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DISCLAIMER 
 
This report summarizes work completed to date on on-going projects to meet fiscal year-end 
reporting requirements. All results are preliminary and must not be distributed without 
authorization of the authors. 
 
 
INTRODUCTION 

Ballast water associated with commercial shipping activities within the Laurentian Great 
Lakes has been identified as the most important vector for nonindigenous species (NIS) since 
the St. Lawrence Seaway opened in 1959 (Holeck et al. 2004; Ricciardi 2006).  Human 
mediated dispersal of NIS has been in progress for thousands of years, but with technological 
advances, the signing of free trade agreements and expanding global economies, the number of 
invaders is steadily on the rise (e.g. Work et al. 2005).  NIS are defined as species that have no 
previous evolutionary history in the Great Lakes and have been introduced since the arrival of 
European colonists (Ricciardi 2006).  Introduction of NIS is becoming increasingly recognised 
as one of the most important threats to the biodiversity of aquatic ecosystems (Sala et al. 2000; 
Millennium Ecosystem Assessment 2005; Lawler et al. 2006).  In addition to their detrimental 
ecological and environmental effects, 20-30% of NIS have negative economic impacts (Pimentel 
et al. 2001).   

Models seeking to identify determinants of invasion success have recently focused on the 
importance of propagule pressure (e.g. Veltman et al. 1996; Lockwood et al. 2005; Colautti et al. 
2007).  Propagule pressure is the combined introduction effort exerted on a community by 
nonindigenous species.  It encompasses both the number of introduction events and the 
number of propagules released per event.  Physiological status of propagules upon release may 
also have a bearing on invasion success.   

Ballast is used by vessels without cargo shipments for stabilization, and to permit safe 
movement between ports by weighing down the ship, and allowing it to travel through the water 
instead of floating on it (Aquatic Sciences 1996).  Before the use of liquid ballast around 1900, 
ships utilized solid ballast - mainly soil, gravel, or rubble found in proximity to the port.  Solid 
ballast was often contaminated with plants, insects and other organisms (Lindroth 1957; Mills et 
al. 1993).   

Voluntary regulations requiring deep ocean ballast water exchange (BWE) were put in place 
by Transport Canada in 1989 and made mandatory by the United States Coast Guard in 1993, 
however this requirement only applied to vessels with ‘declarable water on board’.  BWE is 
intended to flush organisms from ballast tanks, thus dramatically lowering potential ‘propagule 
pressure’ (Colautti et al. 2007).  Organisms contained within unpumpable ballast following 
emptying of the tanks would subsequently be killed by emersion in salt water loaded to replace 
discharged freshwater as extant salinity levels would exceed physiological tolerances of most 
freshwater species (Ricciardi 2006).  Ballast water is not the only vector associated with cargo 
vessels, but it is of primary concern due to the sheer volume of water being moved as well as 
the number of potential invaders found within it (Mills et al. 1993; Ricciardi 2001).   

Oceanic vessels import approximately 5,000,000 tonnes of ballast water per year (Aquatic 
Sciences 1996), and are attributed with ~65% of all recorded aquatic invasions since the 
opening of the St. Lawrence Seaway in 1959 (Ricciardi 2006).  Saltie vessels lacking cargo and 
carrying ballast constitute only a small fraction of trade into the Great Lakes (Colautti et al 
2003). Far more vessels arrive with cargo in their holds, and thus carry only residual ballast 
water (Colautti et al 2003).  The breakdown of ballast tanks loaded with water to those that 
contain only residual water and sediment was ca. 10%:90%, respectively, in 2006 (US Coast 
Guard, unpubl. data).   
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In 2005, Transport Canada amended the Ballast Water Control and Management 
Regulations to require saltwater exchange or flushing of foreign ballast water to minimize the 
risk of introduction of aquatic invasive species via commercial shipping activities. While these 
strategies certainly reduce the total abundance and diversity of taxa carried in ballast water, 
there are conditions under which these practices cannot be performed effectively. In addition, 
saltwater exchange and flushing will not meet the ballast water discharge standard proposed by 
the International Maritime Organization, thus alternative treatment methods (which are both 
biologically- and cost-effective) are needed. 

The addition of NaCl brine has been proposed as a treatment solution for management of 
both residual (NOBOB), and incompletely-exchanged (BOB), ballast water. As marine seawater 
(30 ppt salinity) used in flushing and exchange practices can effectively reduce viability of fresh- 
and brackish-water taxa, brine (230 ppt full-strength) is expected to provide complete protection 
against low-salinity taxa, as well as against marine taxa. A feasibility study indicated that liquid 
brine is a cost-effective and readily-available strategy for management of ballast water on the 
Great Lakes that would pose little interference to current shipping operations. Preliminary 
laboratory studies indicate that brine is biologically effective on both freshwater and marine taxa, 
given sufficient concentrations and/or exposure time.  The primary objective of this study is to 
evaluate the efficacy of brine treatment of ballast water under normal operational conditions at 
full ship scale. Two hypotheses will be tested: 1) brine/road salt can be uniformly distributed in 
ballast tanks and 2) at least 95% of organisms will be exterminated. A secondary objective of 
this study is to develop more robust methods for inspection and analysis of ballast water 
samples. 

 
METHODS 
 
A.1. Shipboard Trials: Ballast On Board (BOB) 
 

Twenty-three percent sodium chloride brine will be added through main deck or void space 
hatches, or through tank vents to partially ballasted tanks in a proportion that should result in a 
homogeneous residual ballast of at least 40ppt salinity. Vertical salinity profiles will be 
conducted through forward and aft hatches, and additional water samples will be collected 
through sounding tubes to test the salinity of the water at different locations of the tank. If 
possible, NOAA/U. Michigan instrumentation will be installed prior to ballast uptake to achieve 
additional salinity/temperature measurements in the tanks. Measurements will be taken from the 
experimental tank and a paired control tank, before and after treatment. 

Zooplankton samples will be collected to examine the biological efficacy of brine treatment. 
Samples will be collected from both treatment and paired control tanks. Consecutive plankton 
net tows (30 cm diameter, 40 μm mesh) will be conducted to filter approximately 1000L of 
ballast water through both forward and aft hatches. The depth of zooplankton net tows will be 
recorded so that the volume of water sampled and the density of animals in the tanks can be 
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calculated when samples are returned to the laboratory. As it is possible that net tows will be 
restricted to the upper portion of the tank (due to horizontal platforms inside tanks), additional 
bottom samples will be collected through the sounding tube by manually pumping ballast to the 
ship deck using standard methods (i.e., tubing with foot valve). Salinity and zooplankton 
samples will be collected at time 0 (pre-treatment), 1h, 6h, 12h, 24h, 48h, and 72h after 
treatment. To achieve this temporal sampling, it may be necessary for two scientists to remain 
on board the ship as it transits the Great Lakes. A secondary option would be to meet the ship 
at the following ports – but this may limit the extent of temporal sampling.  
 
A.2. Shipboard Trials: No Ballast Tanks On Board (NOBOB) 

 
Liquid NaCl brine will be used to treat NOBOB tanks. Brine will be added directly to one tank 

for each experiment through sounding tubes. The quantity of brine added will be calculated 
based on the residual volume of ballast and initial water salinity, to achieve a desired salinity of 
115 ppt. To test for uniformity of brine distribution, small water samples will be collected at 
various locations in the tank before and after addition of brine. Tank diagrams will be consulted 
to select locations of sample collection in relation to brine application point. A sample of brine  
will be collected during each experiment for later elemental analysis. 

Zooplankton samples will be collected to examine the biological efficacy of brine treatment. 
Samples will be collected from both treatment and paired control tanks. Tank entry will be 
conducted to collect water samples using methods previously employed on the NOBOB project 
(i.e., hand operated bilge pump). The volume of water collected will be measured in a calibrated 
carboy prior to filtration through a plankton net inside the tank. It will be desirable to collect 20-
50L water samples from three locations in the tank: forward, mid- and aft. Later calculations of 
animal density per sample will need to account for sample dilution as a result of the addition of 
brine into tanks, and possibly also due to return of filtrate from sample collection at previous 
timepoint(s). Salinity and zooplankton samples will be collected at time 0 (pre-treatment), 1h, 
2h, (hourly for up to 4h???). Experimentation with NOBOB tanks is expected to be completed at 
a single port. 

 
Sample Analysis 

All samples collected from BOB and NOBOB tanks will be rinsed into collection jars with 
water of appropriate salinity (i.e., same salinity as the water being collected). Instant Ocean 
water (or fresh water) will be brought on ship to ensure that water void of zooplankton is 
available for this purpose. Samples will be assessed for viability immediately after collection as 
follows. Each sample (or a subsample of each) will be washed into a counting tray with 
appropriate water of matching salinity for counts of the percentage of live individuals using 
microscopes. After this count, the entire sample will be rinsed back into water at the initial 
ballast salinity for one hour before reassessment (i.e., a recovery period will be given at the 
original salinity level following treatment with salt or brine). After one hour, a second 
assessment of percentage viable will be made. Vital stains may be incorporated into this 
assessment; however, as vital stains can be unreliable, traditional optical assessments will 
always be conducted. Major groups of taxa will also be identified on site. After viability 
assessment, the samples will be preserved in 95% ethanol for transportation to the laboratory 
and future examination of total zooplankton density and diversity. Any individuals found to be 
alive after treatment will be bottled separately from dead individuals in each sample. This will 
allow for later evaluation of the type of taxa able to survive – possibly through genetic testing.  
 
Statistical Analysis 

T-tests, and possibly repeated measures analysis of variance (RM-ANOVA) may be used to 
examine salinity and zooplankton data. Ship will be the replicated measure of variability within 
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treatment. Data from control tanks, and from ‘before’ samples will be contrasted against treated 
data to measure efficacy of the treatment. This may be done using paired T-tests (before vs. 
after), or more complicated RM-ANOVA may be used to incorporate temporal measures. Data 
obtained from multiple tank locations within a time point will be examined to assess the 
uniformity of salt/brine application. If there is found to be a significant difference, the above 
evaluation of efficacy may need to be conducted separately for the different locations in the 
tank. 
 
A.3. Development of Inspection Tools and Methodology 
 
Partial funding for this project was used to purchase, and to development methodology for, a 
FlowCAM (Flow Cytometry and Microscope) tool for automated assessment of ballast water 
samples. Much progress has been made in the development of standard operating procedures 
for analysis of ballast water samples (attached as Appendix 1). In addition, funds from this 
project were used in combination with funding provided by Fisheries and Oceans Canada to 
purchase a Laser Optical Plankton Counter (LOPC). Methodology development for use of the 
LOPC for analysis of ballast water samples will begin in fiscal year 2009-10. 

 
RESULTS TO DATE 
 

Instrumentation 

A major issue that had to be resolved was whether we could instrument ballast tanks on 
the type of NOBOB ship that was selected for the experiment.  It turned out that chemical 
tankers were an ideal type of vessel to work with for the NOBOB ships because of their tank 
configuration, easy access, and consistent trading routes, however, tankers will not permit 
instruments to be placed in tanks unless they can be certified to be intrinsically safe from any 
possibility of electrical spark.  The instrumentation that we have does not meet this standard, 
but the team collectively chose to proceed with using these ships for the experiments given their 
other advantages.  Consequently we will only be able to add the instrumentation component of 
the studies to the experiments on the ballasted ships.    

 

Instrument Maintenance and Calibration 

Four YSI 6600 EDS multi-parameter sondes and two In Situ 9500 Troll multi-parameter 
sondes were set-up for use on the project.  The addition of the two In Situ 9500 sondes 
provided for greater spatial coverage in the tanks and also reduced the number of new optical 
dissolved sensors that needed to be purchased as they were already equipped with these 
sensors.  Project funds have been used to partially update the sondes with new optical DO 
sensors and new conductivity and temperature sensors.  The optical DO provided accurate 
continuous dissolved oxygen in the tanks during shipboard experiments which helped to confirm 
that biological results were related to the experimental application of the brine solution and not 
due to natural deteriorating water quality conditions.   

Prior to deployment for the first shipboard experiment, all of the conductivity sensors 
were calibrated with certified conductivity standards purchased from the sonde manufacturer.  
Dissolved oxygen sensors were tested against expected saturation levels given defined 
temperature and barometric conditions. During the calibration process we found one of the YSI 
sondes was not operational and the sonde was returned to the manufacturer for repair and re-
calibration, as well as, adding a new optical DO sensor.  Second, we created calibration curves 
for each sonde covering a range of NaCl brine solutions including 0, 30, 60, 120 ppt at three 
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temperatures each including 8, 20, and 30 oC.  These empirical calibration curves are necessary 
for determining actual concentrations of brine present in the tanks during experiments because 
the sondes are not calibrated specifically to NaCl and the reported salinity values from the 
sondes at conductivities above 60 mS/cm are not accurate or within the manufacturer 
specifications.  

 

Shipboard Experiments 

Six instruments were set-up for inclusion in the first ballasted shipboard brine experiment 
aboard the MV Gadwall which took place from Dec 1 – 6, 2008.  Instruments were programmed 
to record water depth, conductivity, salinity, temperature, and dissolved oxygen at 5 minute 
intervals.  Instruments were delivered to the University of Windsor scientific team for installation 
on the ship at the ballasting port of Toronto.  Instructions and all required materials for 
installation were provided. Five instruments were distributed throughout the designated 
‘treatment’ tank and one instrument was placed in the control tank.  NaCl brine was added to 
the treatment tank just prior to entry into the Welland Canal a day after the tanks were initially 
filled with freshwater from the port in Toronto.  Two Canadian scientists stayed onboard the ship 
to conduct a time-series of biological sampling while the ship was underway to its discharge port 
in Thunder Bay, Ontario.  Two CILER scientists meet the ship in Thunder Bay and completed 
the instrument retrieval and returned all samples, equipment and personnel to Windsor. 

All of the data files have been retrieved from the sondes and provided in an 
accompanying Excel spreadsheet.  All of the sondes appeared to have functioned properly and 
delivered complete data sets were retrieved for each of the available sensors.  Some additional 
calibration of the conductivity cells may be needed to confirm differences seen throughout the 
tank.   

Details of the experimental process can be examined in the time-series of water depth 
and salinity recorded at 5 minute intervals over the duration of the experiment (Figure 1).  The 
time series captures the initial filling with freshwater on Dec 1 around 15:00, the addition of 
approximately 0.5 m of NaCl brine on Dec 3 around 17:30, and a final discharge of the tank on 
Dec 6 at 16:00.  A detailed time series plot of the brine addition processes in shown in figure 2.  
From these data you can verify the exact timing and duration of the brine addition from 17:30 to 
around 18:50.  Comparing multiple sensors located in different positions throughout the tank 
indicates that it took approximately 6 hours to distribute the salinity throughout the tank (Figure 
3).  Interestingly there were distinct differences in the distribution of the brine within the tank 
itself both horizontally and vertically.  There appeared to be a permanent density stratification 
and the salinity recorded by the sonde 2 m high in the tank was only 40 ppt versus nearly 60 ppt 
near the very bottom of the tank.  In addition the water did not appear to mix uniformly across 
the tank as sondes 81-AC recorded a salinity of only 48 ppt.  While the vertical stratification 
remained throughout the entire deployment the horizontal gradients did change while the ship 
was under transit (Figure 4).  High salinity water appeared to seep into the lower position where 
sonde 81-AC was mounted, probably through lower draining holes in the vertical flooring 
structures.     

Time series of dissolved oxygen were recorded in both treatment and control tanks to 
assure that general water quality conditions were similar between the two tanks and that 
observed zooplankton mortalities were not due to deteriorating conditions such as development 
of hypoxia. As expected we observed a slight decline in the dissolved oxygen concentration 
over time within the control tank (Figure 5).  However, the cold temperatures limited the rate of 
this decline and concentrations remained sufficiently high such that they should have had no 
additional influence on any observed mortality rates of the zooplankton.  A small, but immediate 
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decline in oxygen concentration was observed with the addition of the brine in the treatment 
tank, but again the concentration remained well above any levels that may have impacted the 
biological results.  

 

Biological Results 

Replicated experiments were conducted on each BOB and NOBOB voyage. Samples were 
collected over a 6 day timespan for the BOB experiment. Preliminary results indicate that all 
taxa sampled were dead by the end of the voyage. For the NOBOB experiment, all taxa 
collected were exterminated at one hour after brine exposure. Taxonomic identification of 
samples is ongoing, and statistical analyses will be completed after completion of more ship 
trials.  

 
CONCLUSION 
 
Preliminary results look promising, but efficacy of brine treatment cannot be fully evaluated until 
additional shipboard trials have been completed. We will continue working with Algoma tankers 
for NOBOB experiments, and anticipate commencing additional trials in May 2009. We also 
have agreement from two companies (SCL and Canfornav) to conduct BOB trials on board 
operational vessels that meet our requirements in 2009. 
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APPENDIX 1 
 
 
 
 
 

STANDARD OPERATING PROCEDURES FOR BALLAST WATER SAMPLE ANALYSIS  
 

USING THE FLOWCAM 




















