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Fractal geometry of marine snow and other
biological aggregates
Abstract -Fractal dimensions of aggregatescan
potentially be used to classify aggregate morphology as well as to identify coagulation mechanisms. Microbial aggregatesof Zoogloeu rumigera have a cluster fractal dimension of 1.8kO.3
(+ SD), suggestingthat these aggregatesare formed
through cluster-cluster coagulation. An analysis
of size-porosity correlations for two types of marine snow aggregates yielded fractal dimensions
of 1.39kO.06 and 1.52kO.19, which were lower
than values describing inorganic colloidal aggregation.

Large, amorphous aggregates, known as
marine snow, compose the largest component of mass sedimenting through the water
column (Fowler and Knauer 1986). These
aggregates consist of diatoms, bacteria, fecal
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pellets, cast houses of appendicularians, and
nearly all other microscopic organic and inorganic matter present in the ocean. The
manner in which these larger aggregates are
formed is not well understood. The growth
of microaggregates (< 0.5 mm) and marine
snow-sized aggregates (> 0.5 mm) can result
from Brownian
motion, eddy diffusion,
shear coagulation, and differential sedimentation, as well as through growth of organisms within the aggregate microhabitat.
McCave (1984) has calculated that shear
rates in the ocean are too low to account for
observed, steady state particle size distributions. Although this conclusion implies
that physical mechanisms of aggregate formation are less important than biological
mechanisms in marine systems, marine
snow aggregates have macroscopic morphologies that are characteristic of inorganic
aggregates formed through physical coagulation mechanisms. This similarity, which

Notes
can be established with fractal geometry
(Mandelbrot
1977; Feder 1988), provides
evidence that aggregates can form in the
ocean through physical coagulation.
The structures of inorganic aggregates,
such as gold particle clusters formed irreversibly in suspension, are scale invariant
or fractal (Witten and Cates 1986). The
number of particles, N, in a fractal aggregate
is
N - lDn

(1)
where D, is the cluster fractal dimension
determined for the object in n dimensions,
and I is the characteristic length scale of the
aggregate. For a Euclidean object such as a
sphere, D3 = 3. Aggregates formed by random processes have fractal dimensions significantly less than the Euclidean 3. Computer simulation
of aggregate growth by
random processes indicates that the magnitude of the fractal dimension is determined by the mechanism
of aggregate
growth. Aggregates formed through the addition of particles into the cluster one at a
time (particle-cluster)
have three-dimensional fractal dimensions in the range of 2.53.0 (Schaefer 1989). Aggregates formed
through collision of clusters (cluster-cluster)
have lower fractal dimensions, typically with
1.6 5 D, 5 2.2 (Witten and Cates 1986).
Recent research on inorganic colloidal aggregation has demonstrated a relationship
between aggregate structure and clustercluster aggregation kinetics (Lin et al. 1989).
Computer simulations and experiments with
several types of colloids indicate that two
different types of aggregates form as a function of different particle stickiness or different collision efficiencies (Table 1). As the
probability of attachment on collision approaches unity, particles stick upon contact,
forming highly tenuous structures. This pattern results in very rapid coagulation, referred to as diffusion-limited
colloidal aggregation (DLCA)
because the rate of
aggregate growth is limited by particle transport. The highly tenuous structure is a result
of very sticky particles moving in a random
walk; particles cannot penetrate the aggregate since they attach to particles with which
they collide on the aggregate exterior. Aggregates formed through DLCA are char-
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Table 1. Fractal dimensions of inorganic colloids
formed through either DLCA or RLCA (data from Lin
et al. 1989).
Colloid

Gold
Silica
Polystyrene

DLCA

1.86
1.85
1.82

RLCA

2.14
2.07
2.09

acterized by fractal dimensions around 1.8.
As the attachment probability approaches
zero, particles may collide many times before sticking, allowing them to penetrate the
aggregate and increasing the aggregate density. This aggregation is classified as reaction-limited
colloidal aggregation (RLCA)
and results in aggregates with D3 values
around 2.1.
The occurrence of two distinct regimes of
colloidal aggregation suggests that fractal
scaling relationships can potentially identify
the aggregate formation mechanism as well
as the attachment efficiency of particles
composing the aggregate. Lin et al. (1989)
demonstrated universality of fractal classification for inorganic systems with colloidal
gold, silica, and polystyrene. It has not been
established, however, that biological aggregates can be similarly classified. Most microorganisms grown in batch culture aggregate during late log growth (Calleja 1984).
This aggregation creates a more complex
system than previously examined for inorganic coagulation because particles (daughter cells) can be produced during coagulation. Microbial
growth occurs during
aggregation, so we would expect biological
aggregates to have D, values that are between values reported for particle-cluster
and cluster-cluster models. The size of the
microbial aggregates and the range of coagulation mechanisms (e.g. shear, differential sedimentation),
however, create conditions far different from systems previously
characterized by fractal analysis.
In order to establish that biological aggregates have fractal structures similar to
inorganic aggregates, we developed microbial aggregates composed of homogeneously sized particles with pure cultures of microorganisms.
We grew aggregates of
Zoogloea ramigera type I-l 6-M (ATCC19623), a rod-shaped, gram-negative bac-
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0.6

0.6

1.2

1.4

1.6 1.62.0

AGGREGATE LENGTH, mm
Fig. 1. Cells per floc of Zoogloeu rumigeru 0

with
a regression line through the data (r2 = 0.87) indicating
D, = 1.8kO.3 (+ 1 SD). Data points represent averages
of 3-6 aggregates.

terium which attaches with cellulosic fibers
that resist floc breakage during aggregatesizing experiments. Suspended cultures (15
ml) were developed at room temperature
(23°C) on nutrient broth (Difco) in 36-ml
test tubes clamped to a laboratory rotator.
After 24 h, cultures were poured into a sterile Petri dish and diluted with sterile water
to increase floc separation. Individual
aggregates of Z. ramigera were captured in
- 20 ~1 of media with a 100-~1 pipette with
the plastic tip cut between the 25 and 50~1 markings and transferred to a 2-ml drop
of solution to aid separation of floes from
free-living cells. The pipet tip was then rinsed
with sterile water and the aggregate transferred to a well slide. Floes were viewed with
direct light microscopy (10 x power, Olympus model BH-2) to determine the largest
aggregate length and to sketch the aggregate.
The number of cells composing each microscopically
sized aggregate was determined by rinsing the slide contents into a
sterile, acid-washed vial and adding sterile
water for a final volume of 1 ml. The floc
was dispersed enzymatically with 10 mg ml-’
of cellulase (Sigma Chemical No. C-7377),
vortexing the solution for 1 min, and placing the vials in a rotator. Samples were preserved with 2% formaldehyde and counted
with acridine orange epifluorescence (Hobbie et al. 1977). Samples containing incompletely dispersed floes were discarded.

Fig. 2. Occupied volume (1 - porosity) correlations with aggregate size for several different types of
biological aggregates from both natural and engineered
environments: Zoogloea rumigeru (-);
marine snow
(- - -); diatom floes (---); normal wastewater bioreactor floes (a +* . .); filamentous wastewater bioreactor
floes (-*-.-).

Transfer of culture material without floes
through the above sequence of steps was
used to verify that free-living cells included
with the floc transfer were a negligible portion of the total counts.
Fractal aggregates are characterized by
large spatial and sample-to-sample fluctuations in properties (Meakin 1988). Therefore, we sized 47 aggregates by longest length
and averaged all aggregates within 0.1 -mm
size classes spanning 0.7-l .5 mm long. From
a log-log regression with Eq. 1 and data
shown in Fig. 1, we determined a fractal
dimension for Z. ramigera floes of 1.8 with
a standard error of 0.3 (r2 = 0.87, n = 8)
based on the longest aggregate length. This
value is much smaller than the Euclidean
value of D3 = 3 expected for spherical aggregates and is experimental evidence of the
three-dimensional
fractal structure of these
aggregates. The magnitude of this fractal dimension is within the range indicated for
aggregates formed through cluster-cluster
coagulation, but is not sufficiently precise to
identify whether cluster formation is within
the range expected for diffusion- or reaction-limited
aggregation.
Several investigators have related the po-
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Table 2. Fractal dimensions of biological aggregates determined from empirical size-porosity equations.
Biol.
awwe

Size range
(mm)

type

Marine snow
General
Diatom
Bioreactor
Normal
Filamentous
Zoogloea

ramigera

Fractal
dimension

0.4-20
7-20

1.39+0.15*
1.52f0.19*

0.2-2
0.3-2
0.4-l .4

1.3
1.0
1.8f0.3*

References

Alldredge and Gotschalk 1988
Logan and Alldredge 1989
Tambo and Watanabe 1979
Tambo and Watanabe 1979
This study

*f 1SD.

rosity, p, of biological aggregates to aggregate size (Tambo and Watanabe 1979; Alldredge and Gotschalk 1988; Logan and
Alldredge 19 8 9) with

1 - p = alb

(2)

where a and b are empirical constants, and
b is negative. Porosity has been determined
either directly from gravimetry, assuming
an average particle density (Alldredge and
Gotschalk 1988; Logan and Alldredge 1989)
or indirectly
from settling experiments
(Tambo and Watanabe 1979). If the number of particles or cells comprising the aggregate is known, the porosity can be directly calculated from
1 -p=-

NK

V

(3)

where V, is the average volume of cells composing the aggregate and V the volume occupied by an aggregate. Following convention (Witten
and Cates 1986; Li and
Ganczarczyk 198 7; Logan and Alldredge
1989), we defined the volume of Z. ramigera aggregates as the volume of a sphere just
capable of enclosing the aggregate. Combining Eq. 1 and 3, we obtained the fractal
relationship
(1 - p) - P-3.

(4)
A comparison of Eq. 2 and 4 shows that D,
= 3 + b. Therefore, the fractal dimension
of marine snow, as well as other types of
biological aggregates, can be estimated with
published size-porosity relationships.
Although marine snow aggregates can be
much larger than other types of biological
aggregates, they are denser than aggregates
of similar size (Fig. 2). The porosities de-

termined for Z. ramigera aggregates by our
microscopic methods are similar to porosities determined for aggregates normally
found in wastewater treatment bioreactors.
On occasion, filamentous cells become numerically abundant in these bioreactors.
This produces highly filamentous floes that
are morphologically
different from normal
bioreactor floes that consist primarily
of
clumps of spherical or rod-shaped cells.
These filamentous floes are much more porous than normal bioreactor floes.
The fractal dimensions for both naturally
occurring and engineered reactor aggregates
are in the range of 1.0-l .5 (Table 2). Zoogloea ramigera aggregates grown in the laboratory had the largest fractal dimension of
all aggregates examined. This result indicates that aggregates grown in the laboratory
are more compact, having higher fractal dimensions than aggregates formed in the
ocean.
Fractal dimensions have been calculated
with settling data (Li and Ganczarczyk
1989). These fractal dimensions, however,
contain a mixture of scaling properties. From
a force balance on a settling particle, we
have (Bird et al. 1960)
v(P

-

P&T = O.~AP~CD~

(5)

where p is the floc density, pf the fluid density, g the gravitational constant, A the projected surface area of the floc perpendicular
to direction of settling, CD a drag coefficient,
and U the aggregate settling velocity. For
small aggregates, the drag coefficient is proportional to aggregate settling velocity and
inversely proportional
to aggregate length.
For a solid object, such as a sphere with
diameter d, CD = 24/Re for Re = Ud/v <
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Table 3. Fractal dimensions of biological aggregates determined from settling velocity data.
Size range
(mm)

Biol. aggregate type

Fractal

7-20

Marine snow (in situ)
Estuarine
Lacustrine
Oceanic
Oceanic
Recoagulated oceanic sediments

dimension

1.2620.06*

0.02-2
0.0 12-0.04
-0.1
-0.4
0.1-l

1.78
1.39-1.69
2.14
1.94
1.57

References

Alldredge and
Gotschalk 1988
Gibbs 1985
Hawley 1982
Kajihara 1971

*+SD.

1 where v is the fluid kinematic viscosity.
Using this drag coefficient in Eq. 5, we obtain

u=
(P -

UP

-

p&i

12Apfv

Pf) = (1 -

(6)

’

P>(Pc -

Pf)

where pc is the density of the particles comprising the aggregate, so we can define a
proportionality between settling velocity and
aggregate geometry as

u-

VU A- PM .

(7)

For a spherical, solid object with Re -K 1,
U - d2, in agreement with Stokes’ law (Bird
et al. 1960).
We can define a proportionality
for a fractal object by combining Eq. 1, 3, and 7, to
obtain
u - lD3+1--D2
(8)
where we have assumed that A - lD2,with
D, the two-dimensional
fractal dimension
that relates the projected surface area to the
largest aggregate length. Li and Ganczarczyk (1989) have defined the scaling power
in Eq. 8 as a single fractal dimension. This
scaling power is a function of aggregate geometry in both two and thee dimensions
and is defined here as a fractal dimension,
D(2), without a subscript. The number in
parentheses indicates the value of this fractal dimension for a solid object. The fractal
dimension D, can be estimated with settling
velocity data from D, = D(2) - 1 + D,,
and by assuming that D, N 2.
Values of D3 obtained from Eq. 8 and
settling data span a wide range of 1.26-2.14
(Table 3). Many of these values are below

---..

those expected for cluster-cluster coagulation. Our estimate of D3 is exact for any
self-similar object (Euclidean or fractal) if a
geometric length scale is used to define the
aggregate area. If longest length is used, then
D, L 2, and the calculated value of D, is
an upper estimate of the true value. Other
factors may influence the relationship between D, and D(2). For example, the marine
snow aggregates examined by Alldredge and
Gotschalk (1988) extend beyond the creeping flow range and have Reynold’s numbers
greater than unity. The low value of D3 =
1.26 may result from exceeding the length
scales applicable to smaller aggregates. This
lower value also may be related to the fact
that aggregates examined by Alldredge and
Gotschalk were examined in situ and therefore were not disrupted by handling. The
value of D3 = 1.26 +0.06 (*SD) obtained
from the settling velocity data of Alldredge
and Gotschalk is slightly lower than the value of D, = 1.39 + 0.15 (+ SD) calculated from
their gravimetric analysis. This finding suggests that settling velocity correlations may
underestimate D3 values.
Most of the D3 values calculated for marine snow are smaller than the range of values observed for inorganic aggregates formed
through diffusion-limited
cluster-cluster coagulation (DLCA). There have been previous reports that biological molecules exhibit different coagulation behavior than
inorganic colloids (Feder et al. 1984). At the
present time, we have no specific explanation for these results. It is generally accepted
that aggregate characteristics are altered by
fluid mixing intensity, aggregate age, and
other factors not considered in our analysis
(Hunt 1986). Computer
simulation
by
Meakin (1988) demonstrated that aggregate

. --

Notes
restructuring increases the fractal dimension. In Meakin’s study, D, increased from
1.89 to 2.13 when long chains of an aggregate contacted and attached to other tenuous structures within the aggregate. Therefore, fluid mixing and turbulence should
increase the fractal dimension. Based on our
current understanding of the effect of fluid
environment and coagulation kinetics, and
Meakin’s (1988) results, we would expect
aggregates in the ocean to have higher fractal dimensions than those measured for
cluster-cluster,
diffusion-limited
coagulation and not the lower values calculated in
this study.
We have conducted some preliminary experiments on the effect of fluid environment
on the fractal dimension of microbial aggregates. When we cultured Z. ramigera in
a laboratory reactor (Omni-culture
reactor,
Virtis Co.) aerated at 1 liter of air min-l and
mixed at 160 rpm, the fractal dimension of
these aggregates was 3.OkO.4 (*SD) (Wilkinson 1989). This fractal dimension is essentially equal to the Euclidean three-dimensional value for a spherical object. This
higher fractal dimension may be a result of
more aggregate restructuring
in a highly
mixed vessel than occurs in less turbulent
environments, such as the ocean. To date,
our experiments have not had well-defined
hydrodynamic environments primarily because the environments
we are modeling
(bioreactors and oceans) are poorly characterized with respect to fluid mixing and
turbulence. Our preliminary findings, however, suggest that the fractal dimension of
aggregates depends on the fluid mechanical
environment.
We conclude that pure and mixed cultures of microorganisms have three-dimensional scaling properties typical of fractal
structures. The magnitude of fractal dimensions of marine snow aggregates is lower
than the range expected for aggregates
formed by Brownian motion of colloidal aggregates and may be related to aggregate restructuring or aggregate formation through
other processes, including shear coagulation
and differential
sedimentation.
Although
understanding of precisely how these factors
influence aggregate characteristics is incomplete, it is hoped that fractal geometry will
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provide a basis for studying factors that affect the structure of biological aggregates and
aggregation kinetics in natural systems.

Bruce E. Logan
Daniel B. Wilkinson
Environmental
Engineering Program
Department of Civil Engineering
University of Arizona
Tucson 85721
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Apparatus to determine the efficiency of transfer of
bacteria from a bursting bubble to the jet drops
Abstract-An apparatus has been developed to
determine the efficiency by which bacteria scavenged and attached to a bubble are transferred
upon bubble bursting to the jet drops. Experiments were done by letting bubbles of 625-pm
diameter rise about 27 cm through a suspension
of Serratia marcescens. The transfer efficiency
varied between 50 and 100% and was an inverse
function of the concentration of bacteria in the
water through which the bubbles rose.

The jet and film drops produced by air
bubbles bursting at the surface of lakes,
rivers, and the sea probably account for most
of the aerosol generated from these waters.
On a global scale this can be enormous. For
example, both Blanchard ( 198 5) and Erickson and Duce ( 1988) have estimated that
about 1O’Ot of sea salt are cycled each year
from the oceans through the atmosphere.
These natural waters contain bacteria, so
one should not be surprised to find bacteria
in jet and film drops. What might be surprising, however, is that laboratory experiments have shown that the concentration
of bacteria in jet drops can be hundreds of
times that in the water in which the bubbles
burst (Blanchard and Syzdek 1970; Bezdek
and Carlucci 1972). Bacterial enrichment in
film drops does not appear to be nearly as
great as that in jet drops (Blanchard and
Syzdek 1982).
It is important that an understanding of
the mechanism of jet-drop bacterial enrichAcknowledgments

This work was supported by the National Science
Foundation under grant ATM 85- 14211.

ment be obtained, for it is possible that enrichment processes contribute to the outbreak of such respiratory
diseases as
legionellosis, commonly known as the Legionnaires’ disease. This disease is usually
associated with the aerosol produced by the
bubbling and splashing of water in air-conditioning cooling towers (Dondero et al.
1980; Friedman et al. 1987). Parker et al.
( 198 3) found in laboratory experiments that
Mycobacterium intracellulare was enriched
in jet drops and suggested that M. intracelMare infections in humans might be caused
by a bacterial-enriched aerosol from natural
waters.
The bacterial enrichment factor in jet
drops is a function of the distance the bubble moves through the water before it bursts.
Blanchard et al. (198 l), working with bulk
suspensions of Serratia marcescens, found
that the top jet-drop enrichment factor rose
linearly with the first few centimeters the
bubble moved through the water before
bursting at the surface, reaching a value of
about 400 after only 3 cm of bubble travel.
Such high enrichment factors require that
bacteria collide with and stick to the surface
of the rising bubble and that the transfer
efficiency-the
efficiency by which bacteria
attached to the bubble are transferred to the
jet drops-be reasonably high. The collection efficiency, defined as the efficiency by
which the bacteria in the cylindrical volume
swept out by a rising bubble are collected
by the bubble, is very low, of the order of
0.1% (Blanchard and Syzdek 1974; Weber
et al. 1983). Nothing has appeared in the

