rather than reside on aggregates then 
these percentages can be used to estimate the average 
amount of time the larvae spend on aggregates. These 
estimations suggest that precompetent and competent 
larval polychaetes spend around 5 and 19 h d-l respec- 
tively on aggregates. The observations in the vertlcal 
flume suggest that each visit might be around 2 min 
long. Assuming that each visit is of this duration then 
precompetent and competent larvae are able to visit 
about 140 and 580 aggregates d- '  respectively. These 
are, obviously, very crude estimates, but they do give a 
rough idea of the amount of contact polychaete larvae 
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might have with marine snow. The large amount of 
time larvae may be spending on aggregates and the 
number of aggregates they may visit during a day give 
some idea of the role marine snow might be playing in 
the lives of larval polychaetes. 

Why might larval polychaetes visit marine snow? 
The most likely explanation is that they are feeding on 
the concentration of detritus and microbes which are 
characteristic components of marine snow (Alldredge 
& Silver 1988). Microbial populations on aggregates 
are generally at  least 10 times more concentrated in 
aggregates than in the surrounding water and at times 
they are 1000 times more concentrated (Silver et al. 
1978, Caron et al. 1983, Alldredge & Youngbluth 1985, 
Beers et  al. 1986, Davoll & Silver 1986, Alldredge & 
Silver 1988). The high concentrations of microbes in 
aggregates has suggested to a number of investigators 
that aggregates may be a food resource exploited by 
marine organisms. Several studies have provided evi- 
dence suggesting that this may be  the case (Alldredge 
1976, Silver et  al. 1978, Lampitt 1985, Suh et al. 1991, 
Larson & Shanks 1996). 

Bochdansky & Herndl (1992) during the microscopic 
examination of unpreserved marine snow samples 
observed spionid polychaete larvae feeding on the 
particulate matrix of marine snow. Preliminary experi- 
ments in our laboratory also suggest that polychaete 
larvae are  feeding on the particulate matrix of aggre- 
gates (A.L.S. unpubl. data). Using the techniques of 
Larson & Shanks (1996) we incorporated 1 pm fluores- 
cent beads into marine snow. Using this technique 
more than 90% of the beads become bound to marine 
snow. All of the polychaete larvae exposed for several 
hours in roller tanks to laboratory-made marine snow 
which had been 'tagged' with fluorescent beads con- 
tained fluorescent beads and produced fecal pellets 
packed with beads. In contrast, larvae maintained 
under the same conditions except that a rotating mag- 
netic stir bar in the roller tank prevented the formation 
of aggregates contained few beads in either their guts 
or fecal pellets. These observations suggest that poly- 
chaete larvae visiting aggregates feed on the aggre- 
gate-bound detritus and microbes. 

The available evidence on feeding of polychaete lar- 
vae on aggregates coupled with the observed strong 
association with aggregates suggests that feeding on 
marine snow may be an  important component of the 
diet of larval polychaetes. Does variation in the abun- 
dance of marine snow or the composition and concen- 
tration of the microbial population on aggregates 
affect the nutrltlon and survival of polychaete larvae? 
For example, the aggregates sampled in Parks Bay 
were small and during microscopic examination 
appeared to contain few protozoans; larval poly- 
chaetes were more weakly associated with these 

aggregates than at  the other sample sites (Table 3). 
In contrast, the aggregates sampled in West Sound 
were quite large and contained numerous protozoans 
(Shanks & Walters 1996); larval polychaetes were more 
strongly associated with these aggregates. Perhaps the 
low abundance of microbes on the Park Bay marine 
snow made these aggregates less appealing than the 
aggregates sampled in West Sound. 

While larval polychaetes are  residing on aggregates 
they will move with the aggregate (Shanks & Edmond- 
son 1990). Most studies have found that marine snow 
sinks (Asper 1986, Alldredge & Gotschalk 1988, Riebe- 
sell 1989, Shanks & Edmondson 1990) and that much of 
the vertical flux of material through the water column 
can be due to marine snow (Shanks & Trent 1980, 
Asper 1986, Riebesell 1989, Walsh & Gardner 1992, 
Syvitski et al. 1995, Lampitt 1996). A few studies, how- 
ever, have also found, due to gas production by 
microbes on aggregates, that at  times aggregates can 
be  positively buoyant (Riebesell 1989, Herndl 1992) 
Shanks & Edmondson (1990) found that most of the 
vertical flux through the water column of competent 
larval polychaetes was due to larvae associated with 
aggregates. Competent larval polychaetes appear to 
spend a large percentage of the day on aggregates. 
Larvae on sinking aggregates will be passively trans- 
ported toward the bottom and may eventually be 
deposited on the bottom if the aggregate in which they 
are residing hits the bottom. To the extent that this sce- 
nario is true, larval polychaetes will sink through the 
water column as passive particles (Butman 1989) and,  
on a fine scale (Eckman 1975), be deposited on the bot- 
tom in patterns controlled by the physics of marine 
snow deposition. 

On a larger scale, larval polychaete settlement might 
be controlled by the production of marine snow, its ver- 
tical flux through the water column, and whether the 
physics of the benthic boundary layer is conducive to 
the deposition of aggregates. Perhaps periods of mass 
flocculation of phytoplankton (Smetacek 1985, Krank 
& Milligan 1988, Alldredge & Gotschalk 1989) and 
subsequent deposition of the phytoplankton aggre- 
gates on the bottom (Billet et al. 1983, Lampitt 1985, 
Riemann 1989, Lampitt 1996) are also periods of high 
settlement of larval polychaetes. Deposition of larval 
polychaetes on the bottom during phytoplankton sedi- 
mentation events would have the added advantage for 
the larvae of a large benthic food supply, the settled 
phytoplankton. 

Another possible reason why larval polychaetes asso- 
ciate with marine snow may be that they are investigat- 
ing aggregates as potential settlement sites. Often the 
surface of the muddy benthos is covered with a layer of 
flocculent material. Deposited marine snow is probably 
a major component of such benthic flocculent layers 
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(Lampitt 1996). Because of the simiIarity between ma- 
rine snow and the benthic flocculent layer, larval poly- 
chaetes contacti.ng an aggregate may init~ally perceive 
it as  the benthos. The aggregate might be investigated 
as  a potential settlement site and, if rejected, the larvae 
would move on, but if the larvae perceives the aggre- 
gate as the benthos settlement might occur 

In the laboratory experiments, all of the Arenicola 
cristata in the marine snow samples had built tubes in 
the aggregates; in essence they had settled in the 
aggregates. In contrast, none of the A. cristata in the 
aggregate-free surrounding water were found in 
tu.bes. Tube formation was perhaps triggered by some- 
thing in the marine snow. Likewise, A. cristata from 
aggregates sampled in the field were also found in 
tubes. Perhaps for A. cristata marine snow is indistin- 
guishable from a benthic settlement site. 

Larval polychaetes are strongly associated w ~ t h  
marine snow. Other common meroplankters (e.g. lar- 
val echinoderms) are seldom found on aggregates 
(A.L.S. unpubl. data). The remarkably strong associa- 
tion of polychaete larvae, especially competent larvae, 
with marine snow makes 11s s ~ ~ s p e c t  that adaptatior! to 
life on or in aggregates may have been a factor con- 
tributing to the evolution of larval polychaete morphol- 
ogy and behavior. Because of ventral neurotrochs and 
a wormish shape, many larval polychaetes are capable 
of gliding across surfaces long before th.ey actually 
settle to the bottom. Perhaps this seemly precocious 
capacity to crawl on hard substrates is an adaptation to 
life on aggregates. Some larval types, those with large 
palps (e.g. spionids), seem well designed to feed on 
surfaces. Again, perhaps this represents an adaptation 
to feeding on the benthic-like habitat of aggregates 
long before the larvae actually settles to the benthos. A 
realization of the role marine snow plays in the pelagic 
existence of many types of larval polychaetes may 
assist us in better understanding the forces which have 
driven the evolution of this group. 
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