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ABSTRACT

Frequency distributions of particle size between sizes of about I and 100 u are given
for both surface and deep water of the Atlantic and Pacific Oceans. The form of the size
spectra varies predictably both geographically and with depth. A hypothesis is presented
to show that, to a first approximation, roughly equal concentrations of material occur at
all particle sizes within the range from 1 ux to about 10° u, i.e. from bacteria to whales.

INTRODUCTION

The gross distribution of total suspended
particulate matter in the sea is relatively
well documented, but very little is known
of the distribution of particle size and of
its variation areally and with depth. Some
attempts have been made to estimate par-
ticle size from optical measurements (e.g.
Burt 1958), but the prevailing opinion at
present seems to be that optical determi-
nations can do little more than indicate
that most of the particles in the sea are
large relative to the wavelength of light
(Jerlov 1968). Size fractionation by means
of screens and filters has been tried (e.g.
Mullin 1965; Saijo 1964), but the results
of the filter fractionations are questionable
(Sheldon and Sutcliffe 1969). Microscopic
methods have been used, and these prob-
ably give reasonably accurate estimates of
particle size, but even when semiauto-
mated they are tedious and time consum-
ing. The particle volume data given by
Krey (1967) indicate a mean equivalent
spherical diameter of about 5-6 u for par-
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ticles in the surface waters of the North
Atlantic. At a depth of 500 m the mean
size was slightly more than 6 u. Recent
work by Gordon (1970) has shown that
particles are numerically most abundant
at small sizes (<7 p), and there is no
significant change in size distribution with
depth.

The development of electronic methods
has greatly simplified the process of count-
ing and sizing marine particles (Sheldon
and Parsons 1967a). In this paper we pre-
sent results of electronic determinations of
particle size for material in suspension in
the Atlantic and Pacific Oceans.

We would like to thank Coulter Elec-
tronics, Inc., for the loan of a model T
Coulter counter. This helped our work in
the Pacific considerably. We would also
like to thank Duke University for provid-
ing ship time on RV Eastward and Dr. C.
T. Schafer for allowing us to examine his
North Pacific zooplankton samples.

MATERIALS AND METHODS

Surface-water samples were collected
from the Atlantic, Pacific, and Southern
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Fic. 1. Location of sample stations.

Occans (Fig. 1). Decp-water samples were
taken only from the North Atlantic, the
South Pacific, and the Southern Ocean
(see Figs. 8 and 9). Most of the North
Atlantic samples were taken from CSS
Hudson in winter (January—February) and
autumn (October-November) 1968. Some
samples were taken from RV Eastward,
offshore from Cape Hatteras, in November
1969, and some were taken from RV Panu-
lirus, near Bermuda, in August 1968. All
the South Atlantic and Pacific samples
were taken from CSS Hudson during the
Hudson 70 expedition. The South Atlantic
samples were taken in December and Jan-
uary 1969-1970 (summer); the south Pa-
cific samples were taken in April and May
1970 (autumn), and the North Pacific
samples were taken in May and June 1970
(summer).

All the surface-water samples werc taken
from CSS Hudson either with a bucket or
via a continuously pumped seawater sam-
pling loop. The intake for the sampling
loop was about 4 m below the waterline,
but the sampling depth varied with the
movement of the ship. The bucket sam-
ples were taken either from the bow with
the ship moving slowly ahead or from the
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Fic. 2. Size-frequency distribution; to show
the notation of the axes and the least number of
data points used to define the form of the distri-
bution. Concentration is by volume. All the size-
frequency distributions in Figs. 3-9 werc con-
structed in this way.

stern with the ship underway (usually 12—
14 knots). Subsurface samples were taken
with Niskin bottles (Hudson), with Tef-
lon-lined Nansen bottles (Panulirus), or
with a 200-liter Gerard-Ewing sampler
( Eastward). Neither the size distribution
nor the concentration of the suspended
particulate material was affected by the
method of collection. In no sample were
we able to detect particle contamination.

Particle size distributions were measurcd
with a Coulter counter (Sheldon and Par-
sons 1967a), usually within 1 hr, but al-
ways within 6 hr, of collection. Thosc
samples not processed within about an
hour (dccp-water samples) were kept cool
and dark. Particles with equivalent spher-
ical diameters from 0.63 u to about 100 w
were considered, but in many samples a
smaller size range was measured. The
lower limit of measurement depends to
somc extent on the operating conditions
and also on experimental technique. The
upper limit depends on the concentration
of large particles in the sample (Sheldon
ct al. 1967).

The results are presented as smoothed
size-frequency polygons (Fig. 2). The size
increments (abscissa) are logarithmic and
follow a series of V, 2V, 4V, wherec V
is individual particle volume. These arc
equivalent to diameter increments of 2% or
% ¢ (Sheldon and Parsons 1967a; Sheldon
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Fic. 3. Distribution of particles in the swface
waters of the North Atlantic. The broken line
shows the limit of the Sargasso Sea as indicated
by the particle spectra.

1969). The ordinatc represents the con-
centration of material in one size interval.
The unit, part per million by volume, was
selected because it is near to the form in
which we obtain our raw data; this is
equivalent to milligrams per liter if a par-
ticle density similar to that of water is
assumed. We believe that this form of
presentation is the best graphical method
for size-frequency distributions of marinc
particulate material (Sheldon and Parsons
1967h).

GEOGRAPHIC DISTRIBUTION
The North Atlantic (Fig. 3)

In the central area, roughly between lat-
itudes of 20° and 40°, particle concentra-
tion was low; there were approximately
cqual amounts of material in each size
grade and there was but little variation in
the form of the distributions from place

1 1 1 i 1 SO S S I

Fic. 4. Distribution of particles in the surface
waters of the South Atlantic. The broken line in
the north represents the limit of the subtropical
water as indicated by the particle spectra. The
broken line in the south represents the approxi-
mate position of the Antarctic Convergence.

to place. There was, however, evidence of
seasonal variation in the total amount of
particulate material present. The curves
on the right-hand side of Fig. 3 (within
the Sargasso Sea) are for samples taken in
January. They show substantially higher
concentrations than the curves on the left-
hand side, which are for samples taken ia
November. Seasonal variation of the order
shown (i.c. about a factor of 5) is not
unusual for the subtropical North Atlantic
(Menzel and Ryther 1960).

In more temperate waters, above about
latitude 40°, the total concentration of par-
ticulate material was greater and the form
of the spectra varied from place to place.
The distributions still tended to have
similar concentrations in each size grade
but superimposed on this average level
were definite, and sometimes pronounced,
peaks. These peaks probably represented
populations either of phytoplankton or of
detrital particles. ‘
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Fic. 5. Distribution of particles in the surface waters of the South Pacific. The broken line in the
north represents the limit of the subtropical water as indicated by the particle spectra. The broken line
in the south represents the approximate position of the Antarctic Convergence. The Chilean coastal

zone is also shown (see text).

To the south of about latitude 25° the
total concentration was also greater and
the spectra showed a definitc peak at
around 20-p particle diameter. This may
have been caused by the nearness of the
West Indian Islands, but the high stand-
ing stocks produced by the “island mass
cffect” tend to occur only close to the land
(Doty and Oguri 1956). For instance,
particle distributions near to Bermuda
were typical of the Sargasso Sea and rela-
tively high concentrations were found only
within a few kilometers of the fringing
reef. The relatively high concentrations
found to thc south of the Sargasso Sca
were first encountered many kilometers to
the north of Pucrto Rico, and it is more
likcly, thereforc, that they werc in some
way associated with the Antilles Current.

The South Atlantic (Fig. 4)

Between about latitudes 25° and 50°
the South Atlantic was essentially a mirror

imagc of the North Atlantic. The southern
equivalent of the Sargasso Sea was quite
clearly defincd by the characteristic par-
ticle spectra, and the more temperate wa-
ter to the south of about latitude 35° was
also easily recognized.

To the south of about latitude 50°, be-
yond the Antarctic Convergence, the con-
centration of particles was high and rela-
tively large particles formed thc greatest
bulk of material. These were mainly
diatoms.

The South Pacific (Fig. 5)

The pattern of occurrence of particle
size spectra was essentially similar to that
of the South Atlantic, except that in the
South Pacific the concentration of parti-
cles to the south of the Antarctic Conver-
gence was rather less than we found in
the South Atlantic. However, this may
have been because the South Pacific sam-
ples were taken in the southern autumn.
The high concentrations found ncar the
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Fic. 6. Distribution of particles in the surface
waters of the equatorial and North Pacific. This
figure is continuous with Fig. 5 and shows, in
ascending order, southern subtropical water, equa-
torial water, northern subtropical water, and tem-
perate water, as indicated by the particle spectra.

Chilcan coast were probably due to an
cffect of the Humboldt Current.

The Equatorial and North Pacific
(Fig. 6)

To the south of about latitude 5°S the
particle spectra were similar to those of
the Sargasso Sea (see also the northern
part of Fig. 5). Between about latitudes
5°S and 20°N the concentration of mate-
rial was not grcat but it tended to be
higher than in the subtropical area, and
there was a tendency for a peak to occur
at a particle diamcter of about 20 w. In
the North Atlantic similar distributions
were found to the south of the Sargasso
Sea, although in this area the total concen-
tration of particulate material was greater.

In the North Pacific the subtropical wa-
ter with low particle concentration and
particle spectra similar to the Sargasso Sea
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Fic. 7. Geographic pattern of particle size

spectra of the surface waters.

could be recognized between about lati-
tudes 20° and 40°. To the north of 40°
high concentrations were found with large
particles (diatoms) predominating in many
of the samplcs. In other samples smaller
particles were most abundant. These were
probably small diatoms and flagellates.
As these samples were taken during the
northern summer this was not unexpccted.

Summary (Fig. 7)

There were definite geographic varia-
tions in thc distribution of particle size
spectra, and certain areas of the ocean can
be charactcrized simply by the size-fre-
quency distribution of the suspended par-
ticulate matcrial, Perhaps the clcarest
casc is that of the subtropical areas. The.
roughly equal concentration of material in
“all sizc grades, together with the well-
known fact of Tow total concentration, was
first noticed in the Sargasso Sea. Subsc-
quently, similar arcas were found in the
subtropical South Atlantic and in both the
North and South Pacific, Particle spcctra
from tempcratc waters are also quite char-
acteristic.  Not every sample from the
cquatorial and polar waters was charac-
teristic. Somc of the variation could have
been scasonal. However, each large area
of ocean was sampled during a relatively
short period and when taken as a whole
the geographic pattern is fairly clear. Fig-
urc 7 rcpresents an interpretative sum-
mary of the information contained in
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Fic. 8. Size distributions of suspended particulate matter at various depths in the western North

Atlantic.

Figs. 3-6. Some parts are speculative; for
instance the equatorial area of the Atlan-

tic was defined

to the north of Puerto Rico, but it is

clear from the evidence presented in Figs.
3-6 that the geographic pattern outlined
in Fig. 7 is probably correct to a first
approximation.

only by two samples taken
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Fic. 9. Size distributions of suspended particulate matter at various depths in the South Pacific.
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Fic. 10. Total particle concentration vs. depth. Particle size range ca. 1-100 p.

A. The North Atlantic:

@ —36° 25’ N, 74° 43.5* W, 23-25 November 1969; O—35° 00’ N, 73°

00’ W, 26-28 November 1969; V—41° 40’ N, 64° 03’ W, 29 October 1968; 0—29° 22’ N, 64° 03’
W, 2 November 1968; A—32° 18’ N, 64° 37" W, 9-15 August 1968. These locations are shown in

Fig. 8.

B. The South Pacific: (O—62° 50’ S, 149° 56" W, 27 April 1970; A—49° 56" S, 150° 02’ W, 1
May 1970; 0O—29° 59’ S, 149° 59 W, 7 May 1970. These locations are shown in Fig. 9.

C. Data from A and B plotted together.

DEPTH PROFILES

Samples were taken at various depths
down to 2,000 m at 5 stations in the North
Atlantic (Fig. 8) and to 4,200 m at 3 sta-
tions in the South Pacific (Fig. 9). The
form of the particle size distributions in
the surfacc waters varied from place to
place as described above, but at depth it
was remarkably uniform and resembled
that of the subtropical surface water ex-
cept that the total concentration of partic-
ulate material was less.

Two basically diffcrent kinds of depth
profile could thercfore be recognized. In
the subtropical arcas the particle sizc spec-
tra of the surface waters showed roughly
equal amounts of material in cach size
grade, and at depth the form of the size
spectra was similar exccpt that the con-

centration level was lower. In other arcas
therc was no definite similarity between
the form of the spectra at the surface and
at depth.

In the deep water the total concentra-
tion of material was moderately variable
(Fig. 10), cven though the size distribu-
tions were of morc or less constant form.
The dccrease of total concentration with
depth is well known, but the depth to
concentration relationship appears to be
roughly log lincar. It should be empha-
sized that these data are for concentration
of particulate matter by volume in the
areas we investigated. They are not there-
fore directly comparable with chemical
data, which are given as concentration by
weight, nor arc they necessarily represent-
ative of thc world’s oceans.
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DISCUSSION

Various workers have suggested that the
average size of suspended particulate mat-
ter decrcases with depth, and similar con-
clusions have beecn drawn both from
light-scattering data and from microscopic
observations (e.g. Burt 1958; Sasaki et al.
1962). Our observations, and thosc of Krey
(1967) and Gordon (1970), seem to dis-
agree with this, but much depends on the
meaning attached to the term “average
particle size.” An averagc value can only
be given to a population with finite limits.
The precise definition of average is unim-
portant to this discussion, but it must rep-
resent some measure of a central tendency.
The size distributions of particulate mate-
rial in the sea, when expressed in the form
we have used, arc open ended. There is,
therefore, no average size. As there are
roughly similar amounts of matcrial in
logarithmically equal size intervals it fol-
lows that in any sample there will be
many more small particles than large oncs
(Sheldon and Parsons 1967h). Distribu-
tions of particle number will be exponen-
tial (Beardsley et al. 1970), and the
average size will be ncar to the smallest
obscrvable size.

Thercfore, if we measure the weight or
volume of material in suspension there is
no average size. But if we count the num-
bers of particles the average size will be
closc to the smallest observable sizc.

We would suggest that average particle
size apparently decrcases with depth sim-
ply because, as the concentration of mate-
rial decreascs, the chance of finding large
particles in any given sample volume also
dccrcases. This would give an apparent
increase in the relative numbers of small
particles.

It is common practice to give a lower
limit of particle size for the analysis of
particulate material. This is usually de-
fined in practical terms as the material
retaincd by a specified type of filter. Not
much attention has been paid to the upper
size limit of the particles in a sample. If
we consider a size distribution between
the limits of 1 w and 1 mm, with a con-
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stant concentration per size grade of 0.01
ppm (approximately similar to Sargasso
Sca surface water), then % of the total
sample will lie in the range 1-10 u, %
will be 10-100 u, and % will be 100 u-1
mm. However, although the sample is
cqually divided in terms of bulk, thc num-
ber of particles per unit volume decreases
rapidly as particle sizc incrcases. Therc
will be, on average, only one particle of
100-p diamcter in 50 ml of water. A 1-
liter sample would probably be represent-
ative to include this particle size. But therc
will be, in this cxample, only onc particle
of 1I-mm diameter in 50 liter of water. A
1-liter sample would beccome inadequate
at a particle size somewhere between these
limits. That is to say, there will be inade-
quatc numbers of particles sampled, yct
the concentrations may be significant.

It has been our practice to screen sam-
ples at 160 . This is not really necessary
for dcterminations of particle concentra-
tion by Coulter counter because anoma-
lous concentrations at large particle sizes
can be climinated statistically, but for
other kinds of analytical work the chance
occurrence of large particles could result
in anomalous determinations of particle
concentration. In most surface waters 1
liter will give an adequatc sample of the
particles passing a 160-p screen.

In decp water the sampling problem
could be troublesome. Here the concen-
trations arc about 10 times less than at the
surface. According to our hypothesis therc
will be only one particle of 100-u diam-
eter in 500 ml of water and only one par-
ticle of 1-mm diameter in 0.5 m3. Therc
is clearly a nced to define not only a lower
limit but also an upper limit of particle
size for analytical work. Samplc size will
then depend on the upper limit of particle
sizc which is sclected.

We measured accuratcly both particle
sizc and number but we could not deter-
mine particle composition. A mincral
grain and a flagellatc of similar volumec
would be counted as similar particles. To
check the nature of the suspended mate-
rial we made qualitative microscopic ob-



336 R W, ¢

servations on settled material whenever
possible, but the inevitable difficulties as-
sociated with shipboard operation meant
that not more than about 10-20% of thc
samples were examined in this way. How-
ever, enough samples were examined to
show that, as one might expect, the sus-
pended matter was mostly plankton and
organic detritus, at least at the larger sizes.
Inorganic particles not obviously associ-
ated with organisms did occur but they
werc not common.

Hobbie et al. (1972) have shown that
in the western North Atlantic the sus-
pended matter is mostly organic even
though rather less than half of the partic-
ulatc organic carbon is associated with
living material (Sutcliffe ct al. 1970). This
docs not mean that there is virtually no
inorganic material in suspension. The in-
terpretation that we place on our ob-
scrvations depends to some extent on the
viewpoint we adopt. We consider a dia-
tom to bc a single organic particle, yet if
it were analyzed chemically only a frac-
tion of its living weight would be reported
as organic carbon. Analyses are usually
given in terms of dry weight, and with
the data in this form the skelcton (consid-
ered to be inorganic) would make up a
substantial part of the total. Therefore,
when we say that most of the suspended
matter is organic we do not mecan that,
chemically, inorganic materials are absent,
but we do mcan that most of the sus-
pendcd matter in the ocean is associated
cither with nonliving organic matter or
with organisms.

The tendency for roughly similar amounts
of particulatc material to occur in logarith-
mically equal size ranges has -ecological
implications of considerable significance.
There is no reason to believe that the size
range over which most of our measurc-
ments werc made is atypical, except in
that it was a reclatively easy range to
measurc. Thercfore, if the form of the
size distributions is such that concentra-
tions are roughly cqual between 1 and
100 p, why should not similar concentra-
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Frc. 11. Complete size spectrum over the size
range 1 u to about 4,000 ux for low and high
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tions occur at sizes smaller than 1 p or
greater than 100 p?

Particle concentrations at sizes less than
1 w are difficult to measure accurately but
we have made some observations which
suggest that in the open ocean, concentra-
tions in the size range 0.5-1 u are not dis-
similar to those in the range 1-100 u.
Quantitative observations in the size range
100-4,000 w (zooplankton) arc easier to
make and in Fig. 11 we give examples at
different levels of standing stock of size
distributions for a range of particle size
from 1 p to about 4,000 p. The concen-
trations in the zooplankton size range are
similar to the concentrations in the phyto-
plankton size range (see also Harvey 1950;
LeBrasseur et al. 1969; Parsons et al. 1969;
Sheldon and Parsons 1967h).

In Fig. 12 we have attempted a synthe-
sis of published information to establish
the rclationship between standing stocks
of particles over a much wider size range.
By considering a size range from bacteria
to whales we have covered the whole of
the marine food chain, more or less. In
the phytoplankton and zooplankton sizc
ranges we have used averages of our own
obscrvations. For the larger size ranges
we have recalculated published informa-
tion to make it roughly comparablc with
our data. Thesc cstimates arc, of course,
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not likely to be grossly in error.

The patterns of standing stocks are sim-
ilar in the two areas considered, but the
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10. This is to be expected, although part
of the difference may be bccause observa-
tions in the Antarctic were made only dur-
ing the southern summer.

If we consider Oil‘l‘y' the livin 1g ma terial
then the concentrations in the phytoplank-
ton size range should be reduced by a
factor of at least two (Sutcliffe et al.
1970). The zooplankton concentrations are
roughly correct as it is unlikely that
many nonliving particles occur in that size
range. The cstimated concentration of
tuna (Riley 1963) probably represents a
minimum for partlclcs in its size range.
The figure quoted for the concentration of
whales in the Antarctic is also likely to be
a minimum. The broken lines at constant
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cur as particle size increases, but the
decrease from phytoplankton to whales is
probably no more than a factor of two or
four, and is certainly less than an order
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The food-chain relationships of the
occan are such that, in general, relatively
large predators feed on relatively small
prey. It follows from this that the pattern
of standing stock that we have outlined
can only be maintained if the rate of par-
ticle production varies inversely with par-
ticle size. Figure 13 shows, to a first
approximation only, the relationship be-
tween rate of production (or doubling
time) and particle size. There are many
published data on growth, and the points
and areas on the figure are only intended
to be representative. Single- celled species
are rcpresented as points and other spe-
cies are represented by larger areas. This
is because the growth rate (or doubling
dticellular organism
varics significantly during its lifetime but
a single-celled organism is less variable in
this respect.
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lent spherical diameter to bc comparable
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Fic. 13. The relationship between rate of production and particle size. The numbers near to the
Rhincalanus patches indicate the temperature at which the growth took place. The uppermost of the
two Clupea areas represents C. sprattus. The lower area represents both the Atlantic (C. harengus)
and Pacific (C. pallasi) herring. For other explanations see text. Data from Altman and Dittmer
(1964), Conover and Lalli (1972), Einarsson (1945), Eppley and Sloan (1966), Ford (1933), Garrod
and Gambell (1965), Heinle (1966), Johnson (1970), Lebour (1925), Marshall and Orr (1955),
MacLaren (1965, 1969), Mullin and Brooks (1970), Prakash (1967), Smayda (1966), and Williams

(1964).

with other data in this paper; the equiva-
lent spherical diamcter of a fish varies
with its shape but is about a fifth to a
third the actual length. For a crustacean
the spherical diameter is about half the
actual length. Growth ratc varics with
temperature but this effect is small rela-
tive to the scale we usc (see Rhincalanus,
Fig. 13). However, the cool-water specics
tend to fall on the upper part of Fig. 13,
indicating that at any onc sizc, ratc of
production is highest in warm water.
Although for a balanced system the form
of Fig. 12 predicts, qualitativcly, the form
of Fig. 13, and vice versa, the quantitative
relationships seem to depend on subtle in-
teractions between the growth rates and

metabolic cfficiencics of predators and
prey. There is a need for further work to
develop a sound theoretical framework,
but the validity of our hypothesis can be
roughly cstablished from Fig. 13. In two
well-known predator-prey links, Clupea to
Calanus and Calanus to diatoms, rates of
production vary by roughly an order of
magnitude for each step. If the ecologic
efficiency is about 10% then the standing
stocks must be similar,
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