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[1] Transport of particulate organic material can impact watershed sediment and nutrient
budgets and can alter the geomorphologic evolution of shallow aquatic environments.
Prediction of organic aggregate (‘‘floc’’) transport in these environments requires
knowledge of how hydraulics and biota affect the entrainment, settling, and aggregation of
particles. This study evaluated the aggregation and field transport dynamics of organic
floc from a low-gradient floodplain wetland with flow-parallel ridges and sloughs in the
Florida Everglades. Floc dynamics were evaluated in a rotating annular flume and in
situ in the field. Under present managed conditions in the Everglades, floc is not entrained
by mean flows but is suspended via biological production in the water column and
bioturbation. Aggregation was a significant process affecting Everglades floc at high
flume flow velocities (7.0 cm s�1) and during recovery from high flow; disaggregation
was not significant for the tested flows. During moderate flows when floc dynamics are
hydrodynamically controlled, it is possible to model floc transport using a single
‘‘operative floc diameter’’ that accurately predicts fluxes downstream and to the bed. In
contrast, during high flows and recovery from high flows, aggregation dynamics should be
simulated. When entrained by flow in open-water sloughs, Everglades floc will be
transported downstream in multiple deposition and reentrainment events but will undergo
net settling when transported onto ridges of emergent vegetation. We hypothesize that
net transport of material from open to vegetated areas during high flows is critical
for forming and maintaining distinctive topographic patterning in the Everglades and other
low-gradient floodplains.

Citation: Larsen, L. G., J. W. Harvey, G. B. Noe, and J. P. Crimaldi (2009), Predicting organic floc transport dynamics in shallow

aquatic ecosystems: Insights from the field, the laboratory, and numerical modeling, Water Resour. Res., 45, W01411,

doi:10.1029/2008WR007221.

1. Introduction

[2] Predicting the transport of particulate matter in flood-
plains, wetlands, and slowly flowing streams is often
necessary in planning wastewater treatment wetlands, res-
toration projects, or in determining total maximum daily
loads (TMDLs). However, transport predictions are com-
plicated by the tendency of particulate matter to form
aggregates, or ‘‘flocs,’’ which may be largely organic.
Because of the dynamics of aggregation and disaggregation,
and the variable porosity, internal structure, and shape of
flocs, floc transport differs substantially from that of the
constituent unflocculated material [Walling and Moorehead,
1989; Droppo, 2003; 2004]. Although the transport of
inorganic floc is fairly well understood [Lick et al., 1992;
Sterling et al., 2005], highly organic floc (hereafter referred
to as simply ‘‘organic floc’’), common in wetlands, has been

less studied. Because of structural differences between
organic and inorganic floc (e.g., differences in intraparticle
and interparticle cohesion and in the composition and
availability of biologically produced exopolymeric substan-
ces, or ‘‘EPS’’), a greater understanding of the dynamics of
organic floc is needed to improve the prediction of its
transport.
[3] Wetland and floodplain environments pose particular

challenges for the prediction of floc transport because of
their hydraulics. In contrast to the turbulent flows present in
rivers, estuaries, and on the near-bed continental shelf,
wetland flows are typically laminar to transitional [Leonard
and Luther, 1995; Christiansen et al., 2000; Harvey et al.,
2005]. Thus, while turbulence regulates floc size distribu-
tions and aggregation-disaggregation processes in the latter
environments [Spicer and Pratsinis, 1996; Hill et al., 2001],
entrainment/settling fluxes may exert the dominant control
over suspended floc size distributions in low-shear environ-
ments. Also, while limited, aggregation by turbulent mixing
may be more significant than disaggregation in wetland and
floodplain environments.
[4] This study is the second in a sequence of experiments

designed to improve predictions of organic floc transport in
wetlands and shallow, slowly flowing floodplains such as
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the Florida Everglades. In the first study [Larsen et al.,
2009], we performed entrainment and settling experiments
on Everglades floc, with the finding that this highly organic
floc was entrained at lower bed shear stresses (1.0 � 10�2

Pa) than less organic floc and settled more slowly. Mor-
phodynamic differences between floc from sites within the
Everglades with different periphyton abundances were
small compared to differences between Everglades floc
and inorganic floc. In this study we experimentally analyze
aggregation dynamics and apply the findings from the
present experiment and those of Larsen et al. [2009] to
numerical models of organic floc transport in wetlands and
other slowly flowing shallow aquatic environments. On the
basis of these experiments and on a comparison of sus-
pended floc characteristics predicted from laboratory and
numerical experiments to those observed in situ, we develop
a conceptual model of floc transport in the ridge and slough
landscape of the Everglades. To develop the conceptual
model and improve predictive numerical modeling of or-
ganic floc transport, our experimental and numerical objec-
tives were (1) to determine the flow conditions within the
expected range of high flows in the Everglades in which
floc aggregation and/or disaggregation becomes significant,
(2) to evaluate mechanisms of organic floc aggregation-
disaggregation and effects on floc size distributions and
fractal dimensions on rising and falling limbs of flow
pulses, (3) to evaluate the role of flow-driven entrainment
and advection of floc relative to biological production
and entrainment of particles in the present-day managed
Everglades, and (4) to numerically determine a single
operative floc diameter that minimizes error in settling
fluxes and downstream transport fluxes and that can be
used in simplified models of organic floc transport instead
of tracking multiple size classes of floc.
[5] The specific application of this work is to gain a

greater understanding of how floc transport dynamics in-
fluence the evolution of topography and vegetation pattern-
ing in the Everglades. The ridge and slough landscape is a
patterned peatland that promotes heterogeneity in vegetation
communities and relatively high biodiversity of fish and
wildlife [National Research Council, 2003]. For 2700 years,
a landscape patterned by elongated (300–1000 m), elevated
(60–90 cm historically, 15–20 cm presently) ridges of peat
and deeper, open water sloughs (140–360 m wide) aligned
parallel to the direction of flow [National Research Council,
2003; Wu et al., 2006] persisted in dynamic equilibrium
with the climate [Willard et al., 2001; Bernhardt et al.,
2004]. Ridges sustained dense stands of Cladium jamai-
cense (sawgrass), while sloughs were populated by a more
diverse vegetation assemblage, dominated by floating mats
of Utricularia spp. (bladderwort), floating and epiphytic
periphyton, Nymphaea odorata (water lily), Nymphoides
aquatica (bleeding heart) and emergent Eleocharis spp.
(spikerush) [Gunderson and Loftus, 1993; Gunderson,
1994; Lodge, 1994]. Relatively well preserved portions of
the ridge and slough landscape persist, but more than 25%
of the landscape has deteriorated over the past century,
undergoing topographic flattening and conversion of coex-
isting ridge and slough vegetation communities to Cladium
monocultures [Bernhardt et al., 2004; Ogden, 2005]. One
hypothesis of landscape degradation links ridge spreading
and the loss of slough communities to diminished flows,

caused by impoundment and drainage of the Everglades
[National Research Council, 2003; Larsen et al., 2007].
According to this hypothesis, historic flows were sufficient
to entrain floc from sloughs and ridge margins and redeposit
it within ridge interiors, where it would be incorporated into
ridge peat and contribute to the corrugation of the landscape
(Figure 1a). However, present-day flows are too low to
entrain significant quantities of bed floc [Larsen et al.,
2009, Figure 7]. To evaluate whether hindered entrainment
of floc has contributed to landscape degradation, improved
numerical models that better predict sources, sinks, and
transport dynamics of floc are needed.
[6] In the Everglades this information is particularly

relevant to implementation of the Comprehensive Ever-
glades Restoration Plan [U.S. Army Corps of Engineers,
1999]. Part of this plan will remove levees and canals that
impede flow through Everglades marshes with a goal of
restoring ridge and slough topography. Establishment of a
target flow velocity that redistributes floc and prediction of
landscape restoration timescales will be possible with an
improved knowledge of floc transport dynamics and incor-
poration of empirical floc transport results into numerical
models. In addition, a greater understanding of the inter-
actions between organic floc and flow could inform pre-
dictions of carbon export from floodplains and other
shallow, organic-rich aquatic ecosystems that are experienc-
ing changes the in carbon balance or flow.
[7] Many of the advances in the prediction of organic floc

transport presented here are based on the results of labora-
tory experiments performed on floc collected from the field.
Because of structural disruption (i.e., breakup of large flocs,
changes in configuration) that occurs in the process of floc
collection [Alldredge and Gotschalk, 1988; Eisma et al.,
1990; Winterwerp and van Kesteren, 2004] and differences
in the biological and chemical composition of the water
column and benthos between the field and the laboratory
[Grant and Gust, 1987], results of laboratory experiments
should be extended to the field with caution. However,
through the use of an in situ digital floc camera (DFC) to
monitor floc characteristics without structural disruption in
laboratory flumes and through comparison of floc character-
istics in the laboratory to those in the field, we took
measures to both minimize and assess structural disruption
to flocs. We therefore view these experiments as a useful
first step in predicting the transport of floc under different
Everglades restoration scenarios.

2. Site Description

[8] We experimented on floc from two sites within Water
Conservation Area (WCA) -3A, which contains the best
preserved portion of the ridge and slough landscape. Field
experiments were performed at siteWCA-3A-5 (26�03023.700N,
80�42019.200W), a long-term research site established by the
U.S. Geological Survey for the purpose of investigating
flow and transport dynamics in the Everglades. The site is
equipped with observation platforms, three in situ flumes
aligned parallel to the flow, and meteorological and hydro-
logical monitoring instrumentation. The DFC was deployed
from one of the platforms at this site in November 2006,
when the water depth in the slough was 33.5 cm. At this
time, the floc bed was not well developed because of the
passage of Hurricane Wilma in October 2005, followed by a
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complete drydown in May–July 2006, in which the water
table dropped beneath the surface of the peat and the floc
layer was incorporated into the peat and/or mineralized.
Hurricane Wilma also eliminated the highly productive
floating mats of Utricularia and periphyton, which might
play a substantial role in floc and suspended particle
formation [Noe et al., 2007].
[9] Flocculated surface sediment for the aggregation

flume experiment was collected from another site in
WCA-3A that was more representative of typical conditions
in the historic Everglades. In contrast to WCA-3A-5, the
‘‘Utricularia site,’’ (26�01017.900N, 80�34045.500W), main-

tained surface water during the summer of 2006, and floc,
Utricularia, and periphyton were abundant.

3. Methods

3.1. Experiments

3.1.1. Floc Collection for Laboratory Flume
Experiments
[10] As described by Larsen et al. [2009], we collected

and concentrated flocculated surface sediment from the
Everglades using a modified wet/dry shop vacuum. This
concentrated sediment was shipped in carboys on ice to the

Figure 1. Conceptual model of suspended particle dynamics during (a) high-flow events (associated
with a mean bed shear stress above the floc entrainment threshold) and (b) low-flow events in a cross
section of the Everglades ridge and slough landscape. Note that the dominant flow direction is orthogonal
to the page and that the topography is not to scale. Thick arrows denote dominant transport processes;
thin arrows denote less important processes. Differential settling and particle-particle collisions are the
processes most directly associated with aggregation of particulate matter to form floc. Gray text describes
processes that are beyond the scope of our experimental analysis. Some additional processes affecting
suspended particle concentration and ridge and slough landscape evolution are not shown on the diagram,
including the size sorting of settling flocs along the ridge-slough transition, biological consumption or
decomposition of suspended flocs, resuspension of incompletely deposited flocs (section 4.1),
entrainment of epiphyton particles attached to vegetation stems, and photodissolution [Mayer et al.,
2006]. Figure 1b also depicts present-day dimensions of landscape cross sections [Wu et al., 2006].
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laboratory, refrigerated upon arrival, and used in the aggre-
gation flume experiments within 1.5 weeks of collection. To
judge the likeness between the collected laboratory aggre-
gates and floc in the field, we determined the bulk density of
both floc bed populations in quiescent water by collecting
4.8 cm diameter cores containing the flocculated sediment,
a small amount of underlying substratum (more compacted
peat), and enough of the overlying surface water to allow
the floc within the cores to settle to a thickness that could be
visually determined through the clear core sleeve. We then
decanted and freeze dried the floc to determine its dry mass.
3.1.2. DFC Configuration
[11] Floc was imaged in situ in the laboratory flume and

in the field using a silhouette imaging technique with a
digital single-lens reflex camera controlled remotely by a
laptop computer [Larsen et al., 2009]. In the laboratory, the
camera was placed outside the clear flume wall, facing a
synchronized light source in a watertight housing on the
inside of the flume. In the field, both the light source and the
camera were deployed in watertight housings. Image reso-
lution in both configurations was 14.50 mm per pixel, with a
4.13 cm � 6.22 cm field of view and a 2.5 cm depth of field.
Since flocs were defined by a minimum of three pixels, the
DFC resolved flocs with a minimum size of 43.50 mm.
3.1.3. Aggregation-Disaggregation Experiments
[12] Aggregation-disaggregation experiments took place

in a rotating annular flume at the Institute of Marine and
Coastal Sciences, Rutgers University. The annular flume is
well suited for aggregation experiments because of its small
bed area (which can be completely covered with sediment)
and its ability to recirculate floc without pumps (which
cause structural disruption to aggregates). Rotation of the
flume lid drives the flow, permitting entrained flocs to
circulate without structural disruption, whereas counterro-
tation of the sidewalls and the bed minimizes centrifugal
effects and produces the bed shear stresses that are nearly
uniform across the radius of the flume [Krishnappan, 1991,
1993; Petersen and Krishnappan, 1994].
[13] Experiments occurred at three different mean veloc-

ities that exceeded the 90th percentile for present-day flows
in the Everglades [Harvey et al., 2008]: 2.5 cm s�1, 4.0 cm
s�1, and 7.0 cm s�1. For each experiment, the water depth
was 45 cm, and the homogeneous floc bed was allowed to
settle for 24 h prior to experimentation. In all runs, the 3 cm
thickness of the floc bed was sufficient to prevent complete
erosion. After experimental runs (but with all instruments
and floc present in the flume), we used a two-component
Dantec laser Doppler velocimeter (LDV) to acquire centrally
located velocity profiles at 20 logarithmically spaced points

(see auxiliary material), each of which was sampled for 17
min to ensure convergence of flow statistics [Larsen,
2008].1 Abbreviated velocity profiles (8 points) acquired
during experimental runs confirmed that the complete
profiles were representative of flow during all runs (see
auxiliary material).
[14] The DFC was mounted to a profiler outside the

flume that was attached to a planar, Plexiglas observation
port. A second profiler mounted inside the flume to the top
of the observation port supported the flash. For the duration
of each experiment, which consisted of five consecutive
intervals (Table 1), images were acquired at 0.1 Hz. In the
first three intervals (‘‘increasing velocity intervals’’), the
flow velocity was increased at the start of the run and held
constant for 1 h, exceeding the 25 min required to attain an
equilibrium suspended floc size distribution at the fastest
flow speed. In the last two intervals (‘‘decreasing velocity
intervals’’), the velocity was initially decreased and then
maintained at a constant level for 1.5 h, since disaggregation
timescales (maximum of 67 min) exceeded aggregation
timescales [Larsen, 2008]. Since it was necessary to stop
the flume and raise the lid to change the vertical position of
the flash housing, three experiments (each consisting of the
aforementioned 5 intervals) were conducted to image floc at
three levels: 11.7 cm, 16.2 cm, and 26.7 cm above the bed.
Between runs, the floc bed settled for 24 h.
3.1.4. Field Observations
[15] We observed flow velocities and suspended floc size

distributions in situ at the WCA-3A-5 field site during a
short-term diel experiment on 28–29 November 2006,
between 1530 and 1000 local time. The purpose was to
compare suspended floc characteristics under the controlled
hydraulic conditions of the laboratory to actual floc dynam-
ics in the measured hydraulics of the field and to evaluate
whether physical forcing by mean flow or other processes
(e.g., thermal overturn, biological processes) exerts the
dominant control over suspended sediment dynamics in
the Everglades.
[16] Both the DFC and the flash were deployed from an

aluminum profiler supported above the water by the side-
walls of an open flume within the ridge-slough transition
zone. For most of the monitoring period, the center of the
images was 10 cm above the peat bed, and an image was
acquired every 10 min (to conserve equipment battery life).
Mounted to a profiler attached to the flume 3 m upstream, a
Son Tek Acoustic Doppler Velocimeter monitored the
ambient flow velocity. Velocity statistics were obtained

Table 1. Summary of Flume Experiment Settings and Mean Floc Concentrations

Depth-Averaged
Velocity (cm s�1)

Mean Steady State Floc Concentration

Lower Point Middle Point Upper Point

Mass
Concentration
(mg L�1)

Volume
Concentration
(mL L�1)

Mass
Concentration
(mg L�1)

Volume
Concentration
(mL L�1)

Mass
Concentration
(mg L�1)

Volume
Concentration
(mL L�1)

2.5 0.048 1.5 0.045 3.3 0.031 0.50
4.0 0.23 7.2 0.033 0.81 0.096 3.3
7.0 20 760 13 500 12 400
4.0 2.9 77 1.8 46 1.9 43
2.5 0.31 6.5 0.18 3.4 0.22 3.7

1Auxiliary materials are available in the HTML. doi:10.1029/
2008WR007221.
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19 cm above the floc bed. Using a thermistor array, we
monitored the vertical stratification in surface water tem-
perature throughout the night. When we observed the initi-
ation of thermal overturn, a nightly occurring convective
process hypothesized to cause floc entrainment [Schaffranek
and Jenter, 2001], we conducted a six-point vertical profile
of suspended floc concentrations and water velocity. After
slowly raising the instruments to each new profile point, we
waited 2 min before resuming data collection to allow
disturbed flocs to settle. Flocs generally settling at speeds
of between 0.4 and 1 mm s�1 [Larsen et al., 2009] would
clear the 4.1 cm–high field of view within this lag time. At
each point, images were acquired for 2 min at 1/6 Hz.

3.2. Analysis

3.2.1. General Image Processing
[17] Projected flocs were delineated from image back-

grounds by binarization, which first involved subtraction of
a dark current image and a background image from each
raw gray-scale image. In the laboratory, the background
image was averaged from 10 images acquired in quiescent
water with no suspended floc. In the field it was not possible
to acquire a controlled background image, so a dynamic
background that was computed by averaging up to 15
images before and after each image in the sequence was
subtracted from the gray-scale image. The semiprocessed
images were then binarized by thresholding [Larsen et al.,
2009]. Postbinarization, each image was checked by an
operator to ensure that lighting conditions had a consistent
effect on thresholding, and masks were created to remove
bubbles, large nekton (from the field images), and particles
that adhered to the imaging equipment. Finally, aggregate
equivalent diameter (computed as the diameter of a circle
with area equivalent to the area of the digitized floc),
perimeter (p), area (A), assumed spherical volume (comput-
ed from equivalent diameter), and fractal dimension (D)
were computed from the binarized images. Assumed spher-
ical volumes were converted to floc concentration by
dividing by a control volume delineated by the imaging
hardware and the known camera field of view. In the field
the thickness of the control volume was bounded by the
vertical faces of the flash and camera housings, whereas in
the laboratory flume, the face of the flash housing and the
flume wall provided the vertical bounds. Finally, a fractal
dimension for projected flocs [de Boer, 1997; Stone and
Krishnappan, 2003] was defined by

p � AD=2: ð1Þ

3.2.2. Aggregation-Disaggregation Experiments
[18] An aggregation parameter (a, L mL�1) was deter-

mined through a transient, one-dimensional, reactive trans-
port model describing mass transfer in the annular flume
experiment. Using the aggregation model of Winterwerp
and van Kesteren [2004] to formulate a reaction term that
describes the effects of aggregation (third term on the right-
hand side below), we derived the relevant transport equation
as follows, assuming uniform flow:

@Ci

@t
¼ K

@2Ci

@z2
þ ws

@Ci

@z
þ aa2C2

i G; ð2Þ

where Ci is the volumetric floc concentration in size class i
(mL L�1), K is turbulent eddy diffusivity (cm2 s�1), z is the

vertical coordinate (cm), ws is the floc settling velocity in
size class i (cm s�1), a is a constant of proportionality that
converts the concentration within the size class to the total
floc concentration, and G is the shear rate parameter (s�1).
Ci and a were determined from the annular flume DFC
images, while ws was determined from the companion
experiments of Larsen et al. [2009]. Vertical profiles of K
were computed from LDV data as described by Larsen et al.
[2009]. G, a measure of turbulent shear at the smallest
length scales of the flow, was calculated from the equation
G =

ffiffiffiffiffiffiffiffi
e=n

p
[Winterwerp and van Kesteren, 2004], where n

is the kinematic viscosity and e is the turbulent kinetic
energy dissipation rate. We approximated e using the
relation given by Nezu and Nakagawa [1993]

e 	
u3
*
ð1� z=hÞ
khðz=hÞ ð3Þ

where h is water depth and k is the von Karman constant
(0.41). Shear velocity, u*, was estimated as 0.05h�ui.
[19] The third term on the right-hand side of equation (2)

is a reaction term that describes aggregation. If a is
negative, floc is lost from size class i via aggregation to
form larger flocs. In contrast, positive values of a occur
when concentrations of floc in size class i are augmented by
aggregation of particles from a different size class. When
aggregation occurs, a for smaller size classes is negative,
while a for larger size classes is positive. Typically, floccu-
lation models also include a term for disaggregation,
d1aCiG

d2, where d1 and d2 are both constants [Winterwerp
and van Kesteren, 2004]. However, when we attempted to
include a disaggregation term in our model, we could not
resolve unique values of the fitting parameters because of an
underconstrained system. Since results (section 4.1) indi-
cated a clear dominance of aggregation processes over
disaggregation processes, we retained only aa2Ci

2G, which
served as a net aggregation term.
[20] Boundary conditions for equation (2) are zero flux at

the water surface and a flux of (Je � wsCi,zmin) at the bed,
where Je is entrainment flux (g cm�2 s�1), assumed constant
within each size class and each run, and Ci,zmin is the floc
concentration in the bottom cell of the model domain. Since
the configuration of the flume prevented measurement of
flow statistics within 3 cm of the bed, Je was treated as a
fitting parameter in the model and numerically optimized
from the transport model and the time series of observed
suspended floc concentrations.
[21] We used equation (2) to solve for Je and a in each of

the five intervals of the aggregation-disaggregation experi-
ments (Table 1). Predicted concentrations at each DFC
image acquisition time were spatially averaged over the
range of z coordinates imaged by the DFC at the upper,
middle, and lower locations and compared to imaged
concentrations. Using a Levenberg-Marquardt algorithm,
Je was fit for each size class at each flume speed to
minimize the total error between predicted and observed
floc concentrations over all three image locations and all
sampling times. We then used the fitted Je to initialize a
second Levenberg-Marquardt procedure in which both Je
and a were adjusted. Since a was fit for each size class
independently, this procedure did not ensure conservation of
mass across all size classes.

W01411 LARSEN ET AL.: PREDICTING ORGANIC FLOC TRANSPORT

5 of 13

W01411



[22] Finally, to assess the relative importance of floc
aggregation processes, we defined an instantaneous Dam-
koehler number (Da) as the ratio of the settling timescale to
the aggregation timescale [Sterling et al., 2005], equivalent
to the ratio of the rate of change in Ci due to aggregation to
the rate of change in Ci due to settling:

Da ¼ aa2C2
i G

ws@Ci=@z
: ð4Þ

We preserved signs so that a negative Da occurred when the
effect of aggregation countered the net effect of settling. A
positive Da occurred for small size classes when aggrega-
tion converted small flocs to large flocs, removing them
from the small size classes.

4. Results and Discussion

4.1. Aggregation Processes Affecting Organic Floc

[23] The shape of the curve describing suspended floc
concentration over time in the annular flume experiments
(Figure 2) is informative of floc aggregation dynamics.
Following an increase in velocity (Figures 2a and 2b), floc
concentrations rise steeply as a result of enhanced entrain-
ment. Later (within 8–17 min in our experiments), sus-
pended floc concentrations stabilize at a steady value that
reflects a balance between entrainment, settling, and net
aggregation. When aggregation dominates over disaggrega-
tion, floc is removed from smaller size classes (decreasing
the steady state concentration of these size classes) and
added to larger size classes (increasing their steady state
concentration).
[24] Since both the entrainment flux and aggregation

parameter for each size class in the annular flume are
unknown a priori, multiple combinations of entrainment
and aggregation can produce the observed steady state
concentration. However, unique values of the aggregation
parameter a and the size class-specific entrainment flux Je
can be optimized from equation (2) because the aggregation
flux, aa2Ci

2G, is proportional to the square of floc concen-
tration. For increasing velocity intervals, aggregation is
relatively unimportant on the rising limb of the curve,
before concentrations are high. The rising limb is therefore
dominated by Je. Its shape enables Je to be determined
uniquely, and a can then be solved from the steady state part
of the curve. In contrast, for decreasing velocity intervals
(Figures 2c and 2d), the low-concentration, steady state
portion of the transient curve is dominated by Je, while
aggregation is only important on the falling limb of the
curve. For these intervals, the shape of the falling limb is
important in optimization of a, though the statistical confi-
dence in the optimized value is less than that for the
increasing velocity intervals because of the relatively short
period of time occupied by the falling limb and the
decreasing importance of aggregation along this portion of
the curve.
[25] Results of parameter optimization for the transport

model (equation (2)) showed that aggregation was signifi-
cant (95% confidence intervals surrounding a did not
intercept zero) only for size classes 0–1750 mm of the
7 cm s�1 increasing velocity interval and for size classes 0–
1500 mm of the 4 cm s�1 decreasing velocity interval
(Table 2). Only within the 0–250 mm size class was a
negative, indicating that these flocs aggregate to form larger
flocs. For these experimental runs, our transport model with
an a of zero could not reproduce the shape of the sensitive
rising and falling limb portions of the transient concentration
curves (Figure 2), though for the remaining runs (2.5 cm s�1

increasing and decreasing, 4 cm s�1 increasing), a reasonable
fit was obtained in the absence of an aggregation parameter.
Because of aggregation and an increase in Je during the
decreasing velocity intervals (Table 3), equilibrium floc sizes

Figure 2. Sample floc transport model results (solid lines)
compared with experimental data (points) for annular flume
runs. Gray lines are simulation results using the optimized
aggregation parameter, and black lines were generated using
an aggregation parameter of zero. The blue, yellow, and red
points represent data for the lower (11.7 cm above bed),
middle (16.2 cm above bed), and upper (26.7 cm above bed)
imaging locations, respectively. Shown are (a) 0–250 mm
size class, 7 cm s�1 flume interval; (b) 500–750 mm size
class, 7 cm s�1 flume interval; (c) 0–250 mm size class,
4 cm s�1 decreasing velocity flume interval; and (d) 500–
750 mm size class, 4 cm s�1 decreasing velocity flume
interval.
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were larger in the decreasing velocity intervals than in the
corresponding increasing velocity intervals (Figure 3a).
Although a was not statistically significant for large size
classes (1750–3500 mm) within the 7 cm s�1 increasing
velocity and 4 cm s�1 decreasing velocity intervals, it is
likely that aggregation augmented these size classes as well,
though the relative rarity of these large flocs resulted in an
ill-constrained transport model. Additional noise in the
model fit to observed concentration curves could have
resulted from changes in mean bed floc size between runs,
sorting of the floc bed during previous deposition events
[Lau et al., 2001], and changes in sediment stability as a
result of previous erosion/deposition cycles [Droppo et al.,
2001].
[26] While floc aggregation was significant during both

the 7 cm s�1 increasing velocity interval and 4 cm s�1

decreasing velocity interval, the large difference in the
optimized value of a for each size class between these
two runs (Table 2), together with the difference in the steady
state fractal dimension D across intervals (Figure 3b),
suggests that aggregation occurred via different mechanisms
[Winterwerp and van Kesteren, 2004]. A decrease in D (e.g.,
from the 4 cm s�1 increasing velocity interval to the 7 cm s�1

interval) typically indicates the existence of floc shear-
ing [Logan and Wilkinson, 1990; Huang, 1994; Dyer and
Manning, 1999], which begins at shear stresses near 0.1 Pa
[Hill et al., 2001]. Thus, relatively low values of both D
(Figure 3b) and a (Table 2) during the 7 cm s�1 run
evidence particle-particle collisions that resulted in floc
erosion and disaggregation as well as aggregation [Burban
et al., 1989; Lick et al., 1992; Spicer and Pratsinis, 1996].
Since in the absence of a disaggregation term, aa2Ci

2G
described net aggregation, a would have absorbed the
influence of floc disaggregation. In contrast, an increase in

D (e.g., from the 7 cm s�1 interval to the 4 cm s�1

decreasing velocity interval) often indicates aggregation
by differential settling [Huang, 1994; Chen and Eisma,
1995], a process in which rapidly settling large particles
intercept and capture more slowly settling small particles
[Logan and Wilkinson, 1990; Huang, 1994; Thomas et al.,
1999]. During the 4 cm s�1 run, a net flux of sediment to the
bed occurred, and differential settling may have become the
primary mechanism of aggregation, while disaggregation by
shear was minimal.
[27] Simulated Damkoehler numbers (Figure 4) show that

the aggregation flux was most significant relative to the
settling flux in high-shear, high-concentration portions of
the water column, particularly near the bed, where Da
ranged between order 0.1 and order 10. In these locations,
both turbulent mixing and differential settling bring par-
ticles in contact and cause aggregation. Large aggregation
fluxes near the bed during periods of elevated flow will thus
enhance sediment deposition in wetlands and slowly flow-
ing floodplains. In contrast, in estuaries and other turbulent
environments, net disaggregation in the high-stress region
near the bed counters net aggregation in relatively low-

Table 2. Significant Fitted Values of Floc Aggregation Term aa

Size Class
(mm)

Aggregation Term a
With 4 cm s�1

Decreasing Velocity
Interval (L mL�1 � 10�5)

Aggregation Term a
With 7 cm s�1

Increasing Velocity
Interval (L mL�1 � 10�5)

0–250 �0.6 ± 0.5 �0.7 ± 0.1
250–500 26.6 ± 0.9 1.2 ± 0.3
500–750 25.3 ± 0.7 3.2 ± 0.3
750–1000 15.9 ± 0.4 2.4 ± 0.4
1000–1250 7.8 ± 0.4 1.8 ± 0.1
1250–1500 4.8 ± 0.4 0.6 ± 0.6
1500–1750 0.4 ± 0.2

aSee equation (2). The aggregation term is significant when its 95%
confidence intervals (the given range) do not intercept zero.

Table 3. Average Entrainment Flux Across All Size Classes

During Annular Flume Runs

Mean Flow
Velocity (cm s�1)

Je, Increasing
Velocity Interval
(cm3 cm�2 s�1)

Je, Increasing
Velocity Interval
(cm3 cm�2 s�1)

2.5 2.6 � 10�7 2.9 � 10�6

4 8.3 � 10�7 4.1 � 10�6

7 5.0 � 10�5

Figure 3. Hysteresis in (a) equivalent diameter and
(b) fractal dimension D for the upper, middle, and lower
image locations during the annular flume aggregation
experiments. Volume-weighted mean equivalent diameter
and mean fractal dimension were computed for the steady
state portion of the concentration curves after 500 s in the
increasing velocity experimental intervals and after 1000 s
in the decreasing velocity intervals. Arrows indicate the
direction in which equivalent diameter and D progress
through the experiment, and error bars are 95% confidence
intervals around the mean values.
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stress regions high in the water column and decreases depo-
sition fluxes [Mehta and Partheniades, 1975; Partheniades,
1977].
[28] The laboratory annular flume configuration lacks the

biotic composition of the water column in the field and the
production of new detrital particles, so experimental results
provide a conservative estimate of the aggregation that
occurs in the field as a result of turbulent mixing and
differential settling [Winterwerp and van Kesteren, 2004].
In the field, aggregation via turbulent mixing and differen-
tial settling, particularly near the bed, will therefore be
highly significant during periods of elevated flow and
recovery from elevated flow.

4.2. Field Deployment of the DFC

[29] Floc observed in situ at site WCA-3A-5 was mor-
phologically similar to the aggregates collected for the
annular flume experiments (Figure 3), with a daytime and
nighttime mean D of 1.43 ± 0.02 and 1.37 ± 0.01 (error
values are 95% confidence intervals), respectively, provid-
ing validation for the technique of allowing deposited floc
beds to settle in the flume for 24 h prior to experimentation.
However, the bulk density of the floc bed in the field, at 1.3�
10�2 g cm�3 (N = 1 core), was slightly higher than the bulk

density of the laboratory floc bed (8.4 � 10�3 g cm�3, N = 1
core), reflecting a small structural difference in floc bed
compaction. Mean mass-weighted equivalent diameter over
the diel time series was 262 ± 130 mm.
[30] During the period of field deployment of the DFC,

ADV measurements of flow velocity ranged between
0.24 cm s�1 and 0.40 cm s�1, with a mean of 0.33 cm s�1.
Instantaneous flow velocities were not significantly corre-
lated with suspended floc concentration (F1,23 = 1.80, p =
0.19, r2 of linear regression = 0.07) which was more variable,
ranging from 9.4 � 10�4 mg L�1 to 0.31 mg L�1, with a
mean of 0.061 mg L�1. After sundown (17:29), suspended
floc concentrations and mean size exhibited large spikes
until around 3:30, when concentrations decreased and
remained variably low until a spike around 8:30 (Figure 5).
The lack of correlation between flow characteristics and floc
concentrations suggest that during the period of monitoring,
biological activity such as fecal pellet production or bio-
turbation by nocturnal Palaeomonetes paludosus (grass
shrimp), Procambarus spp. (crayfish) or other crustaceans
might have had the dominant influence on measured con-
centrations. We noticed many small and several large
crustaceans in our nighttime images, and while we removed

Figure 4. Representative distributions of instantaneous Damkoehler number, comparing floc
aggregation rate to floc settling rate, over depth and time in the optimized simulations of the annular
flume experiment. Damkoehler numbers for the 4 cm s�1 decreasing velocity experimental interval: (a)
0–250 mm size class, 4 cm s�1 decreasing velocity interval; (b) 250–500 mm size class, 4 cm s�1

decreasing velocity interval; (c) 0–250 mm size class, 7 cm s�1 interval; and (d) 250–500 mm size class,
7 cm s�1 interval. Distributions of Damkoehler numbers for size classes up to 1500–1750 mm are
qualitatively similar to Figures 4b and 4d but with different magnitudes, reflecting differences in the
magnitude of aggregation parameter a (Table 2).
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the most obvious organisms by masking, smaller zooplank-
ton were doubtlessly binarized as floc. Other data sets from
WCA-3A-5 show that temporal variation in the concentra-
tions of small particles (1.25–250 mm) is also likely
dominated by biological activity, with spikes in concentra-
tion throughout the night and a sustained and significant
increase in bacteria-sized particles (1.44–2.31 mm) that are
enriched in microbially bound phosphorus after sunrise
[Noe et al., 2008]. We did not observe a sustained daytime
increase in floc concentrations, but the 30-min long spike in
concentration at 8:30 is consistent with a hypothesis of floc
entrainment via bioturbation [National Research Council,
2003] from temporary Gambusia holbrooki (mosquito fish)
activity, which tends to be highly localized.
[31] Suspended floc concentrations during the period of

thermal overturn were among the lowest for the night
(Figure 5), which fails to support a hypothesis of enhanced
entrainment by turbulence associated with thermal convec-
tion [Schaffranek and Jenter, 2001] and may reflect advec-
tive delivery of floc to the bed. At points higher than the diel
monitoring location (10 cm above bed) during the thermal
overturn, floc mass concentrations were nearly equivalent to
or lower than concentrations near the bed (not shown).
Within the vertical profile, pairwise correlations between
concentrations of floc in the different size classes were
insignificant (Spearman’s r, all p > 0.07, N = 6 depths),
supporting a hypothesis of biological rather than fluid
mechanical dominance over the floc concentration profiles
under present flow conditions. The highest correlate to
overall floc concentration at a given level in the water
column was concentration of floc within the 200–400 mm
size class (Spearman’s r = 0.83, p = 0.04), which encom-
passes the size range of many zooplankton [Masson et al.,
2004] that may not have been excluded by masking.
[32] Suspended floc concentrations observed in the field

with the DFC were higher than those observed in a
companion racetrack flume entrainment experiment for
comparable flow velocities (7.6 � 10�3 � 1.2 � 10�2 mg
L�1 for velocities of 0.6–1.4 cm s�1 [Larsen et al., 2009]).
The reason is that while concentrations of suspended floc

are governed by physical processes in the laboratory flume,
floc concentrations in the field are enhanced by bioturbation
and the continual production of new particles (e.g., fecal
material, EPS) by biota in the water column (Figure 1).
Nevertheless, the concentrations of floc that we measured in
suspension in the Everglades (0.001–0.3 mg L�1) and also
in the laboratory flumes at moderately high velocities
(0.003–0.3 mg L�1) were substantially lower than concen-
trations of fine suspended particles (0.2–100 mm) measured
in a study that used sequential filtration to assess particle
concentrations in samples collected from across the Ever-
glades (0.7–2.7 mg L�1 [Noe et al., 2007]) and over two
wet seasons at site WCA-3A-5 (mean = 0.94 mg L�1 [Noe
et al., 2008]) under normal flow conditions. Thus, it appears
that even during high-flow events, fine particles contribute
substantially to the suspended particle load in the Everglades.

4.3. Modeling Wetland Suspended Floc Dynamics

[33] The low shear present within the Everglades and
other wetlands and floodplains permits the coexistence of a
wide range of floc sizes, settling velocities, and entrainment
fluxes. Such variability presents challenges for modeling,
often creating the need to simultaneously track multiple size
classes of floc [Thomas et al., 1999]. Exchange between
size classes via aggregation and disaggregation processes, a
change in the dominant mechanism of aggregation between
rising and falling limbs of suspended floc concentration
curves, and the importance of biological processes present
additional modeling challenges. Unfortunately, full mass
balance modeling of multiple size classes of suspended floc
may be computationally prohibitive in large-scale, coupled
models. However, there are reasonable simplifications that
can be made to floc transport equations that preserve the
essence of the physical dynamics.
[34] We introduce the concept of an ‘‘operative floc

diameter’’ (OFD) to use in simplified advection-dispersion
equations. The OFD differs from the equivalent diameter
used earlier (i.e., the diameter based on digitized floc area).
OFD, which can be either lower or higher than the mean
equivalent diameter, is the diameter at which settling and
entrainment fluxes are equal to actual bed fluxes across all
particle size classes at steady state and in which error in the
vertically averaged floc concentration is minimized. Be-
cause of nonlinearities in vertical profiles of suspended floc
concentration, use of the mean equivalent diameter rather
than the OFD can introduce large errors in computed fluxes.
In a simplified modeling scheme, an overall entrainment
flux that is independent of floc size and is a function of bed
shear stress and the critical shear stress for floc entrainment
[e.g., Larsen et al., 2009] can be used in tandem with a
settling velocity determined from the OFD to accurately
capture the balance between entrainment and deposition
fluxes to the bed and the rate of mass transfer downstream.
[35] To determine the OFD for the Everglades, we

employed a logarithmic velocity profile, which approxi-
mates flow in sloughs [Harvey et al., 2008]. Steady state
suspended sediment concentration profiles in flow with a
logarithmic boundary layer velocity profile follow the
Rouse equation [Middleton and Southard, 1984]:

CðzÞ
Ca

¼ za

z

� � ws
sT ku* ; ð5Þ

Figure 5. Distribution of floc size class concentrations
through the 28–29 November 2006 sampling period at site
WCA-3A-5. The asterisk denotes the period during which
thermal overturn occurred in the water column.
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where Ca is the concentration at reference location z = za,
sT is the turbulent Schmidt number (assumed unity), and u*
is equal to

ffiffiffiffiffiffiffiffiffiffi
t0=r

p
. In this analysis, we assumed that za is

located just above the bed (0.05 mm in our discretized
solution). For each point on a measured floc entrainment
curve [Larsen et al., 2009], we set Cai (the value of Ca

within each size class i) equal to Jei/wsi, which assumes
steady state at the bed. Solving equation (5) for size class i
and a 40 cm water column and then summing over all size
classes, we obtained the total concentration profile at each
bed shear stress. Using a Levenburg-Marquardt algorithm,
we then selected the single value ofws that satisfiedCa = Je/ws

(where Je is the overall entrainment flux as a function of bed
shear stress) and minimized the overall error in depth-
averaged floc concentration, computed from the profile in
equation (5). Finally, from the calibrated ws and a regression
equation for measured ws as a function of floc equivalent
diameter [Larsen et al., 2009], we determined the OFD.
[36] OFDs were accordingly calculated from 32 runs of a

flume entrainment experiment for Everglades floc, reported
by Larsen et al. [2009]. For each of these runs, use of a
single OFD resulted in an error in depth-averaged concen-
tration ranging from 0.01% to 0.2%. The curve of OFD as a
function of bed shear stress (Figure 6) increased rapidly
with bed shear stress near the entrainment threshold and
then increased more slowly with further increases in bed

shear stress. The standard error of a power law regression
(147 mm) was slightly worse than the standard error of
linear regression (143 mm) on the OFD at bed shear stresses
in the asymptotic portion of the curve (t0 � 2.0 � 10�2 Pa),
advocating use of the simplest OFD relationship. Although
the standard error of linear regression was slightly better
than the error (151 mm) of approximating the OFD curve as
the mean OFD above bed shear stresses of 2.0 � 10�2 Pa,
the slope of the linear regression was insignificant (tdf = 13 =
1.24, p = 0.24). Thus, in modeling suspended floc dynamics
in the Everglades and other environments with a near-
logarithmic velocity profile and floc populations with com-
parable entrainment and settling relationships (i.e., most
organic floc populations [Larsen et al., 2009]), it is reason-
able to adopt a single OFD that preserves fluxes down-
stream and to the bed.
[37] Use of an OFD in transport models disregards

aggregation dynamics. Nevertheless, for many wetland floc
transport models, disregarding aggregation dynamics will
not introduce unacceptable error. On the rising limb of
concentration curves, optimized aggregation parameters
are not significantly different from zero for flow speeds
below 7 cm s�1. Aggregation is significant on the falling
limb of the concentration curves, but the effects of enhanced
settling to the bed via aggregation may be offset by
hysteresis in entrainment rate that results in Je values that
are higher than expected. While disregarding aggregation-
disaggregation dynamics in wetland floc transport models
may only introduce small error, doing so in streams and
other highly turbulent environments could produce unac-
ceptable error in mass flux predictions [Wotton, 2007].

4.4. Implications for Floc Transport Through
Vegetated Aquatic Environments

[38] Since bed shear stress in floodplains and wetlands is
often near the critical bed shear stress for floc entrainment,
spatial heterogeneity in shear stress as a result of micro-
topography and vegetation patchiness can lead to heteroge-
neity in floc erosion and deposition patterns, contributing to
the topographic evolution of the wetland landscape and/or
rates of nutrient cycling. In Everglades WCA-3A typical
bed shear stresses lie orders of magnitude below the 1.0 �
10�2 Pa threshold for floc entrainment [Larsen et al., 2009],
so widespread bed floc entrainment events are rare in the
present system. Instead, water column particle dynamics are
most commonly characterized by low concentrations of
small particles (mass- and volume-weighted mean diameters
of 73 mm and 9 mm, respectively) dominated by local
processes [Noe et al., 2007]: biological production, biotur-
bation, and particle settling (Figure 1b). These fine particles
have long immobilization times by single-particle settling
[Larsen et al., 2009] and are more reactive than the larger
flocs, dominating phosphorus cycling in the water column
[Noe et al., 2003] and containing a higher nutrient density
than larger flocs [Noe et al., 2007]. Because of their
reactivity and long residence times in the water column,
fine particle transport alone may not contribute significantly
to the topographic differentiation of the ridge and slough
landscape. However, our annular flume experiments imply
that differential settling is a significant process impacting
Everglades floc. Given the larger mass per unit volume of
fine particles [Larsen et al., 2009] and their substantial
contribution to total particle mass (section 4.2), incorpora-

Figure 6. Operative floc diameter (OFD) computed for
floc populations in the racetrack flume entrainment
experiments at different values of the normalized excess
bed shear stress (t0* = (t0 � 1.0� 10�2 Pa)/1.0� 10�2 Pa).
The OFD is that at which errors in vertically averaged floc
concentration are minimized and the settling and entrain-
ment fluxes at the bed are exactly equal to those of actual
floc with a distribution of equivalent diameters. In this
computation, the OFD is based on a logarithmic velocity
profile and a steady state floc concentration profile. OFD
values computed with data from the racetrack flume
experiment for bed shear stresses greater than the entrain-
ment threshold are fit with three regression lines: (1) a
power law regression (thick line); (2) a linear regression
(thin line); and (3) a constant, equal to the mean value of
OFD for bed shear stresses above 2.0 � 10�2 Pa (dashed
line).
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tion of small particles into floc could significantly increase
the magnitude of advective sediment and nutrient redistri-
bution in the Everglades. Efficient interception of fine
particles by periphyton and emergent vegetation stems, a
process termed filtration (Figure 1), may serve as an
additional mass redistribution process in the Everglades
[Saiers et al., 2003; Huang et al., 2008] and other wetlands
[Palmer et al., 2004; D’Alpaos et al., 2007].
[39] In contrast to typical conditions in the present-day

Everglades, during transient high-flow events such as hur-
ricanes or engineered releases of impounded water, water
column particle dynamics would be dominated by the
hydraulic processes of floc entrainment and transport.
During these high flows bed shear stresses within sloughs
could increase beyond the entrainment threshold, causing
floc to become suspended. As in streams [Cushing et al.,
1993; Battin et al., 2008], floc will be transported down-
stream in a series of distinct settling and reentrainment
events. Reentrainment events are facilitated by hysteretic
enhancement of Je on the falling limb of the floc concen-
tration curve (e.g., Table 3), which could result from
disruption of the EPS that contributed to floc bed cohesion
at the initiation of entrainment [Winterwerp and van Kesteren,
2004; Newbold et al., 2005] or from the looser pore structure
of the more recently deposited bed, permitting greater
penetration of eddies that could generate lift.
[40] In most densely vegetated canopies, drag from mac-

rophyte stems decreases flow velocities relative to open
water areas [Kadlec, 1990; Nepf, 1999], promoting sedi-
mentation [e.g., Furukawa et al., 1997; Leonard and Reed,
2002; Pasternack and Brush, 2002]. Likewise, upon enter-
ing the dense emergent vegetation of ridges, flow carrying
suspended floc from the sloughs will decrease in velocity,
and the dominant vertical flux will become a settling flux
(Figure 1a). This process is analogous to the deposition of
floc on floodplains during periods of overbank flow [Nich-
olas and Walling, 1996]. Deposited flocs will undergo size
sorting by distance. Assuming an OFD of 250 mm and
negligible aggregation, the characteristic transport distance
for suspended floc within the ridge at a mean water depth of
40 cm and mean water velocity of 1 cm s�1 would be
approximately 10 m before settling to the bed occurred
[Larsen et al., 2009], which is consistent with a hypothesis
of deposition in the vicinity of the ridge-slough transition
[Larsen et al., 2007]. Aggregation by differential settling
within the ridge, particularly near the bed (Figure 4) will
increase floc size and further decrease the characteristic
transport distance for floc within the ridge. In contrast to
sloughs, where hysteresis in Je may compensate for aggre-
gation-enhanced settling, in ridges the litter layer above the
bed could shelter settling flocs from near-bed shear stresses
or bind flocs in interstitial biofilm, resulting in permanent
deposition.
[41] Two other studies within the greater Everglades that

have characterized floc distribution and origin are consistent
with the findings of this study. Using biochemical markers,
Neto et al. [2006] found that (1) floc composition is largely
detrital and related to local vegetation community compo-
sition and that (2) some decoupling in source-specific
chemical markers between the floc and underlying peat
implies limited hydrodynamic transport of floc, perhaps
during episodic high-velocity events. While their study took

place along Taylor Slough, which has a marl substratum and
floc with a larger inorganic (CaCO3) content than floc from
within the ridge and slough landscape, we expect these
results to apply throughout the greater Everglades because
of similar hydrodynamics and the relative ease of entraining
floc with a high organic content. Similarly, using organic
carbon quality as a tracer at site WCA-3A-5, Larsen [2008]
found limited decoupling between the origin of surface peat
and local vegetation community composition, which
implies some allochthonous transport of organic material,
possibly in the form of floc.

5. Conclusions

[42] In organoclastic slowly flowing environments where
suspended particle concentrations are transport limited rath-
er than supply limited, floc transport may dominate the
surface water advective mass transfer of carbon and
nutrients and contribute to the evolution of microtopogra-
phy. Downstream transport of floc in areas where bed shear
stress exceeds the entrainment threshold will be character-
ized by multiple deposition and reentrainment events,
facilitated by the higher entrainment flux of recently depos-
ited floc beds relative to more established beds. In regions
where settling is the dominant flux, aggregation of floc by
differential settling further enhances sedimentation, while at
the highest flow speeds, aggregation occurs as a result of
particle-particle collisions but competes with disaggrega-
tion. However, over a range of typical flow velocities for
inland wetlands and floodplains, floc aggregation processes
dominate over disaggregation. Differences in flow velocities
and shear stresses within different vegetation communities
may result in the transfer of organic matter and nutrients
from relatively open areas to more densely vegetated parts
of the aquatic ecosystem.
[43] Floc dynamics within wetlands, floodplains, and

shallow streams are complex because of a wide range of
floc sizes, hysteresis in entrainment rates and fractal dimen-
sion, differences in microbial communities and the organic
character of floc, diel patterns of biological activity, and
multiple mechanisms of particle aggregation. During peri-
ods when bed shear stresses are below the floc entrainment
threshold, biological processes such as bioturbation and
new particle production are dominantly responsible for
water column floc dynamics. Nightly occurring thermal
overturn, in contrast, does not cause significant floc en-
trainment in the Everglades. Despite the complexity of floc
dynamics in shallow, slowly flowing environments, when
mean flow controls water column floc dynamics (i.e., when
bed shear stresses are above the floc entrainment threshold),
it is viable to predict the essential dynamics of floc transport
through simplified numerical modeling. The proposed mod-
eling scheme tracks the balance between entrainment,
settling, and advective transport for multiple size classes
or for a single size class using an OFD that results in a
correct settling flux to the bed while minimizing error in the
vertically averaged concentration of floc transported down-
stream. Models can ignore floc aggregation dynamics with
minimal error at flows associated with bed shear stresses
just above the floc entrainment threshold, but at the highest
flows (e.g., 7.0 cm s�1 in the annular flume experiments) or
at moderate flows that follow periods of high flow, aggre-
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gation becomes significant and models should simulate
multiple size classes.
[44] Water management decisions in the Everglades

would need to define a target flow velocity that optimizes
the transfer of organic sediment from sloughs to ridges. On
the basis of our experiments and conceptual model, a
target velocity should result in shear stresses above the
1.0 � 10�2 Pa entrainment threshold in sloughs and just
below the entrainment threshold within ridges. Simulations
of differential flow velocities and shear stresses through
heterogeneous vegetation communities under different com-
binations of water depths and energy slopes would provide
the remaining piece of information needed to propose target
velocities and durations of elevated flow that are most likely
to sustain an Everglades that redistributes suspended floc in
ways that maintain landscape structure and biodiversity.
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