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FOREWORD 


This Bulletin is published in furtherance of the purposes of the Water 
Resources Research Act of 1964. The purpose of the Act is to stimulate, 
sponsor, provide for, and supplement present programs for the conduct of 
research, investigations, experiments, and the training of scientists in the field 
of water and resources which affect water. The Act is 
adequate national program of water resources research by 
assistance to non-federal research. 

The Act provides for establishment of Water Resources Research Institutes 
or Centers at Universities throughout the Nation. On September I, 1964, a 
Water Resources Research Center was established in the Graduate School as all 
interdisciplinary component of the University of Minnesota. The Center has 
the responsibility for unifying and stimulating University water resources 
research through the administration of funds covered in the Act and made 
available by other sources; coordinating University research with water re
sources programs of local, State and Federal agencies and private organizations 
throughout the State; and assisting in training additional scientists for work in 
the field of water resources through research. 

This report is the seventh in a series of publications designed to 
information bearing on water resources research ill Minnesota and the results 
of some of the research sponsored by the Center. In the present 
analyses of biographical distributions of some 
Superior and Michigan were made based on continuous transect samples laken 
by means of the Continuous Plankton Recorder. These preliminary studies 
show that the Continuous Plankton Recorder method is quite applicable to 
studies in the Great Lakes. In additioll, section to sectioll species differences 
as well as lake to lake species differences have been clearly demonstrated. II is 
currently planned to continue these studies on a more extensive basis during 
1968 and 1969. 
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ABSTRACT 

During the months of July, August, and September of 1966, 
studies were directed toward biogeographical distributions of some of the 

zooplankters in Lakes Superior and Michigan. These analyses were 
on continuous transect samples taken by means of the Continuous 

Plankton Recorder. an instrument developed for oceanographic work by the 
Scottish Marine Biological Association of Edinburgh, Scotland. 

The recorders sampled a transect segment of water one-half inch square and 
300-500 miles in length in both Lakes Michigan and Superior. The 
ters were concentrated on a continuously moving belt of silk eighteen and 
one-half feet long. These silks were of two mesh sizes, #tJO grit and #15 silk bolt
ing cloth, respectively. Tows were made aboard the S. S. Cason J. Callaway, a 
commercial ore carrier which followed the normal navigation routes in both 
lakes. Zooplankton collections were made on two principal shipping routes: 
Duluth, Minnesota Chicago, lIIinois, and Two Harbors. Minnesota- Gary, 
Indiana. All tows were made at a depth of 10 meters and a t velocities 
between 14-16 knots (15-19 mph). Zooplank tOll collections were made along 
two separate lake sections in each lake on each run, one on the downbound 
course and one on the upbound course. During the sampling period, a total of 
nearly 300 feet of silk were utilized, representing more than 6,000 miles of 
tow. Tows were completed at five day intervals with two exceptions. On one 
occasion a ten day interval occurred between cruises, and on another, two 
runs were combined with no interval between. 

differences were noted between the characteristic species of the 
two lakes. In addition, a numerical difference was evident. Marked diurnal 
variations in both numbers and in species were observed at the 10 meter 
depth, with the highest concentrations occurring in the nighttime hours. 
Marked regional differences were noted which contributed to "patchiness" of 
zooplank ton distribution. 
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INTRODUCTION 


The vast majority of limnological data relating to ahundance, distribution 
and density of planktonic constituents has been acquired by random 
with a variety of instrument types. The need for a continuous record of these 
data has long been recognized. A method was required which could 
present a clear picture of irregularity of distributioll, variation ill density and 
frequency of "planktonic patches," and biogeographical distributions of 
ically related groups in the plankton. The Continuous Plankton Recorder wns 
designed to fulfill these requirements by Sir Alister Hardy ( I tJ(6). This device 
was originally constructed for use ill the North Sea, but has application as 
well in large bodies of fresh water. 

Such application was demonstrated in Lakes Michigan and Superior during 
of Minnesota studies in the summer of I<)6(J and earlier by Beeton 

in Lakes Michigan, Huron, and Erie. The 1966 tows were lake 
transects in both Michigan and Superior taken on the steamship routes 

from the western end of Lake Superior to the southern tip of Lake Michigan. 
from lake transects were concentrated onto belts of silk netting 



DESCRIPTION OF THE INSTRUMENT 

The Continuous Plankton Recorder consists of two main parts, an outer 
body, and an inner mechanism which is removable for servicing (Figure I). 
The outer body has been designed as compactly as was consistent with 
stability and efficiency in plankton sampling. The necessity of high speed 
towing prompted the design of the rectangular cross section of the outer body 
of the instrument. The vertical sides tend to minimize lateral movement under 
tow. For ease of handling aboard commercial vessels, the overall length of the 
instrument was confined to 3 feet 4 inches. The total weight of the sampler is 
156 pounds. 

Figure 1. Overall View of the Continuous Plankton Recorder aboard the S. S. 
Cason J. Callaway prior to lowering in Lake Superior. 

Figure 2 shows a simpbfied diagram of a longitudinal section of the 
Continuous Plankton Recorder illustrating the general principles of operation. 
The instrument is weighted in front by a casting of brass fitted with an 
opening of one-quarter square inch area at A. Water and plankton enter at this 
point and pass back to point D, where the plankton is removed by a contin
uously moving belt of silk. At this point the cross-sectional area of the water 
tunnel is sharply increased to a rectangle 4 inches wide and 2 inches high. This 
area increase serves to reduce water pressure on the silk net and the entrapped 
organjsms. The plankton-free water then exits at B. The instrument is stabilized 
jn the water by the vertical fin V, and the horizontal fin P'. The depth of the 
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Figure 2. Simplified diagram of a longitudinal section of the Continuous 
Plankton Recorder (Redrawn from Hardy. 1939). 
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sampler is maintained by the diving plane P which causes the instrument to "fly" 
like a paravane in the water. The curvature of this plane is sufficient to hold the 
recorder at a given depth when towed between velocities of 8-16 knots. The 
towing shackle T, is fitted with a vibration damper which effectively minimizes 
excessive shocks to the device under tow. The propeller K, has adjustable blades 
so that the pitch can easily be increased or decreased. This change of pitch alters 
the speed at which the silk is passed through the water tunnel. The water passing 
by the propeller K, causes it to rotate. It in turn is coupled to the intemal 
mechanism by a worm-gear drive in gear box G. This worm-gear contacts the 
driving rollers E and F which grip the silk by the edges, pulling filtering silk from 
storage roller C and covering silk from storage roller J. Beyond the 

the "planktonic sandwich" thus formed is wound onto the takeup roller 
H, by a wire driven fusee mechanism which prevents acceleration due to the 
increasing diameter of the roll. This roller is immersed in a 5 per cent formalin 
bath which automatically preserves the sample. 

It should be noted that the design of the instrument has placed the towing 
shackle behind the sampling aperture so that the recorder samples only water 
undisturbed by the passage of towing warps or bridles. This feature combined 
with the high speed capability of the instrument allows the capture of 
tonic organisms displaying the avoidance reaction indicated by Bridger (1956). 
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METHODS ON LAKES MICHIGAN AND SUPERIOR 

During the months of July, August and September, 1966, tows were made 
with Continuous Plankton Recorders in Lakes Michigan and Superior. Through 
the generosity and cooperation of United States Steel's Pittsburgh Steamship 
Company, passage was provided aboard that company's S. S. Cason 1. Callaway, 
a 694 foot commercial ore carrier making regular runs between the Head of the 
Lakes and the ore processing plants at the southern end of Lake Michigan. In 
four round-hip runs were made with two tows per trip in each lake, one on the 
downbound course, the other on the upbound course. A single round-trip tow 
was completed in a five day period. An additional five day interval occurred 
between cruises, with two exceptions. On one occasion a ten day interval inter
vened, and on another, two runs were combined with no interval between. The 
tows were made in the normal shipping lane in each lake on two 

and Two Harbors, Minnesota
Gary, Indiana. All tows were made at a depth of 10 meters and at velocities 
between 14-16 knots (15-19 miles per hour). The 10 meter depth was selected 
for two reasons: (1) physical limitations indicated below; and (2) the work of 
Wells (1960) and Beeton (1960) indicates that this layer may be the most nearly 
representative of overall organism abundance. 

On the downbound Duluth Chicago run, the recorder was shot one mile 
outside of the Duluth Piers (harbor causeway) and hauled when abreast (90

0 

abeam) of the lie Parisienne Light in Whitefish Bay. The rolls of silk were then 
changed and the instrument shot abreast of Lansing Shoals Light in Lake Michi
gan. After towing through Lake Michigan, the recorder was hauled at the 
Chicago Outer Buoy. A similar procedure was followed on the Tw 0 Harbors 
Gary run, except that the recorder was shot one mile from the Two Harbors 
Light. On the upbound course the recorder was shot at either of two points: (I) 
one mile from the Gary, Indiana Break-Water; or (2) abreast of the 
Outer Buoy. In both cases the sampler was hauled 90° abeam of the Point Betsie 
Light in Lake Michigan. Tapes were again changed in the shoal water and St. 
Mary's River between the lakes and the recorders were shot abreast of the lie 
Parisienne Light. Tows were made through Lake Superior as before and the 
instrument was hauled abreast of the Knife River Light. Figures 3 and 4 
the lines of tow in the two lakes. Bearings were taken for each change of course, 
and the calculated distance of each light was confirmed by radar, accura te to ± 
O.oI miles. 

In all cases 7 strand stainless steel aircraft cable with a steel core heart was 
used in towing. The instrument was shot and hauled by means of a two-man 
hand-winch (Figure 5) situated on the poop deck of the vessel. The instrument 
could be lowered to depth by paying out the cable against a hand-brake, but 
retrieving the instrument required considerable expenditure of effort. As a result 
of the excess of force generated by the sampler in the water (a destroying 
moment in excess of 3000 Ibs. on the winch drum, Hardy (1939») a relatively 
slow rate of winding was mandatory to be able to utilize a hand-winch. It was 
found to be necessary to request the vessel officers to "check down" engines in 
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Figure 4. Chart of the routes of plankton recorder tow through Lake Michigan. 

Chart of the routes of plankton recorder tow 
Figure 3. through Lake Superior. 
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Figure 5. Photograph of the two-man hand-winch util
ized for lowering and hauling recorders. 

the final stage of hauling so that it would not be necessary to haul the 
through the cone of turbulence set up by the ship's screw. This slow rate of 
retrieval limited the working depth to a maximum of 10 meters, since there was 
some considerable concern with the amount of time taken from the ship's nor
mal schedule. 

Initially the recorder was lowered from a cargo boom situated five feet above 
the stanchion rail surrounding the poop deck. This davit was especially con
structed of 2~ inch steel pipe, with a height sufficient to swing the instrument 
inboard over the rail. On the first trial, however, this boom was bent double to 
the deck by the drag of the sampler under tow. This davit was subsequently cut 
down to correspond to the height of the rail. Figure 6 shows the modifications 

1/ 

of this boom necessary to withstand the drag force of the tow. With this altera ;1 
tion it was necessary to swing the instrument inboard over the fantail. one deck 
below, for servicing. 

Hardy (1939) pOinted out 3 factors that physically mitigate against usage of 
the recorder. These arc: (1) rough seas of force 6 or over; (2) fogs 

Figure 6. Photograph of the modified boom and tow
ing shackle used in recorder tows. 

require the ship to stop or go astern: (3) the presence of herring nets in which 
the recorder may foul. All three of these factors are present in the Great Lakes 
and experience was gained with regard to each. Figure 7 shows the effects on the 
vessel of a quartering sea driven by winds in excess of force 5. No alterations in 
normal towing procedures were found to be necessary in heavy weather and no 
apparent additional strain was noted in either the sampler or the cable. 

Towing of recorders in fogs along lake navigation routes 
lem since the vessel utilized was equipped with radar units and radio 
so that it Was unnecessary to slow down or stop in the open waters. 

Herring nets presented no problems in Lake Superior or Michigan since they 
were set well away from the shipping lanes, but the durability of the instrument 
was severely tested on one occasion when the diving plane hooked what was 
presumed to be an abandoned mooring cable off Gros Cap Point in Whitefish 
Bay. The effects of this accident on the instrument are shown in Figure 8. It will 
be noted that the diving plane was completely misshapen and the three stainless 
steel bolts holding the diving plane to the sampler body have been sheared away 
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Figure 7. The effects on the vessel of seas driven by 
winds in excess of force 5. (Storms of this 
magnitude did not necessitate suspension of 
towing.) 

~ the free of the obstruction. Because of the 
rugged construction of the were auicklv made and sampling 
continued in Lake 

were determined graphically. Hardy (1939) indicated tbat 
witb 9~ fathoms of cable between the sampler and tbe water surface, a sampling 

of 10 meters was achieved. This fact has not yet been established for fresh 
water. Provisions for assessing the actual depth attained by the sampler have 
been made. In the future, sampler depths will be confirmed on a continuous 
basis by means of a bathykymograph. 

Two types of silk boiting cloth were utilized, the standard #60 mesh per inch 
supplied by the Scottish Maline Biological Association with the instrument, and 
a finer #15 mesh. Valid data were obtained with the #60 mesh silks, but two 
problems were observed with the finer mesb. Tbe tbread from which the silk was 
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Figure 8. The effects on a recorder of a collision during high speed tow. (See 
text for details.) 

Figure 9. An internal mechanism removed from the sampler body showing the 
problem encountered with #15 mesh silk. 
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made, was of insufficient strength to withstand the high water pressures or 
winding stress imposed by the internal mechanism of the instrument. Figure 9 
shows the tearing, twisting, and stretching that was evident with this material. 
Secondly, the finer mesh nets tended to clog easily, especially in the areas richer 
in plankton. 

Silks utilized are 18~2 feet in length. The filtering silk is 6 inches in 
ruled off at 2 inch intervals fOf the length of tape. The covering silk is 8 inches in 
width, I inch folded over either side and notched at every 4 inches. This folding 
provides an additional space between the driving rollers of the internal mech
anism which helps to prevent excessive crushing of the entrapped plankton. A 
pair of these silks, cut into 4 inch units. are shown in Figure 10. 

In this study the pitch of the propeller was set in such a manner as to drive 
the silk at the rate of 2 inches for every 5 miles of water sampled. Since there are 

00 two inch units per roll, an entire lake transect could be compressed onto a 
single roll. 

Because of the accuracy of the determination of the points of drop and haul 
of the sampler and the total distance traversed, it was possible to calculate, 
wit hin ± 0.5 miles, the point where any given net sample was taken. This factor 
proves invaluable when statistical analysis of transect samples is undertaken. 
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LABORATORY METHODS 

After removal from the instruments, the recorder rolls were transported to 
the laboratory in one quart glass jars where the rolls were cut into 4 inch units 
corresponding to 10 mile blocks of sampled water. These are convenient units 
with which to work, for in addition to their compact each I () mile block 
represents approximately 2.5 cubic meters of water sampled. These cut sections 
were stored in plastic bags of suitable size to which 10 milliliters of 5 
formalin had been added. The bags were then stored in a plastic box 
liter of 5 per cent formalin to prevent dessication of the samples. 

At the outset, an attempt was made to analyze the specimens directly on the 
cut sections of the recorder foils. Some problems were encountered in direct 
microscopic analysis. For example, it was especially difficult to distinguish the 
caudal rami and caudal setae of Copepoda against the white background of the 
silk mesh (Figure 10). A number of lighting and staining procedures were em
ployed, but to date no entirely satisfactory method of direct enumeration has 
been found for organisms retained on the silks. 

Figure 10. Filtering silk (left) and covering silk (right) cut into 4 inch increments 
representing 10 miles of water sampled. (The white masses on both 
silks are zooplankters taken in Lake Superior.) 
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At the present time, a procedure has been established which allows a more 
detailed examination of zooplankton taken. Alternate sections of 10 mile 
blocks, i.e.: 1-2, 5-6, 9-10 etc. were removed from the storage boxes and the 
organisms washed from both the filter and covering silks by a jet of water. Any 
zooplankter that was entangled in the net was removed with the aid of a rubber 
policeman and camel's hair brush. The organisms washed from the net were 
concentrated by means of a 5 micron pore diameter millipore filter and washed 
carefully into a 10 dram vial. These vials were then labelled and set aside for 
counting. By using alternate blocks, the continuity of the original sample was 
preserved for later study. 

Figure 11. A Diaptomid as it appears on recorder silks (x 10). 

All zooplankton counts were done with a standard 100X light microscope 
utilizing a Sedgwick-Rafter cell. Complete cell counts were made of the concen
trates, which in most instances represent the entire 10 mile block. Only in areas 
of extremely dense patches of plankton were aliquots of the entire 10 mile block 
concentrates taken. These aliquots were always in terms of 1/5 to 1/2 of the 
original concentrate. 

One exception was made to this general procedure. Organisms as large or 
larger than the adult stage of Mysis oculata var. relicta, the opossum shrimp, 
were counted with the naked eye and absolute numbers recorded. This group 
includes both Mysids and young fish. 

Aside from the massive amounts of data obtained by this method, the major 
difficulty facing the analyst of recorder tapes is the problem of mutilation of 
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specimens. Because of the necessity of passing the silks through the closely 
approximated driving rollers, a certain amount of crushing of the larger speci
mens occurs. Figure 12 illustrates a specimen of Mysis oculata var. relicta taken 
12 miles North of Manitou Island in Lake Superior. While this general aspect is 
fairly normal in appearance, this organism is so drastically compressed laterally, 
that in dorsal-ventral view it would be unrecognizable. This same situation oc
curs with Cladocera and Copepoda trapped in any position other than the small
est dimension on a perpendicular to the plane of the net. 

Figure 12. Mysis oculata var. relicta (loven) on a recorder 
tape from lake Superior. (lateral compression 
by the driving rollers of the instrument caused 
the distortion of the carapace.) 
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DATA AND DISCUSSION 

Preliminary analysis of data indicates that the 
lake sections (limnctic) samplcd during the 
averagc of 90-100 copepods per 10 mile block of sample (::?S cubic meters of 
water filtered) was generally observed. This yields an average of 35 cope pods per 
cubic meter. The most abundant single organism in this group was the adult and 
immature stages of Limnocalanus macurus. Species of Diaplomus were also pre
dominant among the zooplankton, while SCllccel/a was consistently present, 

_. in relatively low numbers. 
The Cladocerans were present in all samples 

duced numbers. The ratio of cladocerans to 
approximately I: 5 in all but the extreme western 
predominant constituents of this group were species of the genus 
cipully Daphnia pulex and Daphnia longispina. Bosmina longirostris and Bosmina 
corrigoni were regularly present in the samples taken, but this genus never oc
curred in large proport ions. 

At a depth of 10 meters, the daylight catches on the silks are notably lighter 
than the night hauls. On each night tow through Lake Superior the opossum 

(Jeulala var. relicla was taken in concentrations of approximately 3 
per cubic meter. Figure 13 shows a 20 mile sectioll of silk taken in Lake Supe-

Figure 13. Recorder silks from Lake Superior in the vicin
ity of Keweenaw Peninsula. (Notice the evident 
distortion of the mysids.J 
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rior representing the water mass 12 miles North of the Keweenaw Peninsula. The 
large white masses are mysids, easily recognizable by the characteristic black eye 
spots. The smaller white areas are other zooplankters taken in this section. Mvsis 
was not seen in the samples examined from Lake Michigan. Beeton's "';ork 
(1960) indicates that the general upper limit of distribution of these organisms 
in Lake Michigan was approximately 10 meters during the months of July and 

1954, in the area 8 miles west ofCrand Harbor, Michigan. Differences in 
water masses, light intensity or other environmental factors may account for the 
absence of these or!!anisms in the Lake Michi!!an recorder 

The • 
demonstrated in 
were exceedingly dense on the tapes representing the approximate area of Lake 
Superior from the Duluth Harbor to an area adjacent to a line drawn between 
Taconite Harbor, Minnesota and Devil';; Island, Wisconsin. Zooplankton popula
tions along this 35-40 mile transect were so dense that counting of these organ
isms on the silks was physically impossible. It is interesting to note that these 

limits are quite sharply defined and correlate almost exactly with the 
circulation eddy in this area described by Ruschmeyer and Olson (1958). 

An additional manifestation of interest was the large agglomerations of 
phytoplankton which had accumulated and covered many of the zooplankters 
on these net sections. Figure 14 shows approximately 2.5 miles of tow (left to 
right) beginning 3.4 statute miles from the Duluth Piers (harbor causeway). The 
scale to the left is in millimeters. The large muss consisted of a tangle of 
copepods covered by a thick layer of phytoplankton. The predominant phyto
plankter was Tabel/aria fcnestrata with Astcrionclla j()rmosa also present, but in 
far fewer numbers. It is presumed that the mechanical reduction of effective net 
mesh opening is responsible for impaction of the diatoms in the areas of lesser 
water velocity surrounding the entrapped zooplankton. 

Since it was felt that densities of this magnitude represent potential clogging 
of the mesh, intensive studies of this area are planned for the coming season 
utilizing an expanded scale of 
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Figure 14. A recorder tape representing approximately 2.5 
miles of tow (left to right) in Lake Superior 3.4 
statute miles out of Duluth, Minnesota. (Com
parison with Figure 11 indicates density increase 
in this area.) 
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SUMMARY 


1. A description of the continuous plankton recorder is given and a 
the operation of this instrument is presented. of 

2. Methods 	of tow are described and related 1'IUUlems are 

tion procedures are discussed in detail. 


3. Significant differences are noted 

species of different areas in the 


to "patchiness" of zooplankton Uismoulton. The ratio of observed Copepoda 
to Cladocera is approXimately 5:]. Limnocalanus macuros was found to be 
the predOminant copepod, while ofDiaptomus made up another large 
portion of this group. 

4. Marked diurnal variations in both numbers and species were observed at the 
J0 meter denth with the maximum occurring during the night-time hours. 

lIliHI Ulll\;;1Il to fresh water research has been demon
and areas for intensive studies are delineated. These studies will be 

the summer of 1967 and detailed examination of recordertapes will be made. 
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