
RESEARCH ARTICLE

A Laboratory Investigation of the
Suspension, Transport, and Settling of Silver
Carp Eggs Using Synthetic Surrogates
Tatiana Garcia1,2*, Carlo Zuniga Zamalloa2, P. Ryan Jackson1, Elizabeth A. Murphy1,
Marcelo H. Garcia2

1U.S. Geological Survey, Illinois Water Science Center, Urbana, IL, 61801, United States of America,
2Dept. of Civil and Environmental Engineering, University of Illinois at Urbana-Champaign, Urbana, IL,
61801, United States of America

* tgarcia@usgs.gov

Abstract
Asian carp eggs are semi-buoyant and must remain suspended in the water to survive, sup-

ported by the turbulence of the flow, until they hatch and develop the ability to swim. Analy-

sis of the transport and dispersal patterns of Asian carp eggs will facilitate the development

and implementation of control strategies to target the early life stages. Experimenting with

Asian carp eggs is complicated due to practical issues of obtaining eggs in close proximity

to experimental facilities and extensive handling of eggs tends to damage them. Herein, we

describe laboratory experiments using styrene beads (4.85 mm diameter) as synthetic sur-

rogate eggs to mimic the physical properties of water-hardened silver carp eggs. The first

set of experiments was completed in a rectangular vertical column filled with salt water. The

salinity of the water was adjusted in an iterative fashion to obtain a close approximation of

the fall velocity of the styrene beads to the mean fall velocity of silver carp water-hardened

eggs. The terminal fall velocity of synthetic eggs was measured using an image processing

method. The second set of experiments was performed in a temperature-controlled recircu-

latory flume with a sediment bed. The flume was filled with salt water, and synthetic eggs

were allowed to drift under different flow conditions. Drifting behavior, suspension condi-

tions, and settling characteristics of synthetic eggs were observed. At high velocities, eggs

were suspended and distributed through the water column. Eggs that touched the sediment

bed were re-entrained by the flow. Eggs saltated when they touched the bed, especially at

moderate velocities and with a relatively flat bed. At lower velocities, some settling of the

eggs was observed. With lower velocities and a flat bed, eggs were trapped near the walls

of the flume. When bedforms were present, eggs were trapped in the lee of the bedforms in

addition to being trapped near the flume walls. Results of this research study provide

insights about transport, suspension, and dispersion of silver carp eggs. The knowledge

gained from this study is useful to characterize the critical hydrodynamic conditions of the

flow at which surrogates for silver carp water-hardened eggs settle out of suspension, and

provides insight into how eggs may interact with riverbed sediments and morphology.
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Introduction
In recent years, the population of Asian carp has increased exponentially in the Mississippi
River Basin [1–4]. The population will continue to increase because Asian carp can lay thou-
sands of eggs and have the ability to spawn up to three times per year [5]. This population
increase is a concern because of the identification of potential connections between the Missis-
sippi River Basin and the Great Lakes Basin, which does not currently have known populations
of silver and bighead carp [6]. If Asian carp move into the Great Lakes Basin, they could cause
negative ecological and economic impacts [7]. An increased understanding of Asian carp
spawning and egg transport will lead to new approaches for identifying rivers suitable for
Asian carp reproduction, and designing control methods.

Should Asian carp invade the Great Lakes, they will require rivers to spawn. Drifting silver
(Hypophthalmichthys molitrix) and bighead carp (Aristichyths nobilis) eggs are semibuoyant,
and need to be in suspension to hatch [4, 8–10]. This fact has led researchers to identify poten-
tial spawning rivers through progressively more detailed analyses. Kolar et al. [4] used a coarse
filter to identify 22 Great Lakes tributaries as potential spawning rivers. This assessment was
based on the criterion that states a potential spawning river must be at least 100 km long for
successful recruitment. More recently, Kocovsky et al. [11] evaluated the spawning potential of
several Lake Erie tributaries. The authors studied temperatures and velocity time series of
selected rivers based on the identification of flood events considered favorable to Asian carp
spawning. They defined temperature suitable for spawning as greater than 21°C, and defined
flood events favorable for spawning when the maximum velocity exceeded 0.7 m/s. The
authors concluded that the largest western and central Lake Erie tributaries are hydrologically
and thermally suitable for Asian carp reproduction. Murphy and Jackson [12] used field mea-
surements of velocity and temperature for four Great Lakes tributaries and found that river
reaches as short as 25 km could permit suspension until eggs hatch, and velocities as low as
0.15 to 0.25 m/s could maintain the eggs in suspension. Garcia et al. [13, 14] substantiated
these conclusions using the FluEgg drift model and shortly thereafter, Chapman et al. [15] vali-
dated these conclusions with the first evidence of grass carp reproduction in the Great Lakes.

Important factors believed to affect the spawning and recruitment of Asian carp include
the following: water level fluctuation, turbulence, velocity, temperature, and turbidity [4, 16].
Asian carp spawning grounds are in areas characterized by turbulent currents and mixing
waters like river confluences, rock rapids, behind sandbars, stonebeds or islands, and down-
stream of dams and spillways where bubbles and eddies are present [4, 9, 16, 17]. Spawning
grounds of Asian carp are generally characterized by turbid flowing water (0.25 to 3.0m/s) [4,
10, 16, 18]. Temperatures at spawning grounds reportedly range between 18 and 30°C [4, 9,
10, 16].

Following fertilization, Asian carp eggs begin to absorb water, thereby increasing in size and
decreasing their density over time [1, 16, 18–20]. The diameter increases and the fall velocity
decreases with time until an asymptotic value is reached. Four hours after fertilization, the egg
diameter remains relatively constant [1, 21]. Yi et al. (1988) (English translation available in
Chapman [8]) collected and analyzed Asian carp (grass, black, silver and bighead carps) eggs
and larvae from the Yangtze River in the 1960s. From this study, the authors found that silver
carp eggs were the smallest, and bighead carp eggs were the largest, compared with other spe-

cies. The diameter of silver carp eggs ranged between 3.5 and 6.4 mm, with a mean value (D) of
5.05 mm and a standard deviation (σ) of 0.52 mm. Bighead carp egg diameters varied from 4.9

to 6.7 mm (D ¼ 5:82mm; s ¼ 0:42mm). Chapman and George [1, 21] cultured silver and big-
head carp under regulated conditions. Important biological factors such as size, diameter,
growth rate, and fall velocities were documented. Before fertilization, silver and bighead carp
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egg diameters were 1.4 and 1.6 mm, respectively. After fertilization, silver carp egg diameters

ranged between 3.2 and 5.4 mm (D ¼ 4:3mm; s ¼ 0:45mm). Bighead carp egg diameters var-

ied from 3.6 to 6.7 mm (D ¼ 5:3mm; s ¼ 0:58mm). Lenaerts et al. [22] collected and analyzed
Asian carp eggs from the Wabash River in Indiana in 2012 and 2013, and found the average sil-
ver carp egg diameter over both years was 3.1 mm, with the eggs from 2012 generally smaller
than those collected in 2013. Bighead and hybrid carp both had eggs that were larger on aver-
age than the silver carp eggs, but had average diameters less than 3.5 mm, over the two sampled
years.

Previous studies [4, 11] assessed Asian carp reproduction using estimates of the critical
velocity to maintain eggs in suspension based on observations of known spawning grounds,
rather than physically based studies. Studies with Asian carp eggs are difficult to perform, and
require culturing eggs in a laboratory or collecting eggs from the field, and transporting them
to the lab without delay or damage. The difficulties of working with live eggs have led experi-
mentalists to seek egg surrogates for laboratory experiments. Dudley and Platania [23] experi-
mented with different potential materials to mimic the physical properties (specific gravity and
settling velocity) of drifting semibuoyant Cyprinidae eggs. The Cyprinidae eggs had a diameter
of 2.672 mm, with specific gravity equal to 1.00589, and a terminal fall velocity of 9.291 mm/s.
As a result of these experiments, the authors concluded that semibuoyant nylon 12 particles
(specific gravity = 1.005) were the optimum material to mimic the fish eggs.

Following the methods of Dudley and Platania [23], synthetic eggs can be used in the study
of the fate and transport of Asian carp eggs. Synthetic eggs can be used to identify the critical
hydrodynamic conditions at which the eggs, for different developmental stages, remain in sus-
pension. Throughout their pre-hatching development, silver carp eggs have a lower settling
velocity than bighead carp eggs [21]. Therefore, they require lower velocities and turbulence to
remain in suspension. We selected silver carp as the critical species to evaluate. Assuming
Asian carp select highly turbulent areas to spawn to maintain their non-water-hardened eggs
in suspension, the critical developmental stage begins when the eggs become water-hardened.
Laboratory experiments with synthetic eggs were performed in the Ven Te Chow Hydrosys-
tems Laboratory, University of Illinois at Urbana-Champaign.

The purposes of this study were: i) to identify a material that can mimic the physical charac-
teristics of silver carp eggs, ii) to design and carry-out flume experiments using synthetic eggs
to better understand egg transport under turbulent flow conditions, which are similar to pre-
ferred spawning conditions in streams, iii) to characterize, qualitatively, both egg-bed interac-
tion and egg burial processes, and iv) to evaluate suspension and settling dynamics of water-
hardened eggs under different flow velocities.

Materials and Methods
Commercially available styrene spheres were used as synthetic surrogate eggs. The spheres had
a diameter of 4.85mm, a roundness tolerance of approximately ±0.015 mm and a density
approximately equal to 1040.9kg/m3. Synthetic eggs were purchased from Engineering Labora-
tories, Inc. (www.plasticballs.com). Because the styrene spheres were not precision grade, a
thorough characterization of the density and diameter was required. The diameter of synthetic
eggs was determined by taking a picture of a random sample of 36 particles, which were placed
over a white background next to a rectangular grid. The picture frame was analyzed using cus-
tomMATLAB scripts (Mathworks, Natick, MA, USA). This process produced a measure of the
mean diameter.

To compensate for the high specific gravity of the styrene spheres relative to water-hardened
silver carp eggs, the density of the water was modified using salt. Increasing the density of the
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water using salt increases the buoyancy of the spheres and reduces the settling velocity. The
density of the water was measured using an Anton Paar DMA 500 density meter.

Experiments with synthetic surrogate eggs in stagnant water
Results from this experiment provided the necessary water density and salinity concentration
to be used in laboratory experiments with moving water using the chosen synthetic eggs.

A technique to calculate the terminal fall velocity of the synthetic eggs was developed. Ter-
minal fall velocity was estimated in a rectangular 1.6m tall, 0.2m long, and 0.1m wide clear
acrylic settling column. The column was filled with salt water. The salinity of the water was
adjusted in an iterative process such that the settling velocity of the synthetic eggs would mimic
the settling velocity of water-hardened silver carp eggs as determined in the laboratory experi-
ments of Chapman and George [21]. Temperature was measured at the beginning and end of
each experiment. Prior to the experiment, the water was well mixed to avoid stratification
caused by salinity or thermal differences. A funnel was located in the middle of the section at
the top of the column. Individual synthetic eggs were passed through the funnel and were
tracked as they fell through the settling column. The terminal fall velocity of individual syn-
thetic eggs was calculated using a particle tracking system.

A 1 cm x 1 cm vertical grid was located in the right and left edges of the column for later cal-
ibration (Fig 1). The settling column was illuminated with a system of two 46 × 61-cm LED
Edge Lit Panels (purchased from Knema, LLC (http://knema.com)). The LED panels were
located behind the settling column to produce a uniform illumination field. The settling col-
umn was rectangular to minimize horizontal visual distortion.

Consecutive high-resolution images of each particle were taken at 9 frames per second with
a Nikon D200 camera. The images were taken with a focal length of 35mm, exposure time of 1/
160 seconds and an aperture of f/8 capturing the particles at different times as they fell through
the water column. The sequence of images was used to track the path of individual particles.
The location (x, z) of the particles and the time interval between images were used to calculate
the terminal fall velocity at different depths of the column. The terminal fall velocity was com-
puted after initial acceleration (approximately 0.5m below water surface). Fifty realizations
were completed to develop a representative sample of the fall velocity.

Custom particle image processingMATLAB routines were developed to track the position
of individual particles in a series of consecutive picture frames. The methodology used is based
on visual detection of particles in each frame. The time at which each image was captured was
obtained from the camera date database. The customMATLAB routines convert images first to
gray scale and then to black and white (binary images). The binary images are processed using
morphological processing tools to identify the centroid of each particle. The centroid of the
particle is in pixel units; therefore, a calibration is needed to obtain the location of the particles
in metric units (see Fig 1).

Initially, a long ruler was placed inside the center of the settling column for the purpose of
camera calibration. A ratio of pixels/cm was calculated for various segments of the ruler and
for the grid located in the back of the column. The error found between the different pixel/cm
ratio measured in the center and the back of the column was less than 3 pixels/cm, which is
well within the uncertainty of this methodology. From these measurements, an average calibra-
tion scale between pixels and meters was calculated. The particle image tracking code calculates
the fall velocity per pair of two sequential images, as follows:

Vs ¼
Znþ1 � Zn

tnþ1 � tn
ð1Þ
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where, Vs is the terminal fall velocity [m/s], Z is the vertical location of the particle centroid
(depth from water surface to particle location) [m], t is the time at which the picture frame was
captured [seconds], and n represents the time step [unitless].

The particle image tracking code returned information on fall velocity as a function of
depth. Later, the mean terminal fall velocity along the settling column depth was calculated.
The minimum number of particles needed to estimate a statistically significant mean terminal
fall velocity of the synthetic surrogate eggs was determined. Settling column trials (realizations)
were done with an additional measurement of particle settling velocity being tested in each sub-
sequent trial until the mean terminal fall velocity reached an asymptotic value. The terminal
fall velocities obtained from the particle image tracking code were compared with four equa-
tions found in literature to calculate terminal fall velocities in quiescent water (a summary can
be found in Garcia [24]): (i) Iteration Method, (ii) Dietrich, (iii) Jimenez and Madsen, and (iv)
Soulsby.

Experiments with synthetic surrogate eggs in flowing water
Experiments with synthetic surrogate eggs in flowing water were performed in an Odell-
Kovasznay style flume [25], a temperature-controlled recirculatory flume built originally for
stratified flow experiments at the University of Illinois [26]. The flow in the flume is controlled
by a disk pump, which runs at different rotation rates resulting in different ranges of flow
velocities. Turbulence is produced by the disk pump, and shear is generated by the walls of the
flume and the sediment bed. The dimensions of the Odell-Kovasznay flume are shown in Fig 2.
The transparent test section is 2 m long, 0.15 m wide, and 0.6 m deep. The disk pump, also

Fig 1. Steps in the particle image tracking code.

doi:10.1371/journal.pone.0145775.g001
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shown in Fig 2, has disks uniformly distributed through the depth of the flume with a disk
spacing of 3.4 cm. The pump disks were separated carefully such that there was enough surface
area to generate a wide range of flow velocity in the flume, yet, disk spacing ensures no damage
to the synthetic eggs.

The flume was filled with salt water to adjust the specific gravity of synthetic eggs such that
the physical properties of water-hardened silver carp eggs were matched. A mixture of walnut-
shells and sand was used as a sediment bed in the Odell-Kovasznay flume. The sediment bed
artificially reproduced deposition and entrainment of eggs, and reproduced egg-sediment
interaction that likely occurs when eggs settle to the bottom of a river. In addition, the sediment
substrate produced shear, generated by the roughness of the sediment bed. This shear mimics
some of the hydrodynamic effects present in natural rivers.

Measurements of the water velocity were performed using a Nortek Vectrino acoustic
Doppler velocimeter with a Velmex positioner, capable of measuring three-component velocity
(u, v, w) at precise positions in the water column [27]. The sampling volume of the Vectrino
has a diameter of 6.0mm, and a variable height of 3 − 15mm. The Vectrino was setup with a
transmit length of 1.8mm.

The experiments performed in the Odell-Kovasznay flume included: (i) measurement of the
settling velocity of synthetic eggs in stagnant water, (ii) qualitative observation of the transport
of synthetic eggs at different flow velocities, (iii) estimation of the vertical distribution of syn-
thetic eggs drifting at a given velocity, and (iv) tracking of synthetic eggs and egg trajectory at a
given velocity.

Initially, synthetic eggs were released in the flume with stagnant water to ensure the experi-
mental setup was reproducing the conditions determined from the column experiments
required to imitate the settling velocity of water-hardened silver carp eggs. Although the flume
was not deep enough to reach terminal fall velocity, it gave a good estimate of the settling veloc-
ity. Eggs were released through a funnel in the middle of the test section. As the eggs settled,
the locations of synthetic eggs at different time steps were captured by picture frames with a
high-speed camera. The picture frames were analyzed with theMATLAB particle tracking tool-
box, PTVlab [28].

Fig 2. Odell-Kovasznay flume—Ven Te ChowHydrosystems Laboratory.

doi:10.1371/journal.pone.0145775.g002
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The synthetic eggs were then allowed to drift in the current under different velocity fields.
The transport and dispersion of the eggs were analyzed qualitatively (documented by photo-
graphs and videos), and quantitatively. The quantitative analysis was performed by capturing
the location of synthetic eggs with a high-speed camera. A given egg location was tracked
through a series of picture frames using the PTVlab tracking toolbox.

Egg transport, along with egg suspension and settling dynamics, were observed and docu-
mented in pictures and videos; Fig 2 shows the position of camera 2 relative to the flume. Egg
transport was analyzed under two conditions: relatively flat bed and a mobile bed with bed-
forms. Eggs were allowed to drift until a relatively steady state distribution of eggs was reached
for each experiment. When the flow rate in the flume was changed, the flume was allowed to
run for about 10 minutes until the flow reached steady state. The velocity profile generated at
different flow rates was measured with the Vectrino at the end of the high speed camera view
area (see Fig 2). The Vectrino was placed far enough from the bend entering the test section to
minimize the effect of secondary currents on velocity measurements. Shear velocity (u�, indica-

tor of turbulence) estimates were calculated as u� ¼
ffiffiffi
tb
r

q
for further analysis. Estimates of bed

shear stress (τb) were calculated using the turbulent kinetic energy (TKE) method. The mean
bed shear stress was estimated from the three-component turbulent velocity fluctuations (u0, v0,
w0) as follows [29, 30]:

tb ¼ C1r 0:5 u02 þ v02 þ w02
� �� � ð2Þ

where τb is the mean bed shear stress [Nm2], ρ is the water density [kg/m3], u0, v0 and w0 are the
velocity fluctuations in the longitudinal, lateral and vertical directions, respectively [m/s], and
C1 = 0.19 is a proportionality constant [unitless].

Detailed experiments using the high-speed camera were performed for a selected flow con-
dition at which synthetic eggs were both in suspension and settled on the bed, suggesting it is a
condition approaching the critical suspension threshold for the eggs. To estimate the vertical
distribution of synthetic eggs, independent picture frames were taken every minute extending
over 70 minutes. The centroid of every particle was identified in every picture frame using the
PTVlab toolbox. The locations of the centroid of 2,405 independent particles were identified,
and the vertical distribution of the eggs was derived from this information.

Finally, a set of 840 correlated pictures at a rate of 8 frames per second were taken, while the
flume was operated at the selected representative flow condition. Images were processed using
the PTVlab toolbox and trajectories from individual synthetic eggs were identified. The egg tra-
jectory slopes were analyzed to study suspension and settling patterns as a function of the
mean vertical location of the eggs.

Results and Discussion
This section describes the results of the experiments using synthetic eggs first in stagnant water
in the settling column, and then in the Odell-Kovasznay recirculatory flume. The synthetic
eggs were selected to imitate water-hardened silver carp eggs physical characteristics corre-
sponding to data on cultured silver carp from Chapman and George [21]. At a reference tem-
perature of 22°C, the average mean ± one standard deviation diameter, specific gravity and fall
velocity of water-hardened silver carp eggs, during this developmental stage (4 hours to 23
hours post-fertilization) are 4.7±0.35mm, 1.0017±0.0003 and 0.007±0.0006m/s, respectively
[21].
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Terminal fall velocity of synthetic surrogate eggs in stagnant water
Styrene particles in salt water with a mean diameter of 4.85mm (representative of water-hard-
ened silver carp eggs) and a density and specific gravity of about 1040.9kg/m3 and 1.043, respec-
tively, were found to have a similar fall velocity to water-hardened silver carp eggs. The salinity
of the salt water was equal to 55.5 ppt with specific gravity of 1.042 and temperature of 22.8°C.
We determined, experimentally, that at 50 cm below the water surface, the particles reached the
terminal fall velocity (relatively constant speed). The terminal fall velocity of 50 synthetic eggs
was analyzed as they settled through the column. Although all the eggs were placed in the col-
umn through a funnel (resulting in identical release points), every particle pursued a different
path due to turbulence generated by the drag forces as the particles settled through the column
(Fig 3A). Fig 3B illustrates fall velocity as a function of depth of the column for 50 synthetic eggs.
Statistically, a sample of at least 25 synthetic eggs is required to reach an asymptotic mean value
of the terminal fall velocity (Fig 3C). Results illustrate the mean terminal settling velocity of the
synthetic eggs in the salt water solution (based on 50 realizations) is equal to 0.006±0.0016m/s.
The terminal fall velocity results from the laboratory experiments are best represented with the
Dietrich equation. This value of the mean terminal settling velocity indicates the synthetic eggs
in salt water with a specific gravity of around 1.042 can mimic water-hardened silver carp eggs.
By adjusting the salinity of the water, synthetic particles can be used to mimic eggs from other
species at different developmental stages, provided the particles can be found to match the
required egg diameter and the salinity adjustment is within the solubility limit of salt in water.

Settling velocity of synthetic surrogate eggs in the Odell-Kovaznay flume
in stagnant water
The Odell-Kovasznay flume was filled with salt water with a specific gravity equal to 1.042, and
a mean water depth and temperature equal to 0.46 m and 23.6°C, respectively. Approximately
350 synthetic eggs were released from the top of the flume in the middle of the field of view of
the high speed camera (Fig 2). For this experiment, the water was stagnant to ensure the experi-
mental set-up was reproducing roughly the same conditions as the vertical column. Fig 4A and
4B illustrate the turbulent diffusion due to drag forces generated as the synthetic eggs are set-
tling. Fig 4B illustrates the paths of synthetic eggs as they sink in the flume; notice every egg
takes a different path. The peak value of the settling velocity distribution of the synthetic eggs
corresponds to a value of 0.007m/s (Fig 4C), which is in agreement with water-hardened silver
carp eggs settling velocities. The settling velocities measured in this experiment do not repre-
sent the terminal fall velocity of the eggs; however, they are a good indication of the ability of
the synthetic eggs to mimic water-hardened silver carp eggs. A few synthetic eggs experienced
upward movement (negative settling velocities). This upward movement occurred because
small bubbles were attached to the surface of the synthetic eggs forcing them to briefly move
upwards. However, by the end of the experiments all the particles settled to the bed.

Qualitative observation of drifting synthetic surrogate eggs in the Odell-
Kovaznay flume in moving water
Velocity distributions were measured in the Odell-Kovasznay flume using the Nortek Vectrino
acoustic Doppler velocimeter. The flume was run for 10 minutes before every experiment to
ensure the flow and the dispersion of the eggs reached steady state. The measured depth-aver-
aged velocities in the flume for the four experiments were 0.04m/s, 0.07

m/s, 0.2
m/s, and 0.4

m/s.
The estimates of shear velocity calculated using the TKE method corresponding to the four
flow conditions with a relatively flat bed were 0.002m/s, 0.004

m/s, 0.008
m/s, and 0.016

m/s,
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Fig 3. Synthetic surrogate water-hardened silver carp eggs fall velocity measurements. Settling paths for 50 synthetic eggs (particles) with 4.85 mm
diameter and water specific gravity of 1.042 (different colors correspond to different synthetic eggs, circles represent egg location captured by photographs,
connecting lines represent egg paths) (A); fall velocity of 50 synthetic eggs (different colors correspond to different synthetic eggs) (B); incremental mean
terminal fall velocity of synthetic eggs (C).

doi:10.1371/journal.pone.0145775.g003
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respectively. Two cases were analyzed; one with a relatively flat bed and the other with bed-
forms. Fig 5 illustrates egg distribution for an instant of time. Video of synthetic eggs drifting
under the different combinations of velocity and bed configuration are provided as supplemen-
tary material (S1 Video).

In the presence of bedforms and at a mean velocity equal to 0.04m/s (u� = 0.002m/s), there
were few eggs in suspension, and a large fraction of the eggs were trapped in the lee of the
dunes; especially in areas near the walls of the flume. These areas are characterized by very low
velocities. In the lee of the dunes, flow separation can create recirculation and dead zones, and
shear near the flume walls causes very low, near-zero velocities. Therefore, it is very difficult for
the trapped eggs to get re-entrained to the flow. However, at the same flow velocity and rela-
tively flat bed conditions, fewer eggs were trapped on the bed compared to the case with bed-
forms. There were some instances where eggs were trapped due to imperfections of the bed
(note: flat bed conditions still used a sediment bed and therefore, imperfections were present).
In general, eggs that touched the bed demonstrated saltation processes where eggs rolled over
the bed. However, it appears that the mixing near the bed was not strong enough to re-entrain
settled eggs and transport them back into the upper part of the water column.

For the case in which bedforms were present, and a mean velocity equal to 0.07m/s (u� =
0.004m/s), there were fewer eggs trapped along the bed compared to the case where velocities
were equal to 0.04m/s (u� = 0.002m/s). Also, the percentage of eggs in suspension was higher
than in the previous case because there was more mixing to maintain the eggs in suspension,
resulting in fewer eggs trapped on the bed. Eggs that settle and touch the bed bounced back
into the water column, getting re-entrained into the flow relatively quickly. However, if an egg
was trapped on the bed for an extended period of time, it was very difficult to get re-entrained
into the flow. Under the same velocities, but with a relatively flat bed with no bedforms, eggs
did not settle on the bottom. Instead, eggs saltated over the bed and never remained trapped in
one place on the bed. In this case, there were more eggs in suspension than in the previous case
(flat bed and 0.04m/s).

Fig 4. Experiments of settling velocity of synthetic eggs in the Odell-Kovasznay flume with stagnant water conditions. Photograph of the synthetic
eggs settling in the Odell-Kovasznay flume (A). Paths of individual synthetic eggs (different colors correspond to different synthetic eggs) (B). Distribution of
settling velocity (Vs) of synthetic eggs [

m/s] (C). Positive values indicate downward movement of particles.

doi:10.1371/journal.pone.0145775.g004
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At mean velocities equal to 0.2m/s (u� = 0.008m/s) and 0.4
m/s (u� = 0.016m/s), there were no

noticeable differences between the cases with bedforms and the cases with a relatively flat bed.
Almost all the eggs were in suspension. Occasionally, there were eggs near the bed; however;
eggs were re-entrained rapidly to the flow. At velocities equal to 0.4m/s (u� = 0.016m/s), the eggs
simply moved faster and were re-entrained faster if they touched the bed.

Estimation of the vertical distribution of synthetic surrogate eggs
We selected the case of mean velocity equal to 0.07m/s (u� = 0.004m/s) with a flat bed to explore
drift trajectories and suspension and settling processes in more detail. Based on our observa-
tions, this is a representative case where both eggs in suspension and eggs near the bed can be

Fig 5. Mosaic of pictures taken at a given instant of time for two cases: bed with bedforms (left) and
relatively flat bed (right). Every row represents a different velocity case: 0.04m/s (u* = 0.002m/s), 0.07

m/s
(u* = 0.004m/s), 0.2

m/s (u* = 0.008m/s), and 0.4m/s (u* = 0.016m/s). Eggs size and color were enhanced for
visualization.

doi:10.1371/journal.pone.0145775.g005
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studied, and it represents a critical hydrodynamic condition at or near the threshold for egg
suspension. Independent images were taken every minute to avoid taking pictures of the same
group of eggs. The location of the centroid of every egg in each picture was identified using the
PTVlab toolbox (Fig 6A).

When the bed was relatively flat and at velocities as low as 0.07m/s (u� = 0.004m/s), about
65% of the eggs remained in suspension, corresponding to a vertical centroid of the mass of
eggs located at the lower 18% of the water column. (Fig 6). Previously, it was believed that
velocities ranging from 0.25 to 0.9m/s, were required to maintain eggs in suspension [4, 10, 16,
18]. Kocovsky et al. [11] used a velocity threshold of 0.[7]m/s required to maintain eggs in sus-
pension by the water turbulence. However, these suspension velocities were obtained by obser-
vation of known spawning grounds, and the critical stage for Asian carp recruitment is when
the eggs are water-hardened. More recent studies show a better approximation to the critical
velocity to maintain eggs in suspension. Murphy and Jackson [12] determined through a
hydraulic-based analysis of shear velocity versus settling velocity, that eggs will start to sink at
mean velocities on the order of 0.[15]m/s to 0.[25]

m/s. Using the FluEgg drift model, Garcia
et al. [13] showed substantial settling of water hardened silver carp eggs when the mean veloc-
ity fell below 0.[16]m/s. Further downstream, at velocities approaching 0.03m/s, the vertical cen-
troid of the mass of eggs was approximately in the lower 10% of the water column. The results
of the present laboratory study indicate that for the conditions evaluated in the experiments,
water-hardened silver carp eggs will remain in suspension at velocities as low as 0.07m/s (u� =
0.004m/s). This is an order of magnitude lower than critical suspension velocities used in
Kocovsky et al. [11]. However, generalization and identification of a single critical velocity to
maintain eggs in suspension is difficult because maintaining eggs in suspension depends on the
amount of turbulent fluctuations present throughout the flow. These turbulent fluctuations
are, in turn, dependent on flow velocity, water depth, bed morphology, bed substrate, and
water temperature, among other factors. Consequently, the critical velocity for maintaining
eggs in suspension at a specific developmental stage may vary depending on the local bathyme-
try and water temperature. However, results from this laboratory experiment suggest that
water-hardened silver carp eggs will likely remain in suspension at relatively low velocities.
These observations help delineate the bounds on the magnitude of the critical velocity neces-
sary to maintain water-hardened eggs in suspension.

Drift trajectories of synthetic surrogate eggs
One important question regarding suspension and settling dynamics of eggs, is whether an egg
will remain in its initial vertical location in the water column for a long period of time under
steady state conditions. To answer this question it might be useful for biologists and scientists
to determine whether eggs collected near the surface have been drifting for an extended period
of time, or had periods of settling and resuspension upstream of a sampling point. The former
might allow estimation of spawning sites from velocity data and egg development stage, while
the latter would introduce added complexity. Analyzing the drift trajectories of synthetic eggs
in the laboratory is not only useful to answer questions similar to the one above, but also to
give insights regarding why an egg driven by the turbulence and mixing processes will tend to
go upwards rather than settling down due to gravity. The trajectory slopes provide information
regarding the balance between settling forces and upward turbulent and mixing forces.

This set of experiments were performed in the flume under relatively flat bed conditions
and velocities equal to 0.07m/s (u� = 0.004m/s). Egg trajectories were derived by tracking corre-
lated frames taken at a rate of 8 frames per second. The location of the centroid of every egg in
every picture frame was detected using the PTVlab toolbox. Then, particles were tracked

Laboratory Experiments Using Silver Carp Synthetic Surrogate Eggs

PLOS ONE | DOI:10.1371/journal.pone.0145775 December 29, 2015 12 / 19



between pairs of pictures. This tracking was performed by computing the cross-correlation
coefficient of light intensities between a pair of picture frames, and using an interrogation area
of about 3 times the diameter of the synthetic eggs.

Trajectories of synthetic eggs are illustrated in Fig 7A. Trajectories were categorized by their
mean slope: negative (green), positive (light blue), and mild slope (dark blue). Negative slopes
indicate the case where mixing is not sufficient to counteract settling effects. Mild slopes indi-
cate that there is a general balance between turbulent mixing and settling forces; therefore, the
vertical locations of the synthetic eggs remain relatively stable across the field of view of the

Fig 6. Location of the centroid of synthetic surrogate eggs obtained from independent pictures taken at 1 frame per minute (A). In (A) white space in the
bottom z

h ¼ 0
� �

is due to irregularities in the bed. Y-axis corresponds to the normalized vertical location of the eggs. Vertical distribution of the eggs (B). This
figure is for the case at which the mean streamwise velocity was equal to 0.07m/s (u* = 0.004m/s).

doi:10.1371/journal.pone.0145775.g006

Fig 7. Synthetic egg trajectories using correlated images taken at 8 frames per second (A). Slope of trajectories as a function of normalized egg mean
location (B). In (A) and (B), colors indicate negative (green), positive (light blue), and mild slope (dark blue) of the egg trajectories. Mean egg trajectory slopes
as a function of normalized egg mean location (C).

doi:10.1371/journal.pone.0145775.g007
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camera. Positive slopes indicate that turbulent mixing overcomes settling processes; therefore,
synthetic eggs move upward in the water column. In Fig 7B, the mean slope of egg trajectories
are presented as a function of the normalized egg mean vertical location. The distribution of
the mean slope of synthetic egg trajectories over the normalized vertical location of the eggs is
shown in Fig 7C. The vertical distribution of the mean trajectory slopes illustrate the combined
effect of velocity gradients and turbulent mixing (eddy diffusivity). The overall tendency of
the majority of synthetic eggs is to go downward, which indicates that at a velocity of 0.07m/s
(u� = 0.004m/s) and under relatively flat bed conditions, the turbulent mixing is not very strong
and the eggs are settling in the test section. This is consistent with the finding that u�<Vs.
However, there is a zone in Fig 7C that indicates turbulent mixing is stronger. This zone corre-
sponds to the layer that is located at about 55% (z/h = 0.55) of the water column depth. In this
layer there are still synthetic eggs that tend to settle; however, there is a slightly higher tendency
of synthetic eggs to move upward. This weak upward tendency suggests that the turbulent fluc-
tuations in this portion of the water column have just overcome the settling effects of the mech-
anism that drives the trajectories of the eggs. The layer closest to the bed illustrates an overall
stable tendency of the location of the eggs because relatively equal amounts of eggs tend to
rise and settle (possibly due to saltation). Near the bed, turbulent mixing is low compared to
the rest of the water column; therefore, eggs will tend to remain in this area for longer periods
of time.

Analysis of suspension of synthetic surrogate eggs with dimensionless
numbers
Estimates of shear velocity in the present experiments were used to further analyze the relation
between flow condition and egg suspension. For this task, the shear velocities and the vertical
turbulence intensity (~w) were used to calculate three dimensionless ratios. The turbulence
intensity is expressed as [31]:

~w ¼ w0ð Þ2
h i0:5 ð3Þ

where w0 is the fluctuation of the vertical velocity component [m/s].
The dimensionless numbers selected to analyze the autosuspension thresholds (the turbu-

lence limit at which eggs are held in suspension) were i) the ratio between the vertical turbu-

lence intensity and the settling velocity ~w
Vs

� �
, ii) the ratio between the shear velocity and

settling velocity u�
Vs

� �
, and iii) the inverse of the Rouse number 1

ZR

� �
.

Van Rijn [31] defined the first two dimensionless numbers ~w
Vs

and u�
Vs

� �
as parameters that

indicate initiation of suspension when greater or equal to one (binary suspension screening cri-
teria). Similarly, in a previous study performed by Murphy and Jackson [12], the shear velocity
was compared against the settling velocity of water-hardened Asian carp eggs to identify poten-
tial settling zones of Asian carp eggs in Great Lakes tributaries. Although the authors did not
calculate directly u�

Vs
, they used u�

Vs
< 1 as a criteria to identify potential settling zones.

In sediment transport the Rouse number is used to determine the mode of transport (e.g.,

bedload, suspended load, wash load) and its inverse 1
ZR

� �
is call the suspension parameter [32].

The inverse of the Rouse number is defined as follows [31]:

1

ZR

¼ bku�
Vs

ð4Þ
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where κ = 0.51 is the Von Karman constant [unitless] and b ¼ 1þ 2 Vs
u�

� �2

is a coefficient

related to diffusion of sediment particles [unitless] with a maximum value of 3.

Hearn [32] classifies sediment transport modes as follows: bed load 1
ZR
< 0:4

� �
, suspended

load with approximately 50% of sediments in suspension 0:4 � 1
ZR
� 0:8

� �
, suspended load

with approximately 100% of sediments in suspension 0:8 < 1
ZR
� 1:3

� �
, and wash load

(ZR>1.3). The classification of transport mode proposed by Hearn [32] was used to compare
synthetic egg transport modes in experiments performed in this study.

The calculated autosuspension numbers ( ~w
Vs
,u�
Vs
, and 1

ZR
) for the synthetic eggs at different flow

conditions are illustrated in Fig 8 together with the binary suspension screening criteria and the
Rouse classification of mode of transport for comparison purposes. Autosuspension numbers
based on u� are likely to be sensitive to the method used for estimating u�. The first two autosus-
pension dimensionless numbers were compared against the binary suspension screening criteria
proposed by Van Rijn [31] (dashed blue line in Fig 8), in which either the turbulence intensity or
the shear velocity are compared against the settling velocity of synthetic eggs, therefore explain-
ing the correlation between egg suspension and the turbulence of the flow. Results show that
these two autosuspension numbers successfully characterize the transport mode where all the
eggs are in suspension. However, these dimensionless numbers failed to describe the condition
where some eggs remain in suspension, yet u�

Vs
< 1. The experiments with synthetic eggs depicted

some suspension of the eggs (up to 65%) when u�<Vs. The binary suspension screening criteria
are useful for estimating when eggs start to fall out of suspension, but can not adequately
describe the amount of eggs that remain in suspension after some of the eggs start to settle.

The suspension parameter adequately described the mode of transport of synthetic eggs for
the different flow conditions in experiments with moving water (see Fig 8). For the case of
mean velocity equal to 0.04m/s (u� = 0.002m/s), the suspension parameter was equal to 0.45,
which is near the limit of bedload transport, consistent with just a few synthetic eggs in suspen-
sion. For the case of mean velocity 0.07m/s (u� = 0.004m/s), at which 65% of eggs were in sus-
pension, the suspension parameter was equal to 0.76, which is within the suspended load (50%
suspended) classification limits. Finally, for the last two flow conditions (mean velocity equal
to 0.2m/s (u� = 0.008m/s) and 0.4

m/s (u� = 0.016m/s)) the suspension parameter corresponds to
1.74 and 1.72, respectively, which predicts 100% suspension and agrees with the experiments
with synthetic eggs in which all the eggs were in suspension. Therefore using the suspension
parameter, or inverse of the Rouse number, might be appropriate to describe egg transport
mode, especially within flows where settling is possible.

Conclusions
Under the assumption that Asian carp will spawn in highly turbulent areas, with enough mix-
ing to keep the non-water hardened eggs in suspension, we identified water-hardened silver
carp eggs as the critical indicator to analyze the hydrodynamic conditions necessary to main-
tain Asian carp eggs in suspension long enough to facilitate egg development and hatching. In
previous studies, scientists employed a velocity threshold based on known spawning grounds
to evaluate tributaries suitable for egg development and incubation. This practice resulted in a
high velocity threshold which does not accurately represent the minimum velocities required
to maintain water-hardened eggs in suspension. Ultimately, this practice can lead to incorrect
conclusions and decisions regarding the suitability of a stream for development and hatching
of Asian carp eggs.
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Styrene particles in salt water with a mean diameter of 4.85mm (representative of water-
hardened silver carp eggs) and a density and specific gravity of about 1040.9kg/m3 and 1.043,
respectively, were found to have a similar fall velocity to water-hardened silver carp eggs. The
salinity of the salt water was equal to 55.5 ppt with a specific gravity equal to 1.042. The termi-
nal settling velocity of synthetic eggs was calculated experimentally with a vertical settling col-
umn using an image processing technique. The terminal settling velocity of the synthetic eggs
was equal to 0.006±0.0016m/s; very close to that of water-hardened silver carp eggs (0.007
±0.0006m/s, [21]). With small adjustments in the salinity of the water and particle size, this
technique should allow one to mimic eggs at different developmental stages, eggs of different
species, or other passive particles (e.g., sediment grains and oil droplets).

Qualitative observations of synthetic eggs drifting at a range of velocities and under different
bed configurations generated insights regarding egg suspension, saltation processes, and inter-
action of the eggs with the bed. At velocities lower than 0.07m/s (u� = 0.004m/s), synthetic eggs
were trapped in the recirculation zone on the leeward side of bedforms and near the walls of
the flume where the velocities were lower. Saltation or bouncing of the eggs along the bed was
observed at velocities greater than or equal to 0.07m/s (u� = 0.004m/s). At lower velocities, salta-
tion processes were limited to rolling of the non-trapped eggs on top of the sediment bed.

Fig 8. Autosuspension dimensionless numbers calculated for synthetic eggs drifting at different flow conditions.Qualitative and quantitative results
from experiments with synthetic eggs are indicated with black labels. Circles represent ~w

Vs
, triangles represent u�Vs, and black squares represent 1

ZR
for the

different flow conditions: 0.04m/s (u* = 0.002m/s), 0.07
m/s (u* = 0.004m/s), 0.2

m/s (u* = 0.008m/s), and 0.4m/s (u* = 0.016m/s). Light dashed blue line and

arrows represent the binary autosuspension criteria applicable to
~w~
Vs
and u�

Vs
. Shaded colored areas represent the different Rouse mode of transport conditions:

bedload(gray), suspended load (50%) (pink), suspended load (100%) (blue), wash load (yellow).

doi:10.1371/journal.pone.0145775.g008
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Finally, at velocities higher than 0.2m/s (u� = 0.008m/s), differences between the bedforms and
flat bed conditions were not noticeable.

One of the main conclusions of this study is that at mean and shear velocities as low as
0.07m/s and 0.004

m/s, respectively, over a relatively flat sediment bed, about 65% of synthetic
eggs remain in suspension. This mean velocity is about 10 times lower than the velocity
required for suspension previously cited in literature based on known spawning grounds. Fac-
tors including temperature, bed roughness, bed substrate, and presence of bedforms will also
affect egg suspension behavior and must be considered, in addition to the mean and shear
velocity.

Results from qualitative and quantitative experiments with synthetic eggs were compared
against three different dimensionless autosuspension numbers ( ~w

Vs
,u�
Vs
, and 1

ZR
) with the goal of

identifying a screening method that adequately predicts egg transport (suspension or settling)
to be used for first order analysis of rivers for reproduction suitability. The three assessed auto-
suspension numbers appropriately described the cases where all the eggs were in suspension.
However, ~w

Vs
and u�

Vs
predicted settling of all the eggs for flow conditions where suspension of

some eggs was observed (e.g., at velocities equal to 0.07m/s), therefore these autosuspension
numbers should only be used to identify areas of transport (suspension) and areas where eggs
may settle (u�<Vs, settling zone). Because rivers and streams have streamwise gradients in
velocity and turbulence intensity and, therefore, do not adhere to strict binary autosuspension
criteria, it is important to note that once a potential settling zone is identified, use of the sus-
pension parameter is advised. In reality, eggs will not settle in unison upon reaching a settling
zone and this behavior is captured by transport modes of the suspension parameter. Finally,
results from these laboratory experiments demonstrate the delicate balance between the com-
bined effects of velocity gradients and turbulent mixing and particle settling in the suspension
of synthetic Asian carp eggs. Although the applications of the study to riverine environments
are limited by the experimental setup (particularly, the narrow flume), the knowledge gained
from this study is useful to help delineate the boundaries surrounding the critical hydrody-
namic conditions of the flow at which water-hardened silver carp eggs fall out of suspension.

Future work is needed on the transport dynamics at or near the threshold for suspension,
particularly with regard to the applicability of the suspension parameter and Rouse number
(originally developed for sediment transport) to biological particles such as eggs. The present
results suggest the suspension parameter may provide a more accurate assessment of egg trans-
port compared to binary autosuspension parameters or a mean velocity threshold. Use of the
suspension parameter may lead to more accurate assessments of potential spawning rivers.
Laboratory experiments should be extended to improve the knowledge on the transport and
dispersal patterns of Asian carp eggs in flowing water for a range of different conditions includ-
ing egg development, water temperature, sediment type, bed structure, and carp species. In
addition, experiments with fertilized Asian carp eggs should be considered.

Supporting Information
S1 Video. Video of synthetic eggs drifting under different flow conditions and bed configu-
rations.
(MP4)

Acknowledgments
Special thanks to Karissa Auad Carvalho who assisted us in the terminal fall velocity experi-
ments. We also thank R.R. Holmes, and D. Voelker, U.S. Geological Survey reviewers and two

Laboratory Experiments Using Silver Carp Synthetic Surrogate Eggs

PLOS ONE | DOI:10.1371/journal.pone.0145775 December 29, 2015 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145775.s001


anonymous reviewers for their helpful comments that improved this manuscript. We also
thank J. Sharpe for assistance with figures presented in this paper. Finally, special thanks to F.
Engel and M. Domanski for their valuable assistance on calculations of bed shear stress. Any
use of trade, product, or firm names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

Author Contributions
Conceived and designed the experiments: TG. Performed the experiments: TG. Analyzed the
data: TG CZZ PRJ EAMMHG. Contributed reagents/materials/analysis tools: TG CZZ PRJ
EAMMHG. Wrote the paper: TG CZZ PRJ EAMMHG.

References
1. Chapman DC, George AE. Developmental rate and behavior of early life stages of bighead carp and sil-

ver carp. Reston, VA: U.S. Geological Survey Scientific Investigations Report 2011-5076; 2011.

2. Chick JH, Pegg MA. Invasive carp in the Mississippi River Basin. Science. 2001 Jun; 292(5525):2250–
2251. doi: 10.1126/science.292.5525.2250 PMID: 11424944

3. DeGrandchamp KL. Habitat selection and movement of bighead carp and silver carp in the lower Illinois
River. Southern Illinois University, Carbondale, Il; 2006.

4. Kolar CS, Chapman DC, CourtenayWR, Housel CM, Williams JD, Jennings DP. Bigheaded carps: a
biological synopsis and environmental risk assessment. Bethesda, Maryland: American Fisheries
Society, Special Publication 33; 2007.

5. Ruebush BC. In-situ tests of sound-bubble-strobe light barrier technologies to prevent the range expan-
sions of Asian carp. University of Illinois at Urbana-Champaign; 2011.

6. U S Army Corps of Engineers. Great Lakes and Mississippi River Interbasin Study-Background infor-
mation and maps; 2012.

7. Brammeier J, Polls I, Mackey S. Preliminary feasibility of ecological separation of the Mississippi River
and the Great Lakes to prevent the transfer of aquatic invasive species. Great Lakes Fishery Commis-
sion; 2008.

8. Chapman DC. Early development of four cyprinids native to the Yangtze River, China. Reston, Virginia:
U.S. Geological Survey Data Series 239; 2006.

9. Jennings DP. Bighead carp (Hyophthalmichthys Nobilis) a biological synopsis. U.S. Fish Wild. Serv.
Biol. Rep. 88(29). 35 pp; 1988.

10. Yi Y, Wang Z, Yang Z. Impact of the Gezhouba and Three Gorges Dams on habitat suitability of carps
in the Yangtze River. Journal of Hydrology. 2010 Jun; 387:283–291. doi: 10.1016/j.jhydrol.2010.04.018

11. Kocovsky PM, Chapman DC, McKenna JE. Thermal and hydrologic suitability of Lake Erie and its
major tributaries for spawning of Asian carps. Journal of Great Lakes Research. 2012 Jan; 38(1):159–
166. doi: 10.1016/j.jglr.2011.11.015

12. Murphy EA, Jackson PR. Hydraulic and water-quality data collection for the investigation of Great
Lakes Tributaries for Asian carp spawning and egg-transport suitability. U.S. Geological Survey Scien-
tific Investigations Report 2013-5106; 2013.

13. Garcia T, Jackson PR, Murphy EA, Valocchi AJ, Garcia MH. Development of a Fluvial Egg Drift Simula-
tor to evaluate the transport and dispersion of Asian carp eggs in rivers. Ecological Modelling. 2013
Aug; 263:211–222. doi: 10.1016/j.ecolmodel.2013.05.005

14. Garcia T, Murphy EA, Jackson PR, Garcia MH. Application of the FluEgg model to predict transport of
Asian carp eggs in the Saint Joseph River (Great Lakes tributary). Journal of Great Lakes Research.
2015; 41(2):374–386. doi: 10.1016/j.jglr.2015.02.003

15. Chapman DC, Davis JJ, Jenkins JA, Kocovsky PM, Miner JG, Farver J, et al. First evidence of grass
carp recruitment in the Great Lakes basin. Journal of Great Lakes Research. 2013; 39(4):547–554. doi:
10.1016/j.jglr.2013.09.019

16. Yih PL, Liang TS. Natural conditions of the spawning grounds of the domestic fishes in Yangtze River
and essential external factor for spawning. Acta Hydrobiologica Sinca. 1964 Apr; 5(1):1–15 (in
Chinese).

17. Lohmeyer AM. Larval Asian carp in the upper and middle Mississippi River: an index of establishment
and dispersal potential. Southern Illinois University, Carbondale, Il.; 2008.

Laboratory Experiments Using Silver Carp Synthetic Surrogate Eggs

PLOS ONE | DOI:10.1371/journal.pone.0145775 December 29, 2015 18 / 19

http://dx.doi.org/10.1126/science.292.5525.2250
http://www.ncbi.nlm.nih.gov/pubmed/11424944
http://dx.doi.org/10.1016/j.jhydrol.2010.04.018
http://dx.doi.org/10.1016/j.jglr.2011.11.015
http://dx.doi.org/10.1016/j.ecolmodel.2013.05.005
http://dx.doi.org/10.1016/j.jglr.2015.02.003
http://dx.doi.org/10.1016/j.jglr.2013.09.019


18. Rach JJ, Sass GG, Luoma JA, Gaikowski MP. Effects of water hardness on size and hatching success
of silver carp eggs. North American Journal of Fisheries Management. 2010 Feb; 30(1):230–237. doi:
10.1577/M09-067.1

19. Chapman DC, Deters JE. Effect of water hardness and dissolved-solid concentration on hatching suc-
cess and egg size in bighead carp. Transactions of the American Fisheries Society. 2009 Nov; 138
(6):1226–1231. doi: 10.1577/T09-004.1

20. Gonzal AC, Aralar EV, Pavico JMF. The effects of water hardness on the hatching and viability of silver
carp (Hypophthalmichthys molitrix) eggs. Aquaculture. 1987 Jul; 64(2):111–118. doi: 10.1016/0044-
8486(87)90347-4

21. Chapman DC, George AE. Specific gravity of silver and bighead carp eggs; Unpublished raw data. U.
S. Geological Survey, Columbia Environmental Research Center.

22. Lenaerts AW, Coulter AA, Feiner ZS, Goforth RR. Egg size variability in an establishing population of
invasive silver carp Hypophthalmichthys molitrixe (Valenciennes, 1844). Aquatic Invasions. 2015; 10.
(in press).

23. Dudley RK, Platania SP. Imitating the physical properties of drifting semibuoyant fish (Cyprindae) eggs
with artifitial eggs. Journal of Freshwater Ecology,. 1999; 14:423–430. doi: 10.1080/02705060.1999.
9663700

24. Garcia MH. Sedimentation engineering: processes, measurements, modeling and practice. ASCE
Manuals and Reports on Engineering Practice No. 110. vol. 110. Garcia MH, editor. Reston, VA: Ameri-
can Society Civil Engineering Publications; 2008.

25. Odell GM, Kovasznay LSG. A new type of water channel with density stratification. Journal of Fluid
Mechanics. 1971 Mar; 50(03):535–543. doi: 10.1017/S002211207100274X

26. Jackson PR, Rehmann CR. Experiments on differential scalar mixing in turbulence in a sheared, strati-
fied flow. Journal of Physical Oceanography. 2014; 44(10):2661–2680. doi: 10.1175/JPO-D-14-0027.1

27. García CM, Cantero MI, Niño Y, García MH. Turbulence measurements with acoustic doppler velocim-
eters. Journal of Hydraulic Engineering. 2005; 131(12):1062–1073. doi: 10.1061/(ASCE)0733-9429
(2005)131:12(1062)

28. Patalano A, Wernher B. PTVlab; 2013.

29. Kim SC, Friedrichs C, Maa JY, Wright L. Estimating bottom stress in tidal boundary layer from acoustic
Doppler velocimeter data. Journal of Hydraulic Engineering. 2000; 126(6):399–406. doi: 10.1061/
(ASCE)0733-9429(2000)126:6(399)

30. Soulsby RL. The bottom boundary layer of shelf seas. Elsevier oceanography series. 1983; 35:189–
266. doi: 10.1016/S0422-9894(08)70503-8

31. Van Rijn LC. Sediment transport, Part II: Suspended load transport. Journal of Hydraulic Engineering.
1984; ASCE, 110(11):1613–1641. doi: 10.1061/(ASCE)0733-9429(1984)110:11(1613)

32. Hearn CJ. The dynamics of coastal models. Cambridge University Press.; 2008.

Laboratory Experiments Using Silver Carp Synthetic Surrogate Eggs

PLOS ONE | DOI:10.1371/journal.pone.0145775 December 29, 2015 19 / 19

http://dx.doi.org/10.1577/M09-067.1
http://dx.doi.org/10.1577/T09-004.1
http://dx.doi.org/10.1016/0044-8486(87)90347-4
http://dx.doi.org/10.1016/0044-8486(87)90347-4
http://dx.doi.org/10.1080/02705060.1999.9663700
http://dx.doi.org/10.1080/02705060.1999.9663700
http://dx.doi.org/10.1017/S002211207100274X
http://dx.doi.org/10.1175/JPO-D-14-0027.1
http://dx.doi.org/10.1061/(ASCE)0733-9429(2005)131:12(1062)
http://dx.doi.org/10.1061/(ASCE)0733-9429(2005)131:12(1062)
http://dx.doi.org/10.1061/(ASCE)0733-9429(2000)126:6(399)
http://dx.doi.org/10.1061/(ASCE)0733-9429(2000)126:6(399)
http://dx.doi.org/10.1016/S0422-9894(08)70503-8
http://dx.doi.org/10.1061/(ASCE)0733-9429(1984)110:11(1613)

