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Observations are presented on dilution and dispersion rates of ballast water discharged under normal
operational conditions at the semi-enclosed port of Goderich, Ontario. The ballast water was tagged with
Rhodamine-WT dye and microscopic magnetically-attractive tracer particles. Maximum concentrations
of dye immediately after discharge were diluted to 1-5% of initial ballast tank concentrations, and within

3 days had decreased to less than 0.1% of initial concentrations. Inside the harbor, there was 10-20% of
the ballast water still present after 2 days, consistent with a flushing rate of 0.8-1.15 day~!. Magnetic
particles were collected up to 7.5 km outside the harbor after one day, consistent with a dilution factor
of order 10° outside the harbor. The results of this study are discussed in the context of ballast water dis-
charge standards proposed by the International Maritime Organization to minimize the introduction of
aquatic nonindigenous species through ships’ ballast water and sediments.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Ballast water carried by commercial ships is presumed respon-
sible for 55-70% of aquatic nonindigenous species’ (ANS) introduc-
tions to the Great Lakes since 1959 (Holeck et al., 2004; Ricciardi,
2006; NRC, 2008). Beginning in 1989, various voluntary and man-
datory ballast water management practices have been introduced
to ameliorate the risk of ship-mediated introductions to the Great
Lakes (e.g., USCG, 1993, 2004; Government of Canada, 2006). An
international convention to regulate ballast water discharges was
also adopted to reduce ballast-mediated introductions globally,
primarily through the use of physical and/or chemical treatment
systems (IMO, 2004; Lloyd’s Register, 2010). The international con-
vention, once ratified, will set density-based discharge standards,
including a standard applicable to zooplankton (<10 individuals
greater than 50 pm in minimum dimension per m°, summed over
all species; IMO, 2004).

The theoretical efficacy of the proposed standard is based on
‘propagule pressure theory’, wherein establishment success is pos-
itively related to characteristics of the propagule supply (i.e., the
total number of propagules released and frequency of inoculation
events; see Simberloff, 2009). For sexually-reproducing taxa, this
relationship can be understood in terms of basic population demo-
graphics, such as birth and death rates, immigration events and Al-
lee effects. The expectation is, that if the number of propagules in
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ballast water can be reduced below some threshold inoculum size,
then the population growth rate becomes negative and the proba-
bility of successful establishment will be zero (Drake and Lodge,
2006; Bailey et al., 2009). Empirical evaluation of the proposed bal-
last water discharge standards is extremely difficult because
threshold densities for successful establishment are unknown,
and are likely species- and perhaps system-specific (see Bailey
et al., 2009).

Understanding the spatial dispersion of propagules post-dis-
charge further complicates estimates of establishment probability.
After the initial release of ballast water, the growth of introduced
populations will depend upon how rapidly the population can in-
crease through reproduction, compared to the rate at which the
density decreases due to losses, such as through physical disper-
sion of aquatic organisms. If a population is dispersed faster than
it can reproduce, then the population density will decrease until
extinction. Conversely, a population discharged into a habitat that
supports a reproduction rate which is greater than the rate of loss
can increase in density and establish a local foothold (Reynolds,
1984; Lewis and Kareiva, 1993; Drake et al., 2005; Pringle et al.,
2009). Introductions into sheltered areas may increase establish-
ment probabilities of low-density inocula if the inoculum is main-
tained within a cohesive unit of water (see Reynolds, 1984; Drake
et al., 2005). As an example, in the Great Lakes, ballast water is al-
most exclusively discharged while ships are at port - often shel-
tered areas with limited rates of water exchange.

This report describes the spatial dispersion of ballast water after
discharge into a semi-enclosed port, with a view to improve under-
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standing of the dispersal of released propagules. While there have
been numerical simulations of the spread of ballast water after re-
lease (Larson et al., 2003; Brickman, 2006; Brickman and Smith,
2007) and some technical literature is available on the short-range
dilution of ballast water (Reynolds, 2005), this report is the first
study to empirically examine dilution and dispersion of ballast
water in the context of species’ introductions. Results are pre-
sented from an experiment in 2008 designed to measure and quan-
tify (a) the dilution rate of ballast water post-discharge; (b) the
residence time of ballast water in Goderich Harbor; and (c) the
transport of propagules over large distances outside the harbor.
Dye and magnetically-attractive particles were used to track dis-
charged ballast water and to estimate residence time of water in
Goderich Harbor. The residence time in the harbor is then com-
pared to biological growth rates of zooplankton species, and a dis-
cussion is presented of the impact of dilution rates as a potentially
important factor in determining the risk of ANS establishment.

2. Approach

The competition between growth and dilution can be expressed
mathematically, where the rate of change in the population density
(D) of an aquatic species can be written as

%—? = —physical dilution rate + net biological growth rate. (1)

This equation can also be thought of as a comparison of two
timescales; where the physical dilution rate can be expressed in
terms of a hydraulic residence timescale and the biological growth
rate can be expressed in terms of the doubling timescale of plank-
ton (Reynolds, 1984) or the development period of higher organ-
isms (Banas et al., 2009). If the hydraulic residence timescale is
longer than the doubling timescale, then the population density
will increase and an introduced species could establish itself. Carr
et al. (2004) demonstrated the utility of this model in a study of ze-
bra mussel (Dreissena polymorpha) larval retention in an embay-
ment of the tidal Hudson River. The study indicated that zebra
mussels could form a local, self-sustaining population since a suf-
ficient percentage of larvae were retained long enough for self-
recruitment of the population to occur. Such local populations
are important for the spread of an invasive species as they can lead
to significant downstream recruitment in rivers (Reynolds, 1994).
A related study by Banas et al. (2009) investigated the circulation
and flushing patterns of Willapa Bay, Washington, USA, in order
to better understand the population dynamics of the invasive Euro-
pean green crab (Carcinus maenas). Banas et al. (2009) determined
that there were specific locations within the bay where the estab-
lishment of a substantial breeding population could result in self-
recruitment and long-term persistence of a local population. In or-
der to use Eq. (1) for the purposes of this study, an estimate is re-
quired of typical dilution and dispersion rates for ballast water
releases in the Great Lakes or elsewhere.

Fig. 1 presents a conceptual diagram of three potential scenarios
for the invasion success of an invasive species as a function of the
cumulative number of individuals introduced (inoculum density).
The transverse dotted line represents the case where there is a lin-
ear relationship, so that a 10% reduction in inoculum density leads
to a 10% reduction in invasion success. The risk of establishment for
most species, however, is unlikely to follow the straight line. For
sexual species there will be a rapid reduction in risk if the inoculum
density drops below some critical threshold. This relationship is
illustrated by the lower exponential curve, for which invasion risk
is much lower at vertical line A (below threshold) than vertical line
B (above threshold). In contrast, the establishment risk for asexual
species may be better represented by the upper curve, whereby
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Fig. 1. A conceptual model of the relationship between invasion success and
inoculum density (after Lockwood et al., 2005). The straight diagonal line
represents a linear relationship whereby a 10% reduction in inoculum density
(moving from vertical line B to vertical line A) would equal a 10% reduction in
invasion success. In reality, most taxa would fit between the upper (parthenoge-
netic or asexual species) and lower (sexual species subject to Allee effects) curves.
Thus a reduction in concentration of inoculum density from B to A, is expected to
have a much greater impact on sexual species (lower line) than asexual species
(upper line).

Inoculum Density

there is not a critical threshold where the risk drops dramatically
(or the threshold is extremely low). In practice, the relationship
likely will vary for different species and systems, taking some inter-
mediate form between the two extremes. Because the invasion pro-
cess occurs over a length of time, it is not solely the initial inoculum
density which determines establishment success, but also physical
processes affecting population density after introduction, such as
the retention timescale in the recipient environment.

3. Methods
3.1. Field location

Two dye releases were conducted in July 2008 to determine the
dilution rate of ballast water released from two commercial vessels
at Goderich, Ontario. Goderich Harbor is located at 43°44'42" N,
81°43'14” W, on the eastern shore of Lake Huron, and is one of
~120 commercial ports in the Great Lakes - St. Lawrence Seaway
(Rup et al., 2010). Goderich represents one of the more extreme
(most at risk) cases of interest, being one of the smallest, most en-
closed ports in the system; however, there are numerous ports
with similar sheltered infrastructure to which these results could
be extended (e.g., Kingsville, ON, Calumet Harbor, IL, Cleveland,
OH). An aerial photograph of the harbor is shown in Fig. 2. The
important features of the harbor are the relatively confined inner
harbor of area 200 m by 400 m, that is connected through the nar-
row channel (60 m wide and 450 m long) to a larger area of water
(500 m by 500 m) that is protected from the waves in Lake Huron
by two breakwalls. The first ballast release occurred from the Great
Lakes bulk carrier M/V Algoway at 15:00 on July 16, 2008. The sec-
ond ballast release started at 6:00 on July 21, 2008 from the Great
Lakes bulk carrier M/V Capt. Henry Jackman.

3.2. Rhodamine-WT dye

Rhodamine-WT dye was used to measure the short-range
spread and dilution of the ballast water. Rhodamine-WT dye is a

doi:10.1016/j.marpolbul.2011.03.005

Please cite this article in press as: Wells, M.G., et al. The dilution and dispersion of ballast water discharged into Goderich Harbor. Mar. Pollut. Bull. (2011),



http://dx.doi.org/10.1016/j.marpolbul.2011.03.005

M.G. Wells et al./ Marine Pollution Bulletin xxx (2011) XxxX-Xxx 3

Fig. 2. An aerial photograph of Goderich Harbor. The repeated transects of dye
concentration were taken along the dashed path. The ship in the center of the
photograph is docked at the same location as the vessels used for this study.

synthetic, non-toxic red dye that has a bright red-orange fluores-
cence and is commonly used as a tracer within water to measure
complex diffusion patterns in large lakes and oceans (e.g., Murthy,
1976; Stevens et al., 2004; Carr et al., 2004). The dye is visible to
the naked eye at concentrations as low as 30-40 ppb and below
10 ppb meets US Environmental Protection Agency drinking water
intake standards. For each experiment, the dye was introduced into
one ballast tank of a large, self-unloading bulk carrier immediately
before uptake of ballast water at the port-of-call immediately prior
to Goderich. The turbulence associated with loading ballast into
the tanks and the movement of the ship underway thoroughly
mixed the dye into the ballast water by the time the ship arrived
at Goderich.

During the first dye release, 7.1 1 of dye was added to a ballast
tank having a ballast capacity of 940 m>, while 10.61 of dye was
added to a 910 m? tank for the second dye release. With these vol-
umes, initial Rhodamine concentrations in the tanks were
1563 ppb and 2446 ppb, respectively. In both cases the ballast
water was released under standard operational conditions during
loading of cargo; the ballast tanks were discharged in pairs through
a single discharge pipe, resulting in an immediate dilution factor of
50% before the dyed water left the ship. The exterior discharge out-
let of both vessels was below the water surface during both dye re-
leases. The dye concentration was measured in the recipient
harbor water using a Seapoint Rhodamine sensor interfaced with
an RBR CTD (conductivity, temperature and depth) unit, which also
recorded temperature, conductivity, pressure and turbidity. The
Seapoint sensor can accurately measure dye concentration over
the range of 0.02-150 ppb and can sample every second. Due to
weak background fluorescence of water at Goderich, our measure-
ments were limited to concentrations at or above 0.2 ppb. The CTD
was interfaced with a global positioning system to record the posi-
tion of each measurement taken. Towing the sensor at 2 m depth,
from the side of a small 5m long vessel traveling at very slow
speeds of 5 km h™!, allowed for repeated transects of the dye con-
centration over the 1.5 km path shown in Fig. 2. Due to the small
vessel size, and very low vessel speed, our measurements made
negligible contributions to mixing in the harbor.

The weather was relatively calm during both dye releases, with
no rain. Mean winds were from the west with a speed of 3m s,
and with a diurnal wind pattern that peaked at speeds of 6-
8 ms~! in the afternoons. The mean air temperature was 20 °C,

i.e., close to mean surface temperatures of Lake Huron during the
summer. Due to the breakwalls there were no waves within the
harbor.The main mechanisms for water exchange from a sheltered
port in the Great Lakes are due to wind driven currents and ther-
mal gradients (Lawrence et al., 2004; Rueda and Cowen, 2005;
Wells and Sealock, 2009). The hydraulic residence time of the
water can be estimated by measuring the mean concentration of
ballast water in the harbor over time. Such an approach has been
used in many estuarine circulation studies, whereby the concen-
tration of a conservative tracer is used to estimate flushing rates
of the estuary. For example, Austin (2002) used measurements of
the mean concentrations and fluxes of salt and nitrogen to esti-
mate a residence time in Chesapeake Bay. A related study by Wells
and Sealock (2009) also used measurements of mean concentration
and flux of salt to determine the residence time of water in a shal-
low embayment connected to Lake Ontario. For a harbor of volume
V, having a well-defined mean exchange rate Q with the surround-
ing water, the rate of change of the areal mean concentration of
dissolved material in the harbor (Cpamer) can be written as

dcgatrbor = 7% X (Charbor - Clake) (2)
where the overbar denotes a spatial average. In this equation it is as-
sumed that the concentration of ballast water in the lake is essentially
zero due to rapid dispersion in the very large body of water. If we as-
sume that the harbor is close to being well-mixed (due to wind driven
currents and possible boat movements) on a timescale faster than the
hydraulic residence timescale, and that the exchange rate of water
between the harbor and the lake is constant, then the mean concen-
trationin the harbor will decrease exponentially as C = C,e~/T, where
C, is the initial mean concentration and the mean hydraulic residence
time is defined as T = V/Q (Monsen et al., 2002). Implicit in this solu-
tion is that the dye distribution within the harbor is sufficiently well
mixed that the concentration near the harbor opening (which deter-
mines dye loss) is fairly close to the mean concentration C. These
assumptions are reasonable for the relatively small Goderich Harbor,
but may not hold for larger ports in the Great Lakes and elsewhere.
The importance of this hydraulic residence timescale is that it is the
relevant timescale to compare with biological growth rates in Eq.
(1). If the hydraulic residence timescale of the harbor is longer than
the e-folding timescale of a potential biological invader and the hab-
itatis suitable, then the harbor is at risk for successful establishment.

3.3. Magnetically-attractive particles

To determine the long-range spread and dilution of ballast
water, small (200-400 pm) magnetically-attractive particles
(MAPs) were released into the ballast water as it was pumped from
the ship. The magnetically-attractive particles combine glass
microspheres for flotation with fine magnetite plus a non-toxic
binding agent. The microsphere to magnetite ratio was adjusted
so that the particles are close to neutrally-buoyant in fresh water
and therefore mimic the buoyancy characteristics (slight, but posi-
tive, rise-rate) of biological propagules. The novelty of these parti-
cles is their ability to be used for long-range dispersion
measurements (Ruddick and Taggart, 2006). When the particles
drift and disperse in the near-surface of the water column, they
can be collected using inexpensive autonomous moored magnetic
collectors designed to float near the water surface. The collectors
consist of flow-through tubes of 5.5cm x 5.5 cm cross-section,
with rare-earth magnets strategically placed such that any MAPs
will be caught and retained with greater than 90% probability in
<0.8 ms~! currents. The collectors were moored in place prior to
the release of particles and retrieved at the desired time interval
after each release. The particle numbers from each collector are
analogous to the time integral of concentration multiplied by the
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current speed, with the advantage that particles are more immune
to dilution than most dyes and hence can be detected at longer
range. In a unidirectional flow, concentration times speed is the
particle flux (the most desirable quantity to result from experi-
ments). Knowledge of the flow time history is required to reconcile
concentrations and capture in non-steady flow; we use non-coinci-
dent ADCP observations for this purpose in Section 4.3.

The MAPs were not introduced to the ballast tanks at the same
time as the dye since they are slightly positively buoyant and may
have floated to the surface layer of ballast water during the ships’
transit. Instead, prior to each experiment, a 1.27 cm (0.5 inch) low
density polyethylene tube was installed through the deck vent of
the (empty) ballast tank so that a slurry of water and MAPs could
be introduced to the ballast water as it was being discharged from
the tank; the discharge end of the tube was secured to the bell-mouth
of the ballast piping system, such that MAPs injected through the
tube would be immediately mixed into the outgoing ballast water.

During each of the two releases, 14 kg (~10°) particles were re-
leased into approximately 1000 m? of ballast water, so that the ini-
tial concentration released from the tank would be ~10° particles
m~3. For the first dye release, MAP collectors sampled for 92 h. Col-
lector magnets were changed between releases, with collectors
sampling 29 h for the second release. The collectors were deployed
at locations up to 7.5 km to the north and south of Goderich as
shown in Fig. 3. The collectors were arrayed in two rows parallel
to the shore near the 5 m and 7 m isobaths, with roughly logarith-
mic alongshore spacing.

4. Results and discussion
4.1. Dye observations

Dye concentration along the sampled transect, at different time
points after the initial ballast water release, are shown in Fig. 4 as a

Fig. 3. Location of magnetically-attractive particle collectors relative to the Port of
Goderich. The square highlights the region shown in Fig. 2.

function of distance. The release location is marked on the x-axis
with an arrow in each subplot, and the inner harbor is located be-
tween 0 and 600 m. After approximately 8 h the concentration of
dye is nearly horizontally uniform within the inner harbor. Vertical
profiles (not shown) also determined that the water column was
fairly uniform vertically, so that the measurements made in the
transects at 2 m depth were representative of the whole water col-
umn. The percent dilution of the dye concentration over time is
plotted for each dye release with different symbols in Fig. 5, with
the error bars displaying the range (minimum and maximum val-
ues) of dye concentrations observed. The concentrations of dye are
normalized by the initial dye concentration of 1563 ppb and
2446 ppb inside the ballast tanks. The percentage of dyed ballast
water observed along each transect is plotted in Fig. 6. There are
three main points that can be drawn from the data for both dye re-
leases. Firstly, the peak concentration of dye rapidly decreases with
time, indicating dilution of the ballast water. Secondly, a large pro-
portion of the dyed water slowly moved west out of the harbor.
Thirdly and most importantly, a significant amount of the dyed
ballast water moves into the inner harbor, so that as much as
20% of the ballast water is still present after 2-3 days, as shown
in Fig. 6. The concentration of the dye at long timescales is low,
so that at 90 h post-release, the maximum concentration is only
0.5 ppb, representing a dilution factor of 4000 from the initial con-
centration. As the volume of the inner harbor is much larger than
the ballast tank, even this low concentration represents a large
proportion of the discharged ballast water. Similar observations
were seen for the second dye release, where after two days the
peak concentration of dye was diluted by a factor of about 1000
from the initial release concentration. In both cases, during the ini-
tial phase of the release, there was a rapid dilution in the first 10s
of meters from the discharge point due to turbulence of the out-
flow jet, and the peak concentration dropped by several orders of
magnitude compared to that inside the ballast tanks. After this ra-
pid initial mixing, there was a much slower decay in the peak con-
centration of dye as the ballast water slowly mixed through the
rest of the harbor. The data in Fig. 4 shows that the harbor is not
completely mixed at any particular time point, as there is a range
of observed dye concentrations. Particularly at early time points
after the release, the distribution of ballast water in the harbor is
somewhat patchy, as is commonly observed during early stages
of stirring, but the concentration is close to uniform after one
day. The turbulent diffusivity within the harbor can be estimated
by calculating the variance o of dye concentration along each tran-
sect, and then estimating the horizontal diffusivity as
K =1/200? /0t (Murthy, 1976). From data in Fig. 4 we estimate
that the diffusivity has a value in the range of
K =1.24+0.8 m?s~!. This value is consistent with other estimates
of horizontal diffusivity from other dye release experiments in
lakes and the coastal ocean where K = 0.1 — 1 m?s~! for horizontal
scales of order 1 km (Murthy, 1976). With a turbulent diffusion ap-
proach, the width of the dye patch can be considered to grow as a
Gaussian cloud, so that 95% of the dye will be within a length-scale
L =40 = 5.6VKt. Hence with K=1m?s™!, we can estimate that
the time-scale for the dye cloud to spread over the width of the
harbor (L ~ 100 m) is roughly 5 min and the timescale for diffusion
over the length of the harbor (L ~ 1 km) is roughly 8 h.

4.2. Residence timescale calculations

Based upon the observed change in average dye concentration
with time, the average hydraulic residence time of the inner harbor
can be estimated from Eq. (2) as T = —t x log(C,/C(t)). The error
bars in Fig. 6 represent upper and lower bounds on the total mass
of dye observed based upon the ranges shown in Fig. 5, which in
turn leads to the range of estimated hydraulic residence time-
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Fig. 4. Concentration of dye, as a function of distance along the transect shown in Fig. 1, for (a) the first dye release starting on July 16 and (b) the second dye release starting
on July 21. The transects were made from the inner harbor (east) out to the breakwalls in Lake Huron (west) as shown on Fig. 1. The position of the ships’ discharge is marked

on the x-axis with arrows at x =800 m in (a) and x = 650 m in (b).
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Fig. 5. The observed concentrations of dye are normalized by the predicted value of the undiluted ballast water and are plotted as a function of time after ballast water
release from the ship. The symbols represent mean dye concentration and the error bars represent the range of values observed.

scales. We note that due to the patchy distribution of dye within
the harbor, it is not until about 8 h after the dye release that we ac-
count for almost all of the dye from the dye release. After this time
the dye has a fairly uniform distribution throughout the harbor, so
that equation 2 is relevant. Using data from Fig. 6, we find that in-
side the harbor 10-20% of the ballast water was still present after

2 days, consistent with a flushing rate of 0.8-1.15 day ' and a res-
idence timescale of 0.86-1.25 days. Such a residence timescale is
comparable to a simple estimate of V/Q based upon an exchange
velocity of order 5cms~! and the volume of the harbor. The ex-
change of water between Lake Huron and the protected inner
Goderich Harbor is likely to be similar to many other enclosed har-
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Fig. 6. Percentage of dyed ballast water observed as a function of time for the two experiments. Shortly after the ballast water releases, up to 80% of the dye can be accounted
for in our transect observations. Due to flushing of the harbor by exchange of waters with Lake Ontario, only 10-20% of the ballast water is observed after 2-3 days. Note that
the total mass of ballast water decreases at a much slower rate than the peak concentrations shown in Fig. 4.

bors or embayments in the Great Lakes where a combination of
seiche driven water level fluctuations, horizontal temperature gra-
dients or wind driven currents drive exchange (Lawrence et al.,
2004; Rueda and Cowen, 2005; Trebitz, 2006; Wells and Sealock,
2009). Based on concurrent CTD measurements taken along the
transects, there was a mean temperature difference of 1.5 °C be-
tween the inner harbor (mean temperature 23.5 °C) and Lake Hur-
on (mean temperature 22 °C), which could drive baroclinic
exchange flow. The velocity of these exchange flows is of the order
U=1/4,/gHAp/p, where g is gravity, H is the channel depth and
Ap is the density difference between the harbor and the lake (Law-
rence et al., 2004). With a 1.5 °C temperature difference between
the harbor and the lake, water currents of order 5cms™' can
slowly flush the harbor on a timescale of hours to days. During
our study period we believe that baroclinic exchange dominated
the flushing. However during other times of the year potentially
important mechanisms for mixing and flushing the harbor include
shipping traffic, wind driven circulation, surface seiches and cold
upwelling events. During our experiments, there was only ever
one large freight ship moving into the harbor within a 3 day period,
so freight ships and associated tug boats had small impact on long-
term flushing but would have been important for mixing dye with-
in the harbor. Wind driven currents may have been important in
driving surface circulation comparable in magnitude to the baro-
clinic circulation. For instance, George (1981) found that a
3ms~! wind would drive a 4.5 cms~! current in the top meter
of the water column of a lake. If there is a return flow at depth
in the 8 m deep channel, then the total exchange flow due to these
mean wind speeds would be approximately a quarter of that due to
the temperature driven exchange flow. Upwelling events of the
thermocline are frequent in some parts of Lake Huron (Wells and
Parker 2010), however we saw no strong events during our field
experiments in Goderich, so these will not be important in deter-
mining the hydraulic residence timescale. Likewise the magnitude
of surface seiches in Lake Huron was less than 0.1 m at Goderich
Harbor (Canadian Hydrographic Service), so will not be important
in driving flushing in the 8 m deep harbor.

4.3. Particle dispersion

The number of particles collected as a function of the north-
south distance from the harbor is plotted in Fig. 7. The particle
numbers were in the range of ~10* for collectors located within
one to two hundred meters of the release site, and of the order
of 102 for collectors located within 1-3 km from the release site.
The first dye release resulted in few particles collected to the south
of Goderich Harbor and ~10? particles collected at most sites lo-
cated to the north, suggesting dominant northward transport by
a coastal current exceeding 2 cms~' (8 km/4 days). In the second
dye release the distribution of collected particles was symmetrical,
with a horizontal scale of approximately 2 km. A possible explana-
tion for the change in distribution between the two experiments is
the known presence of inertial oscillations. The currents in the
near-shore region of Lake Huron are dominated by reversing cur-
rents (Rao and Schwab, 2007). A shift in the wind from SW to
NW between the first and second releases may also have led to
the different distribution in the collected particle densities.

Furthermore, the dispersion of MAPs, and ballast water, outside
of Goderich Harbor will be influenced by circulation patterns in
Lake Huron. The summer circulation in Lake Huron is characterized
by a net anti-cyclonic circulation, so that the mean current flows to
the north near Goderich with speeds up to 10 cms~! (Beletsky
et al., 1999; Schertzer et al., 2008). A very limited set of three drif-
ter deployments were made during the field experiment in order to
estimate current speeds during the 2008 experiments. The surface
water currents were oriented parallel to the coast, with peak veloc-
ities of order 10 cm s~!. The current direction changed on time-
scales of order one day, consistent with Rao and Schwab (2007).

The spread of particles observed over one day suggests that the
spatial probability of dispersal, the “dispersal kernel” (Cowen et al.,
2006), for biological propagules leaving Goderich Harbor is approx-
imately 2 km from the source in one day. The observation that the
scale of observed dispersion after 1 and 4 days are similar may be
related to the observation that the long-shore currents are domi-
nantly near-inertial period (T ~ 17 h) with amplitude in the range

doi:10.1016/j.marpolbul.2011.03.005

Please cite this article in press as: Wells, M.G., et al. The dilution and dispersion of ballast water discharged into Goderich Harbor. Mar. Pollut. Bull. (2011),



http://dx.doi.org/10.1016/j.marpolbul.2011.03.005

M.G. Wells et al./ Marine Pollution Bulletin xxx (2011) xxX-Xxx 7

10° ¢
10" |
7]
o
[&]
& s
g 10 3
g |
©
g
€ 10° +
3
=
(@]
10+ >4
o) o ©
r @]
10° + X X
£ 1 1 1 1
8000  -6000  -4000  -2000

O

X

X

I I
—x— First release
—E— Second release

A

PR |

il

X

X

oX ]
g 8 ° o |
o

(l) QUJOO 40J00 GDLDD BOLUD |

North-South distance from Goderich harbor (m)

Fig. 7. Distribution of particles in the North-South direction from the ballast water release at Goderich Harbor. After the first dye release the MAP collectors sampled for 92 h
and 29 h for the second. Maximum particle numbers were up to 500 at distances of 8 km.

of U~10cms™! (Rao and Schwab, 2007), an observation sup-
ported by ADCP measurements from July 2007 (Todd Howell, On-
tario Ministry of Environment, pers. comm., 2008). Such a
current can displace water parcels a peak-to-peak distance of UT/
7 =2 km, resulting in rapid apparent dispersal over a few days,
but with less rapid dispersal at longer timescales. If the released
particles are spread uniformly over a depth of 5 m, then the parti-
cle density of 10° particles in a volume of (5 m x 107 m?) = 20 par-
ticles m>3, a dilution factor from the equivalent in-tank
concentration of 5 x 10, For comparison, the maximum dilution
rates measured inside the harbor using dye were an order of mag-
nitude lower and were at the detection limit of the fluorescence
sensor. In a current of 5cm s~!, a collector having an aperture of
(5.5 cm)? would sweep 15 m>®day~! of water, and thus capture
300 particles in a day, consistent with observed captures. An alter-
native calculation assumes that all particles reside within 5 cm of
the surface, rather than being spread uniformly over a 5 m depth.
Considerations similar to those above result in expected captures
of 30,000 particles per day. The observed captures are a factor of
100-300 smaller than this value. There are several possible reasons
for this difference, the particles may have been sufficiently neu-
trally buoyant that the ambient turbulence caused them to be dis-
tributed throughout the water column or that the observed
onshore winds (SW for release 1, NW for release 2) may have
pushed a majority of particles towards shore beyond the collector
array. The large number of particles lost to shoreline could serve as
an estimate of the number of ANS propagules introduced to nearby
shoreline habitat. Thus, nearby shores may be at risk for introduc-
tions from the ballast water release itself - in addition to second-
ary spread of invaders able to successfully establish in the harbor
itself. It should also be noted that because the magnetic collector
method is new and relatively unproven, there may be unknown
subtleties to the technique that may account for the discrepancy.

4.4. Discussion

Peak concentrations of dyed ballast water inside Goderich Harbor
(as measured along the transects) were diluted by a factor of order

103 after 1 day. Outside the harbor ballast water was diluted by at
least a factor of 10 from the initial concentration in the ship. This ra-
pid initial dilution rate is expected as high rates of mixing should oc-
cur as ballast water exits the ship as a high velocity jet. Comparable
observations of high mixing rates were made by Reynolds (2005),
who found dilution of dyed ballast water by at least a factor of 44
within the first 15 m from the ship. Most of the mixing of ballast
water occurs within a short amount of time as the water leaves the
ship, with subsequent dilution (both within and outside the harbor)
occurring more slowly since there were no strong currents near
Goderich during the period of each release. While the dilution rates
observed here are quite high, there was also a long retention time-
scale for ballast water in the harbor, with 10-20% of the total ballast
water still present in the harbor after 3 days. The growth of an intro-
duced ANS population from a potential ballast water release point
depends on therelative rates of growth (through reproduction) com-
pared to dilution (due to physical mixing), as described by equation
1. Thus releasing ballast water inside a confined harbor is more risky
than releasing in open waters due to the long retention timescales.

Itis useful to think about the results of this study in the context of
ballast water management, asking what would be the maximum
density of propagules if released ballast water contained an initial
propagule density near the IMO standard of <10 individuals m~3.
The initial dilution of the ballast would immediately drop the peak
concentrations to the order of 0.1 individuals m—> and then, after
24 h, maximum densities could be less than 0.001 individuals m~3.
The dramatic decrease in population density means that sexually-
reproducing planktonic species will be at low risk of establishment
due to Allee effects, whereby the population growth rate of sparse
populations decreases with decreasing population density (primar-
ily due to a decreased ability to find mates). When severe, Allee ef-
fects may generate a critical density below which the population
declines until extinction. On the other hand, dilution of population
density may not negatively influence parthenogenetic or asexual
species. With a low flushing rate of 0.8-1.15 days~', the population
of a parthenogenetic taxon could increase if population growth oc-
curs at rates faster than ~1 days~'. Thus, there is likely to be quite
different risks associated with the release of parthenogenetic versus
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sexual species of planktonic organisms into a harbor. The results of
our work are most relevant for species that tend to disperse pas-
sively, such as most planktonic organisms. We have focused on zoo-
plankton due to their prevalence in ballast water samples and
history of negative impact in the Great Lakes, and we acknowledge
that other taxa, such as phytoplankton, bacteria and viruses (and
to a lesser extent larval fishes and macroinvertebrates), need further
consideration of the effect of dispersion on invasion success.

The observed range of dye concentrations shown in Fig. 4 sug-
gests that a potential invasive species will initially have a patchy
distribution in a harbor, indicating that a strategic spatial sampling
plan is needed to adequately monitor for new ANS in a harbor.
Monitoring plans for ANS, if they exist at all, tend to be limited
due to expense, so there is a need to incorporate spatial dynamics
into monitoring plans (see also Hayes et al., 2005; Harvey et al.,
2009). The observation that this harbor is not completely well-
mixed could be because there are numerous hydraulic dead-zones
that can retain ballast water for lengthy periods and slowly release
into the main body of the harbor. Such dead-zones are known to be
important for modeling the self-recruitment of plankton in rivers
(Reynolds, 1984). The presence of dead-zones in a harbor will re-
sult in a distribution of residence timescales and a long-tail for
the time decay of ballast water concentration. The hydraulic
dead-zones could act as biological incubation zones where ballast
water (and any propagules it may contain) could remain at high
concentrations for lengthy periods.

There was typically a 1.5-2 °C horizontal temperature differ-
ence between the inner harbor and the lake; the resulting ex-
change flow, with channel depth of 8 m, could result in small
exchange velocities of the order of 5 cm s~!, for a total volume flux
of 60m x 8m x 0.05ms '=24m3s~!. These velocities in the
channel are generally larger than the swimming velocities of
plankton reported in Reynolds (1984), supporting the idea that
small planktonic organisms will disperse in a manner similar to
the dyed ballast water. The total area of Goderich Harbor is of
the order 10° m> so that all the water in the entire harbor would
be flushed on a time scale of order several days, consistent with
the timescale estimate based upon the evolution of the dye con-
centrations. The channel where the ships dock to load cargo (salt)
has dimensions 60 m wide x 8 m deep x 450 m long so that water
is replaced by the exchange flow after approximately 3 h. These
simple estimates show that there can be expected to be a distribu-
tion of residence timescales within Goderich Harbor. In future
experiments we recommend direct measurements of these ex-
change flows using an acoustic Doppler current profiler, so that
an estimate of the hydraulic residence timescale can be made that
is independent of the tracer release studies.

The retention timescale of a harbor is also an important factor
in determining if there is any risk of ship-to-ship transfer of poten-
tial invasive species. Goderich Harbor is a relatively small port that
primarily exports cargo, thus there is a low risk of secondary trans-
fer of introduced populations by vessels loading ballast water.
However, there is potential for ship-to-ship transfer in large har-
bors such as Hamilton, ON or Toledo, OH, where multiple ships
can berth and both load and unload ballast water in close proxim-
ity. If the time between ship visits in a harbor is longer than the
harbor’s retention timescale then the risk of direct ship-to-ship
transfer of ballast water will be very low. This is a potential mech-
anism of invasive species spread that has not been studied in great
detail.

5. Conclusions

The measured dilution rates of the dyed ballast water concen-
tration are relatively high, with an initial rapid decrease in the

dye concentration to a value 100 times smaller than the initial con-
centration, and a subsequent slower reduction to a concentration
1000-10,000 times smaller than the initial ballast water concen-
tration. For sexual zooplankton species released at the densities
recommended by the IMO of less than 10 propagules per m?, such
a high dilution rate will likely mean there is very low risk of estab-
lishment. However this diluted water remains within the harbor
for relatively long timescales, so that between 10-20% of the total
ballast water was present in the harbor after 3 days. Such a reten-
tion timescale implies a flushing rate of 0.8-1.15 day~' providing
opportunity for establishment of asexual species.

The observed residence time of 0.8-1.15 day~! could potentially
be enough to counter-balance the growth of an invasive asexual
species, but only if these species reproduce at rates which are long-
er than the residence time. In general, there is an inverse relation-
ship between plankton size and growth rate, with the smallest and
simplest organisms reproducing most rapidly (Reynolds, 1984).
The biological growth rates of native cladoceran taxa have been re-
ported as 0.3 day! (Bailey et al, 2009) or between 0.14 and
0.47 day~! (Flores-Burgos et al., 2003), suggesting that dilution
may not be adequate to prevent establishment of any introduced
cladoceran species. Many other zooplankton species have similar
maximum growth rates to Cladocera. For instance growth rates re-
ported for Rotifera are typically on order of 1 day~! (Allan, 1976) to
0.2-0.7 day ! (Nero and Sprules, 1986). Other zooplankton species,
such as Diaphanosoma, Daphnids, Bosminids and Chydorus, have
reported maximum growth rates in the range 0.1-0.3 day~! (Nero
and Sprules, 1986). All of these quoted growth rates of zooplankton
are clearly comparable to the flushing timescale. Thus, while the
dilution of ballast water may prevent a sexual species from estab-
lishing itself, the relatively long retention timescales mean that
dispersal may not be sufficient by itself to prevent the establish-
ment of asexual or parthenogenetic organisms. Thus, there is likely
to be quite different risks associated with the release of partheno-
genetic versus sexual species of planktonic organisms into a har-
bor, with much greater risk attributed to parthenogenetic
organisms.

Flushing timescales for the Port of Goderich are likely to be
comparable to many of the sheltered commercial ports in the Great
Lakes - St. Lawrence Seaway so that there will be similar risk of
biological growth rates exceeding flushing rates. In contrast, tidally
flushed harbors in estuaries or ports along rivers might be ex-
pected to have much shorter retention timescales and hence lower
risk of establishment. Nevertheless the high dilution rates of bal-
last that occur within the first 10s of meters from a ship will be
similar to those reported in our experiment.
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