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Abstract Flocculation affects the size, surface area, density and shape of
fine-grained suspended solids in rivers which alters the transport properties
of cohesive sediment. Factors controlling the shape of flocs include the
source, size and geochemical characteristics of primary particles, varying
degrees of chemical and biological coagulation in the water column as well
as shear stress and turbulence levels in the stream. Floc shape can be
quantified using fractal dimensions. This study examines spatial and
temporal variability in fractal dimensions of suspended solids in two
southern Ontario streams with contrasting riparian zones. Suspended solids
were collected in triplicate at upstream and downstream sites in Strawberry
Creek and Cedar Creek prior to snowmelt and during snowmelt. An image
analysis system was used to determine area, longest axis and perimeter of
particle populations. Fractal dimensions of the particle populations on each
filter were calculated from the area-perimeter relationship (D) and the
longest axis-area relationship (D,). Temporal and spatial changes in the
fractal dimensions were explained by the differences in land use and
temporal changes in the contributions of various sediment sources.
Implications of the study for modelling floc transport are discussed.

INTRODUCTION

Fluvial suspended sediment typically consists of a variety of complex, composite
particles, usually referred to as flocs (e.g. Droppo and Ongley, 1989). Floc
characteristics such as size, shape, density and settling velocity are controlled by the
source, size and geochemical characteristics of primary particles, by the varying
degrees of chemical and biological coagulation in the water column as well as by the
shear stress and turbulence levels in the stream. Consequently, flocculation has
important implications for erosion, transport and deposition of particles in aquatic
systems. Crosby & De Boer (1995) found that changes in suspended sediment
morphology reflected changes in sediment source contributions with basin scale.

In order to explain floc morphology in terms of modelling floc formation and the
application of these models to drainage basin conditions in relation to particle size,
density and settling velocity, it is necessary to develop rigorous methods which
quantify the morphology of individual particles and particle populations. The
objective of the project was to evaluate the fractal dimensions of fluvial suspended
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sediment in two streams with contrasting riparian zones and to relate spatial and
temporal changes in fractal dimensions to changes in sediment source.

In this paper, the term “particles” describes composite rather than primary
particles. Several methods have been developed to quantify the morphology of
individual particles using fractal approaches (e.g. Mandelbrot, 1983; Whalley &
Orford, 1989; Korvin, 1992). The present study follows the approach of Logan and
co-workers (Logan & Wilkinson, 1990; Logan & Kilps, 1995; Kilps et al., 1994)
and others (e.g. Li & Ganczarczyk, 1989) who have been concerned with quantifying
the morphology of particle populations using fractal dimensions. Suspended sediment
particles, like many other natural objects, have been found to have area-perimeter
relationships described by the power function:

P o AD/2 (1)

where P is the perimeter, A is the area and D is the fractal dimension of the
collection. For Euclidean objects (e.g. squares and circles) D = 1. Values of D
greater than 1, however, have been reported for synthetic fractals (Mandelbrot,
1983) and for a variety of natural objects such as clouds, lakes and snow patches
during melt (e.g. Korvin, 1992). De Boer (1997) found that D ranged from 1.26 to
1.42 for suspended sediment particles during summer baseflow conditions, with the
higher values reflecting the complex shapes of larger particles resulting from an algal
bloom. The physical interpretation of D>1 is that as objects become larger, i.e. as 4
increases, the perimeter increases more rapidly than for Euclidean objects so that the
boundary becomes more convoluted.

The two-dimensional fractal dimension D, is determined using the power
function

Ao )

where [ is the maximum particle length and D, is the two-dimensional fractal
dimension. For Euclidean objects D, = 2. Values of D, < 2 indicate that as object
size increases the projected object area increases slower than the square of the length
scale. This results from the fact that the projected area of larger objects is less than
that of the Euclidean object of the same scale because of an increased elongation of
the larger objects or because the larger objects surround or partially surround regions
which are not part of the object. In the present study, both D and D, were calculated
from the regression coefficients of the relevant variables.

STUDY SITES

Suspended solids were collected at upstream and downstream locations in two first
order watersheds of the Grand River basin. The two streams, Strawberry Creek and
Cedar Creek, differ in basin size, land use, Quaternary geology as well as in the
extent and type of riparian vegetation. Strawberry Creek is located north of Maryhill,
Ontario and drains an area of 2.7 km’. Surface materials in the watershed consist of
Port Stanley and Maryhill till complexes. Topography of.the watershed is flat (avg.
slope of 0.03) and land use is predominantly agriculture. Crops include soybeans,
winter wheat and sweet corn. Strawberry Creek is typical of many rural watersheds
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in southern Ontario and has little or no stream riparian vegetation. Buffer strips
typically 1 to 5 m in width border the edge of the stream. Sections of the creek have
been straightened and excavated to more effectively drain adjacent fields and tile
drains.

In contrast, Cedar Creek is considered the most significant cold water stream
and fish habitat remaining in the Region of Waterloo. The creek is located near Ayr,
Ontario and drains an area of approximately 50 km®. The area is underlain by
Wentworth till with surface deposits of outwash sands and gravels in the form of
kames and eskers. Predominant land uses include aggregate extraction and some
agriculture. The creek is bordered by an extensive riverine wooded shrub complex
with concentrations of cedar and tamarack. Extensive riparian zones in this creek
have significant potential to regulate the movement of materials in surface runoff and
groundwater that flow from uplands to the stream.

METHODS

Suspended solids were collected in the centre of each stream on two dates at all four
sites. On 7 March 1997, flow conditions were representative of discharge in between
snowmelt events, with flows derived mainly from groundwater seepage and only in-
channel sources contributing sediment. On 28 March 1997, flow conditions were
typical of a snowmelt event with flow contributions from groundwater and overland
flow generated by melting snow. On this day, suspended sediment was contributed
by in-channel sources and by overland flow running directly into the channel.

Suspended solids were collected with sampling columns described by Droppo &
Ongley (1992). The columns are 25 mm diameter Plexiglas tubes and depending on
suspended solid concentrations a sample volume of 5, 10, 25 or 50 ml is used. The
columns allow particles in the sample to settle onto a filter. When sediment
concentrations are high, the smaller columns are used to prevent overlap of the
deposited particles. Column volumes were selected in the field based on turbidity
measurements (Model DRT-15B, HF Scientific turbidity meter) and calibration
curves provided by Droppo & Ongley (1992). Suspended solids were collected using
the sampling technique outlined by Droppo & Ongley (1992). Directly after
sampling, the columns were placed on a 0.45 um Millipore HA filter on a fritted
glass filter holder. To speed up filtering, the sample in the column was filtered at low
vacuum resulting in a filter with all particles in the column deposited in a 25 mm
diameter spot. At each site, filters were prepared in triplicate and the replicates were
taken sequentially within 5 min. Separate, depth-integrated samples for suspended
sediment concentration were collected with a DH-48 sediment sampler.

In the laboratory, samples for suspended sediment concentration were filtered
using 0.45 um Millipore HA filters and vacuum filtration. Millipore filters prepared
in the field were used for investigating fractal dimensions using an imaging system
consisting of a Zeiss Jenamed II microscope with a Sony XC75 CCD camera linked
to a Pentium computer running the Northern Exposure image analysis software.
During analysis the Millipore HA filters were rendered semi-transparent by applying
drops of low viscosity immersion oil (n,”" = 1.5150) to the field of view. Images
were collected using a 20X objective.
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RESULTS AND DISCUSSION

The regression coefficients and the fractal dimensions in Tables 1 and 2 were
calculated using only particles with a projected area greater than 4 pm® which
corresponds to 16 pixels. This was done to avoid artefacts resulting: (a) from the
algorithm used by Northern Exposure to calculate the particle perimeters, which
underestimates the perimeters of small particles by a significant percentage; and (b)
from the potentially large numbers of “particles” which are not true suspended
sediment particles but instead represent background noise resulting from image
processing. In terms of particle size fractions the 4 um’ cut-off roughly corresponds
to the silt-clay boundary of 2 pm.

Because the fractal dimensions are calculated from regression coefficients, a
direct comparison of the regression coefficients can be used to test for significant
differences between samples using the z-statistic which is calculated as:

(bl _bz)
=2 2105 3
(Sb, _sz) ( )

Table 1 Temporal and spatial changes in fractal dimension D.

Date Replicate Cedar Creek: Strawberry Creek:
upstream downstream upstream downstream  plume
7 March 1 1.22  0.01* 1.21 0.01 1.23 0.01* 1.24 0.00%*
2 1.23 0.00* 1.24 0.01* 124 0.01* 1.25 0.01*
3 1.22 0.00* 1.23 0.01*% 1.24 0.01* 1.25 0.01%
average 1.23 1.23 1.24 1.24
28 1 1.27 0.01* 1.27 0.01* 1.37 0.01* 1.35 0.01* - 1.38 0.01
March
2 1.26 0.01* 1.27 0.01* 133 0.01* 135 0.01* 130 0.01%*
3 1.28 0.01* 1.26 0.01* 1.34 0.01* 1.31 0.01 1.32 0.01*
average 1.27 1.27 1.35 1.35 1.31

* Indicates that parameter value has been used in calculating the average.

Table 2 Temporal and spatial changes in fractal dimension D,.

Date Replicate Cedar Creek: Strawberry Creek:
upstream downstream upstream downstream  plume
7 March 1 1.74 0.01* 1.73 0.01* 1.75 0.01* 1.76 0.01*
2 1.73 0.01* 1.70 0.01%* 1.74 0.01* 1.76 0.01*
3 1.75 0.01* 1.73 0.01* 1.79 0.01 1.75 0.01*
average 1.74 1.72 1.74 1.76
28 1 1.74 0.01* 1.70 0.01* 1.68 0.01* 1.78 0.01* 1.74 0.01*
March
2 172 0.01* 170 0.01* 1.64 0.02* 1.74 0.01* 1.74 0.01*
3 1.71 0.01* 1.67 0.01* 1.69 0.01* 1.79 0.01* 1.73 0.01*
average 1.73 1.69 1.67 1.77 1.74

* Indicates that parameter value has been used in calculating the average.
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where b, and b, are the regression coefficients and S, and S, are the standard

errors of the regression coefficients. Using H, : b, = b, and H; : b, # b,, the shading
in Tables 3 and 4 indicates for which sample pairs H, could not be rejected at a
significance level a of 0.01 (two-tailed), corresponding to a critical value of ¢ of
2.576. In addition, for all samples the 95% confidence interval of the regression
coefficient was calculated and for each possible sample pair the overlap of the
confidence intervals was checked. With few exceptions, sample pairs for which H,
could not be rejected had overlapping confidence intervals. It is evident from Tables
3 and 4 that sampling in triplicate is essential for determining fractal dimensions
since in several instances only two replicates provided similar values. To simplify the
following discussion, Tables 1 and 2 also show fractal dimensions for each sampling
site calculated as the average of all three or just two replicates, depending on the
number of replicates with similar fractal dimensions.

A comparison of the 7 March 1997 data shows that all sites, upstream and
downstream along both Cedar Creek and Strawberry Creek, had similar values of D
(i.e. H, is not rejected) (Table 1). The values of D, were similar at all sites also
(Table 2). The explanation for the similarity between the basins and between the sites
within each basin is that on this day there was no surface runoff contributing water
and sediment to either stream. As a result, the only active sediment sources were
located in the channel and sediment concentrations were very low (4 mg 1" or less).
In contrast, on 28 March 1997 sampling took place during a runoff event resulting
from the melt of a freshly fallen snowpack which had accumulated after the main
snowpack of the winter had melted earlier. Under these conditions the main
suspended sediment sources were the channel system, farmland because of overland
flow and, possibly, tile drains. At all sites, D increased relative to the previous
sampling date (Table 1). The increase, however, was greater in Strawberry Creek
(from D = 1.24 on 7 March to D = 1.35 on 28 March at both sites) than in Cedar
Creek (from D = 1.23 on 7 March to D = 1.27 on 28 March at both sites). At the
Cedar Creek sites, D, showed little change from 7 March to 28 March (Tables 2 and
4). In the Cedar Creek basin the presence of a wider buffer zone prevented the
sediment-laden overland flow generated on farmland from reaching the stream and as
a result there would be no reason to expect an influx of particles between the
upstream and downstream sites. This hypothesis is supported by the low sediment
concentrations (4 mg I" or less) at both sites. In the Strawberry Creek basin, with
much narrower buffer zones, it was observed that overland flow from farmland
crossed the buffer zone, resulting in distinct plumes of sediment-laden water and an
increase in sediment concentration from 13 mg I at the upstream site to 131 mg I" at
the downstream site. At both sites D = 1.35, despite the influx of overland flow
between the two sites. One overland flow plume was sampled. For this plume D =
1.31 and Table 3 shows that this value is similar to some of the replicates at the
upstream and downstream sites on Strawberry Creek on that day. At the Strawberry
Creek upstream site, D* showed significantly lower values on 28 March than on 7
March. At the downstream site, however, there was little change in D*.

The contrasting temporal changes in D and D’ between the two basins can be
explained by contrasting basin conditions. In the Cedar Creek basin the extensive
riparian zones effectively limit the transport of sediment carried by surface runoff
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into the stream. As a result, even during snowmelt conditions the sediment
concentrations remain low and both D and D* show little change. The slight increase
in D (from 1.23 to 1.27) likely reflects the input of fines and organic matter by
surface runoff. This interpretation is consistent with the slight decrease in D* at both
sites, as the added fines and organic matter would result in more complex shapes of
the larger particles. In the Strawberry Creek basin the marked increase in D likely
reflects a similar input of fines and organic matter during the snowmelt. The low
effectiveness of the buffer strips results in a larger input of sediment than in the
Cedar Creek basin. This results in much higher sediment concentrations for
Strawberry Creek and in the large increase in D. Furthermore, on 28 March D? is
low at the upstream site of Strawberry Creek, reflecting the intricate shapes
associated with predominantly in-channel sources. The increase in D? at the
downstream site is explained by the input of sediment with more regular shapes,
which is consistent with the value of D* for the plume.

CONCLUSIONS

Suspended solids were collected at upstream and downstream locations in two first
order basins. The two basins differ in drainage area, land use, Quaternary geology as
well as in the extent and type of riparian vegetation. Differences in fractal
dimensions between upstream and downstream sites, between Strawberry Creek and
Cedar Creek and through time can be explained by differences in land use and by
temporal changes in the contributions of the various sediment sources within the
basins.

Assuming that D* = D* (Kilps et al., 1994), equations presented by Logan &
Kilps (1995) can be used to predict how the properties of the flocs scale with floc
size 1. For example, floc density scales with /- . Hence, if D* = 1.67, an increase
in floc size by a factor of 10 would result in a decrease in density by a factor of 21.4.
Conversely, if D> = 1.77 a similar increase in floc size would cause a decrease in
density by a factor of 17. Thus, D* can be used to predict changes in floc density
which can be used for modelling the fate of the suspended solids. A similar approach
can be applied to settling velocity. Overall, incorporating information on the fractal
dimensions of suspended solids will allow the description of floc properties to
improve over that used in current models, which should lead to a better
understanding and prediction of the fate of suspended solids in flowing water.
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