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ABSTRACT: Enactment of any environmental policy should
be followed by an evaluation of its efficacy to ensure optimal
utilization of limited resources, yet measuring the success of
these policies can be a challenging task owing to a dearth of data
and confounding factors. We examine the efficacy of ballast
water policies enacted to prevent biological invasions in the
Laurentian Great Lakes. We utilize four criteria to assess the
efficacy of this environmental regulation: (1) Is the prescribed
management action demonstrably effective? (2) Is the manage-
ment action effective under operational conditions? (3) Can
compliance be achieved on a broad scale? (4) Are desired
changes observed in the environment? The four lines of
evidence resulting from this analysis indicate that the Great
Lakes ballast water management program provides robust, but
not complete, protection against ship-mediated biological in-
vasions. Our analysis also indicates that corresponding inspection and enforcement efforts should be undertaken to ensure that
environmental policies translate into increased environmental protection. Similar programs could be implemented immediately
around the world to protect the biodiversity of the many freshwater ecosystems which receive ballast water discharges by
international vessels. This general framework can be extended to evaluate efficacy of other environmental policies.

B INTRODUCTION

The introduction of nonindigenous species (NIS) is recognized as
aleading cause of global biotic homogenization and extinction.' > As
a result, environmental managers are under increasing pressure to
establish comprehensive programs to prevent, control, and eradicate
NIS, with prevention playing a key role.*”® Evaluating the efficacy of
any environmental policy, such as regulations aimed at preventing

study is to examine the efficacy of ballast water policies enacted to
prevent biological invasions in the Laurentian Great Lakes.

The Great Lakes’ ballast water management program is the
most comprehensive globally which, if proven effective, could be
immediately emulated internationally to protect and conserve
the biotic integrity of the many freshwater ecosystems that
receive ballast discharges by international ships. We outline a

introduction of NIS, is essential for productive management deci-
sions, especially under a changing regulatory environment and
inadequate funding.>” Measuring the success of an environmental
policy, however, is a challenging task even for intensively regulated
industries for which decades of data are available.*” Evaluating
regulations targeting prevention of NIS introductions is {)articularly
problematic owing to a dearth of comparative data *'* and the
difficult task of confirming that a potentially unknown species has

been removed from a transportation vector. The objective of this
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series of four questions, prioritized from small- to large-scale, to
assess the efficacy of this environmental policy:
(1) Is the prescribed management action demonstrably

effective?
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(2) Is the management action effective under operational
conditions?

(3) Can compliance be achieved on a broad scale?

(4) Are desired changes observed in the environment?

We suggest that initial assessments should concentrate on
empirical “cause and effect” studies to confirm that the prescribed
management action does achieve the desired effect. Once direct
results are demonstrated, the focus should expand to monitoring
operational efficacy, to confirm that the prescribed action is
equally effective under less controlled operational conditions.
Ideally, these studies should be conducted prior to implementa-
tion of any regulations. Third, compliance rates should be
assessed to determine if any perceived ineflicacy is due to
noncompliance. Finally, broad trends of environmental improve-
ment can be measured, as this is generally not meaningful until
the first three criteria have been examined; furthermore, it may
not be possible to assess environmental trends without many
years of data, preferably both pre- and postimplementation of
regulatory policies.'” While we examine the Ballast Water
Management Program for the Great Lakes as a case study, this
general framework can be extended to evaluate efficacy of other
environmental policies that prescribe a management action.

Great Lakes’ Ballast Water Management Program. Trans-
oceanic shipping activities are attributed with ~55—70% of an
estimated 56 aquatic NIS invasions recorded in the Great Lakes
since 1959.""'* Following the discovery of the Eurasian ruffe
(Gymnocephalus cernuus) in 1988, the Canadian and U.S. federal
governments enacted voluntary and mandatory regulations in 1989
and 1993, respectively, which required all foreign ballast water to be
exchanged for midocean saltwater.'>'* Ballast water exchange
(BWE) should reduce invasion risk by reducing the propagule
pressure, or number of individuals, released with ballast water
discharge by physically purging individuals from tanks, or by
destroying retained individuals through osmotic shock.">'

Since all vessels transiting into the Great Lakes must cross
both Canadian and American jurisdictions, the 1993 regulations
effectively applied to the entire Great Lakes basin. The discovery
of new aquatic NIS during the late 1990s and early 21st century
suggested that BWE was ineffective and/or that alternate vectors
were operational.'>"”

Until recently, vessels were only required to manage tanks with
declared ballast on board, since tanks with no declarable ballast on
board (NOBOB) were considered “empty” by industry standards.
However, studies revealed that NOBOB vessels dominated transo-
ceanic vessel traffic arriving to the Great Lakes, and that the flora and
fauna carried in residual ballast could be discharged during multiport
operations.'®"” In response, the U.S. Coast Guard recommended
voluntary management of residual ballast by flushing NOBOB tanks
with ocean saltwater.” Tank flushing involves using a small volume,
typically 7—20% of tank capacity, of midocean saltwater to purge
residual ballast water and sediments from tanks. Beginning in June
2006, Canada required all foreign vessels entering the Great Lakes to
exchange and/or flush all ballast tanks, achieving a minimum final
salinity of 30%o.>" The St. Lawrence Seaway Corporations imple-
mented consistent regulations in March 2008, thereby harmonizing
American and Canadian standards.*

A joint binational ballast water inspection program was created in
2005 to streamline enforcement activities. Inspections begin with a
review of ballast water reporting forms submitted by vessels prior to
arrival; ships reporting unmanaged ballast are instructed to conduct

exchange and/or flushing while still offshore. A physical visit to the

ship is then conducted on arrival to inspect ballast water logs and
management plans, and to assess crew competency. Finally, a ballast
tank exam is conducted, wherein the salinity of ballast water is
measured.

B EXAMINATION OF POLICY EFFICACY

1. Does BWE/Flushing Reduce Propagule Pressure? Ballast
water exchange and flushing are protective, particularly for freshwater
habitats, because of the dual effect of physical removal and mortality
due to osmotic stress. Empirical studies suggest that BWE typically
results in 70—95% physical removal of coastal marine plankton,'>**
while osmotic stress for freshwater or estuarine species can eliminate
a further 40—88% of taxa not purged from tanks.”* A retrospective
analysis of aquatic NIS recently introduced to the Great Lakes
indicated that all eight species tested would not have survived BWE,
if the length of salinity exposure was at least 72 h.'®

A study examining four ships carrying freshwater ballast from
the Great Lakes to European ports found BWE to be 95.1 to
100% effective.”> We utilized hierarchical Bayesian analysis to
further examine data from this study, providing two main
advantages over previous frequentist methods (e.g,, Analysis of
Variance): First, it allowed us to examine the possible variability
of actual invertebrate density in the ballast water, given the data,
rather than assuming observed data occurred without error.
Thus, instead of assuming 100% efficacy for some tanks, we
could examine the probability of observing no species for each
possible true density. Second, given the observed data, we could
estimate the distribution of efficacies across the population of
ships. In so doing, we simultaneously used information across
ships to inform the likely values for each ship. For instance, if we
found no propagules across many ships, we would be more
certain that the underlying density was close to zero than if we
had treated each ship in isolation.

We first estimated the density of Great Lakes’ zooplankton in a
given tank, both before (;,) and after (A.) BWE, assuming data
from three subsamples at each time period was the result of
random sampling and a Poisson distribution of organisms.
Efficacy was then derived for each of four vessel trips:

(E = Ze/Av) (1)

Next, we assumed the four ships sampled were a random
representation of the vessel population. Formally,

pr(0,,4N) o= L(AIN)L(ct, S|A)pr(a, ) (2)

*ﬂ.bilN_bi
pmf (Nb,i|Ap,1) = < N,,!bl (3)
_ 1 =101 _pn\B-1
pdf (Ev |, ) = Bla, ﬁ)Eb (1—Ep) (4)

where L is the likelihood obtained from pmf/pdf (eqs 3and 4), pr
is the probability, N is the vector of observations of number of
organisms from all ships, before and after BWE, and 4 is the
vector of true densities (eq 2). 0 and /3 are shape parameters that
define the beta distribution, which will determine the population
distribution of A across ships, based on the data. We converted
A into proportion E (comparing before and after BWE within
each ship), so that we could use the beta distribution to
determine exchange efficiencies across ships. Specifically, for

2555 dx.doi.org/10.1021/es102655j |Environ. Sci. Technol. 2011, 45, 2554-2561



Environmental Science & Technology

POLICY ANALYSIS

2y

[

(]

>

o

(0]

=

2

ks

(]

x
> N 9 ) I A
<5 q)gq?’ %@0 P S S %qé” %q°5° o
S & S & &) > S ¥ & S
Q SR Q SUSENY Q Q Q7 o

Average fraction lost

Figure 1. Relative frequency of ballast water exchange efficacy against
freshwater invertebrates, as modeled by Bayesian analysis of data from
Gray et al.>®

each set of o and f3, we calculated the average efficacy across all
ships by integrating across the beta distribution (mean = o/
(ot + f3)). We assume a noninformative uniform prior. We used
Markov Chain Monte Carlo simulation with a burn-in period of 1
million iterations, and characterized the posterior probability
distribution with 1 million iterations.

The modeled efficacy of BWE between freshwater ports, based
on observed plankton densities, was remarkably high. The
average proportion of individuals expected to be lost across all
ships as a result of the combined effects of physical purging and
osmotic stress ranged from 99.988% to 99.997%, with a mode of
99.993% (Figure 1). The cumulative evidence from the above
cause and effect studies indicates that the prescribed manage-
ment practices of BWE or flushing can effectively decrease
propagule pressure in freshwater ballast.

2. Is BWE/Flushing Effective under Operational Conditions?
To determine if BWE and flushing remain effective when imple-
mented without highly controlled conditions, we opportunistically
sampled 19 NOBOB tanks on 15 vessels, and 24 ballasted tanks on
16 vessels from transoceanic and coastal ships arriving to the Great
Lakes between November 2005 and May 2008. NOBOB tanks were
sampled by filtering 50 L residual water through a 53 um mesh
plankton net; sampling methodology was similar to that of an earlier
study,* allowing comparison of results before and after introduction
of flushing regulations. Ballasted tanks were typically sampled by
lowering a plankton net into full tanks, such that at least 1000 L of
water was filtered for analysis; methodology was similar to that of
earlier studies,””** allowing comparison of results before and after
introduction of BWE regulations.

We explored differences in taxonomic composition of samples
for NOBOB and ballasted tanks separately. For all analyses,
plankton densities were averaged for tanks within ships, since
these cannot be considered independent samples.”” Following
Duggan et al.,26 we recognize that measures of total invertebrate
abundance may overestimate effective invasion risk, thus we
conducted additional comparisons using only “high risk” species.
Species were defined as high risk for establishment in the Great
Lakes if any global population of the taxon was previously
recorded from fresh or brackish waters, which we conservatively
defined as salinities of <18%o, and included all taxa sampled from
tanks containing fresh or brackish water by default. Analyses were
conducted using a Mann—Whitney U-test since data could not
be transformed to meet assumptions of parametric tests. A
significance level of 0.05 was utilized for all analyses; all statistical
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Figure 2. Mean (+S.E.) abundance of invertebrates recorded from “no
ballast on board” (upper panels) and ballasted (lower panels) ships,
before (black bars) and after (white bars) the introduction of saltwater
flushing and ballast water exchange, respectively. Median values are
indicated by horizontal lines superimposed on bars. Left panels include
data for all taxa; right panels present data only for high risk taxa known to
inhabit fresh- or brackish-water habitats. Data for preregulatory period
from Duggan et al,*® Bio-Environmental Services*” and Locke et al.*®

comparisons were conducted using JMP 7.0.2 (2007 SAS
Institute).

Our limited sampling program indicates that the benefits of
BWE and flushing are retained under operational conditions. The
abundance of all invertebrates (range 0.0 to 5440.0 ind-m ™%
median 60.0 ind. m ™) and of high risk invertebrates (range 0.0 to
4267 ind-m>; median 0.0 ind-m ) sampled from residual
ballast water after flushing regulations were in place were sig-
nificantly lower than in preregulation samples (Mann—Whitney U
test, p = 0.032 and p = 0.035, respectively; Figure 2a,b). While no
freshwater organisms were sampled postflushing, four of nine taxa
identified to species level have been recorded in brackish waters
including Acartia nr. clausi, Paracalanus parvus, Pseudocalanus
minutus, and Oithona similis (Supporting Information (SI)
Appendix S1). Salinity of residual water from which these taxa
were sampled exceeded 30%o in four of six cases, indicative of
successful tank flushing in the open ocean. Similarly, total abun-
dance of invertebrates collected from ballasted tanks ranged from
40.0 t0 26220.0 ind-m > (median 2672.9 ind-m ), while that of
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Table 1. Summary Statistics of Ballast Water Salinity, By Tank, As Measured during Ballast Tank Exams in 2005-2007"

POLICY ANALYSIS

2005 2006 2007

NOBOB ballasted NOBOB ballasted NOBOB ballasted

no. % no. % no. % no. % no. % no. %
number of compliant vessel transits 59 49.2 10 38.5 143 733 20 SL3 102 779 70 77.8
number of noncompliant vessel transits 61 50.8 16 61.5 52 26.7 19 48.7 29 22.1 20 22.3
total number of compliant tanks (=30%o) 579 732 125 67.6 1585 90.4 410 85.4 1365 94.3 1382 97.4
total number of noncompliant tanks” 212 26.8 60 324 168 9.6 70 14.6 83 5.7 37 2.6
number of tanks at 0 - <5%o 15 7.1 S 8.3 11 6.5 18 25.7 24 28.9 6 16.2
number of tanks at 5 - <18%o 108 50.9 27 45.0 88 524 31 44.3 31 37.4 11 29.7
number of tanks at 18 - <30%o 89 42.0 28 46.7 69 41.1 21 30.0 28 33.7 20 54.1

“NOBOB tanks contain only residual ballast, whereas ballasted tanks carry large volumes of ballast water.

retrieved, were excluded from analysis.

" “Dry” tanks, from which no water was

high risk invertebrates ranged from 0.0 to 280.5 ind. m > (median
1.0 ind*m ). Comparison with preregulation studies indicates
that mean and maximum density of invertebrates in ballasted tanks
have been reduced, particularly for high risk taxa, although median
density has not changed significantly (Mann—Whitney U test, p =
0.060 and p = 0.70 for all and high risk taxa, respectively; Figure 2c,
d). Two freshwater taxa (Daphnia spp., and Diaphanosoma sp.)
and five species recorded from brackish water (Acartia tonsa,
Ampbhiascus sp., Eurytemora hirudinoides, Pseudodiaptomus corona-
tus, and Crangon septemspinosa) were observed, typically at very
low abundance and occurrence (SI Appendix S1).

Considering the median density of high risk taxa recorded after
BWE and flushing, the effective invasion risk for freshwater ports
may frequently be equivalent to that expected with ballast water
discharge standards developed by the International Maritime
Organization (less than 10 individuals - m > forall organisms greater
than 50 um in minimum dimension).*® Although maximum
densities can be an order of magnitude greater than the international
standard, the dramatic decreases in the probability of a single
introduction event with extremely high plankton density may be
highly relevant, since rare high-density introduction events are
thought to be extremely important for new invasions.”" Further,
the cumulative propagule pressure over time likely has also
decreased, resulting in further reduction of invasion risk. Reduced
propagule pressure should decrease invasion success, however, there
exists an urgent need to determine if a critical threshold population
density exists below which invasions fail. Allee effects can be
pronounced when populations are founded by few colonizers,*
though this effect might be offset if the colonizers are capable of
parthenogenetic reproduction.®

3. Do Most Vessels Comply with BWE/Flushing Regula-
tions? To determine if the general vessel population complies
with ballast water management regulations, we analyzed data
from ballast water reporting forms and ballast tank exam forms
collected under the joint inspection program during 2005—2007,
inclusive. Reporting forms provided self-reported data on ballast
history for individual vessel transits, while tank exam forms
provided measurements of ballast water salinity and volume, as
measured by Inspectors; salinity measurements >30%o were
compliant with ballast water management regulations. Ballast
tank exams conducted by U.S. Inspectors prior to 2005, and
independent of the joint program in 2005—2007, comprised an
important contribution to Great Lakes’ inspection efforts; how-
ever, because the proportion of tanks inspected was much more
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Figure 3. Salinity of ballast water measured from tanks on vessels
classified as (a) “no ballast on board” and (b) ballasted, expressed as a
percentage of all tanks inspected, by month. The percent of tanks
inspected per ship, by month, under the joint (dot-dashed lines) and
independent (dashed line) inspection programs is indicated. Solid
vertical lines in panel (a) indicate date of introduction of U.S. voluntary
NOBOB management practices (31 Aug 2005), and Canadian manda-
tory (28 June 2006) NOBOB regulations.

limited than under the joint program (typically 2 tanks per
ballasted vessel), they are not included in our analysis.

Data was assembled for each vessel transit originating outside
Canadian waters and examined using both a ship-wise and
tank-wise perspective, since regulations were implemented on
a ship-wise basis prior to June 2006 and on a tank-wise basis
thereafter. For ship-wise analysis, vessels were classified following
definitions used by Transport Canada, wherein ballasted vessels
carried =200 tonnes of ballast water and/or had at least one main
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tank containing >10% of its ballast water capacity, whereas
NOBOB vessels carried <200 tonnes of ballast water and had no
main tank containing >10% of its ballast capacity. The propor-
tion of transoceanic and coastal vessels given physical ballast tank
exams increased from 66% in 2005, to 87% in 2006 and 2007,
although only 602 reports were recovered for this analysis (56%
of all joint tank exams; 45% of the vessel population) (SI
Appendix S2). Examination of ballast volumes indicates that
the median volume of residual ballast water carried by NOBOB
vessels was 24 tonnes per ship, or 1.4 tonnes per tank, with a
small proportion of vessels (3—16%) having at least one auxiliary
tank in ballast (SI Appendix S3). Similarly, ballasted vessels do
not arrive to the Great Lakes fully loaded with ballast water, but
tend to have less than 25% of tanks in ballast (SI Appendix S3).

The number of vessels with all tanks compliant increased steadily
over time coincident with the implementation of education and
inspection programs (Table 1; Figure 3). The proportion of tanks on
NOBOB vessels containing euhaline (=30%o salinity) ballast water
increased from 73% in 2005 to 94% in 2007. The sharpest increase in
residual ballast salinity coincided with the introduction of voluntary
NOBOB management practices in August 2005 (Figure 3a). The
number of “dry” tanks, from which no water was retrieved to measure
salinity, decreased from nearly 60% of all tanks inspected in 2005 to
33% in 2007 (SI Appendix S2). This decrease may reflect increased
ballast management activities since tanks managed in the mid-
Atlantic prior to Great Lakes entry should not be subject to the
high rates of evaporation common in warmer climates. Dry ballast
tanks may indicate that tank flushing did not occur prior to entry,
although vessels equipped with stripping systems may remove
virtually all ballast from tanks. Therefore, the ability of vessels to
physically strip tanks dry should be evaluated and/or physical tank
entry during inspection may be warranted to determine risk if salinity
cannot be measured from the vessel’s deck. Given that the propor-
tion of tanks on ballasted vessels with euhaline ballast water increased
from 68% in 2005 to 97% in 2007, coincident with a change in
inspection effort but not regulatory change, it appears that the level of
enforcement of regulations is closely linked to compliance (Table 1;
Figure 3b).**

We used tank exam data to determine the level of inspection
effort required to detect a single noncompliant tank on a vessel,
with 95% confidence, using the probability model:

P:I—Sl:[(l— . (s)

=0 n—i

where s is the number of sampled tanks, # is the number of tanks
on a vessel, a is the number of tanks noncompliant, and P is the
probability of detecting at least one tank given the sampling effort
applied. Approximately half of all tanks containing noncompliant
ballast water were the result of incomplete management, where
exchange or flushing was conducted but the required 30%o
salinity was not achieved. Noncompliant vessels typically con-
tained only one or two tanks in violation. As a result, 20 of 21
tanks must be inspected to detect a single noncompliant tank, or
16 of 21 tanks if two noncompliant tanks are present, to have 95%
confidence in results of the inspection program. Conversely, if
only one or two tanks are inspected per vessel, there is a 90—95%
chance that noncompliant tanks will be missed.

4. Has Invasion Rate of NIS Declined in the Great Lakes?
Ideally, implementation of an environmental policy will be
followed by improvement(s) in environmental condition. With
respect to biological invasions, the relevant outcome would be a

Cumulative Number Discovered

b)

Annual Number Discovered

LAAN M /\/\A/\

1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 2009
Year

Figure 4. (a) Cumulative number and (b) annual number of ship-
mediated aquatic invasive species discovered in the Great Lakes between
1959 and 2010, inclusive. Dotted vertical lines indicate date of introduc-
tion of Canadian voluntary ballast water exchange (1989) and U.S.
voluntary tank flushing (2005) management practices, respectively.

reduction in the rate of new species introductions to the system.
Examining invasion rates, however, re%uires many years of data to
form conclusions with any certainty.'® We can now attempt this
analysis with 20 years of data postregulation, though we acknowl-
edge that analyses of discovery rate are confounded by time lags
(where there is a gap between the date of introduction and the
date of discovery), inconsistent research effort, taxonomic bias,
and insufficient data. As a result, discovery rate analyses are
meaningful only in combination with the prior three questions.

We assembled data on dates of discovery of ship-mediated
aquatic NIS reported in the Great Lakes after the opening of the
modern St. Lawrence Seaway in 1959. We followed the conserva-
tive approach of Kelly et al,** who excluded cryptogenic species
whose status as native or nonindigenous is uncertain. The cumula-
tive number and annual number of NIS discovered over time was
graphed and visually inspected to determine if the rate of discovery
changed after implementation of ballast water regulations. Segmen-
ted regression was subsequently utilized to determine the location of
the inflection or “change” point.*® Twelve points of interest were
tested (1986—1997) and the fit characterized by the sum of the
error sums of squares; the point with the lowest combined sum of
the error sums of squares was considered as the point of change in
the discovery rate of aquatic NIS.

Our analysis revealed 34 aquatic ship-mediated NIS reported
from the Great Lakes after 1959 (Figure 4a). The rate of aquatic NIS
discovery was relatively linear between 1959 and the mid-1980s,
after which time it began to increase. The peak number of
discoveries occurred in 1992 when six NIS were reported, including
five parasitic species associated with the Eurasion ruffe (Figure 4b);
the discovery rate begins to decline rapidly after the peak. Segmen-
ted regression identified 1991 as the most significant change point,
which appears to correspond with the date that discovery rate began
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to increase. Post-1991, 1995 was identified as the most likely point
of decline in discovery rate. This inflection point may correspond
with a six year time lag after the inception of voluntary ballast water
management in 1989, or a two year time lag after implementation of
mandatory BWE regulations. Since 2000, shipping activities have
been responsible for three of eight (37.5%) aquatic NIS introduc-
tions and no new species have been reported since 2006; this is the
first time there has been a four-year gap in ship-mediated aquatic
NIS discoveries since 1974—1977, indicating that tank flushing
regulations may have been an important addition to the manage-
ment regime. A third inflection point corresponding with effects of
tank flushing regulations may exist; however, several more years of
data are required to identify any such point with confidence.

l DISCUSSION

Implementation of environmental policies should include an
assessment to gauge efficacy of changes made to human behavior
to ensure management resources are used most effectively. Our
comprehensive assessment of the Great Lakes™ ballast water
management program, using four lines of evidence, indicates
that the risk of ship-mediated aquatic NIS introductions has been
markedly reduced. First, comprehensive laboratory and ship-
board studies indicate that BWE and tank flushing can effectively
decrease the number of viable propagules in ballast tanks.
Modeling indicates that the combined effects of tank purging
and osmotic shock are typically 99.993% eftective at removing or
exterminating freshwater zooplankton. Second, biological mon-
itoring data confirms that at the operational level, BWE and
flushing significantly reduce the probability for rare, high density,
introduction events and nearly eliminate high risk taxa. Third,
compliance rates by the general vessel population appear very
high, perhaps a direct result of the intensive inspection regime.
Only 4.2% of ~2850 tanks tested in 2007 contained ballast water
with a salinity <30%o and, because they were detected by
inspectors, were prohibited from being discharged into the Great
Lakes. Our analysis indicates that these noncompliant tanks
would not be detected at lower inspection effort levels, thus it
is very important to maintain intensive inspection efforts to
retain confidence in this management regime. Finally, examina-
tion of the discovery rate of aquatic NIS in the Great Lakes basin
supports a decline in ship-mediated introductions following the
initiation of the ballast water management program.

We acknowledge that ballast water can transport a variety of
active and dormant taxa, ranging from microbes and bacteria to
fishes and large sessile invertebrates.’”” >* A complementary
study examining efficacy of tank flushing on dormant inverte-
brate eggs in ballast sediments under operational conditions
found significant reductions in total egg density, viable egg
density, and density of eggs of high risk NIS.** Unfortunately,
a dearth of data precludes assessment of the Great Lakes ballast
water management regulations with respect to other taxa. Even
so, it is clear that the prescribed management strategies will not
provide complete protection against aquatic invasions, since a
large percentage reduction can still result in substantial propagule
pressure if initial densities were high. Total propagule pressure,
however, is not reflective of the effective invasion risk for Great
Lakes ports, since many marine taxa will not be able to survive if
introduced into fresh water. Considering that the median density
of high risk taxa recorded after BWE and flushing is 0.0 to 1.0
ind-m >, the effective invasion risk for freshwater ports may
frequently approximate the same level of protection expected

under the ballast water discharge standards developed by the
International Maritime Organization.”" As ballast water treat-
ment systems utilizing technologies such as ozonation, chlorina-
tion and/or filtration are not expected to be implemented on all
vessels until 2016, similar ballast water management programs
could be implemented immediately around the world to protect
the biodiversity of the many freshwater ecosystems which receive
ballast water discharges by international vessels (e.g.,, Antwerp,
Rotterdam, Constanta, Gdansk, St. Petersburg).

The St. Lawrence River provides an ideal “choke-point” for
entry to the Great Lakes from which inspection stations can and
do operate to the benefit of the entire basin. While ballast salinity
is the main indicator used to enforce ballast regulations, it is not
foolproof, as many coastal ports have salinity levels that are
indistinguishable from that of ocean water. Secure, geo-refer-
enced and automated reporting of ballast water exchange loca-
tions for each tank could eliminate uncertainty of ballast
management history, while reducing inspection costs and ship
delays."* Although inspection programs can be expensive, the
cost of inaction is likely far higher: while Transport Canada alone
spends $1.6 million annually for ship inspections, costs of aquatic
NIS in the Great Lakes amount to at least $200 million per year.*"
Changes to environmental policy should be enacted in concert
with tools to inspect and enforce regulations or there will be little
opportunity to measure, or to expect, program success. The
framework of questions outlined in this analysis could be
extended to evaluate efficacy of numerous other environmental
policies that mandate changes in operational practices, such as
requirements for wastewater treatment systems or industrial
exhaust scrubbers to reduce point-source pollution, by directly
assessing cause and effect of the prescribed technologies, com-
pliance rates, and changes in the environment.

B ASSOCIATED CONTENT

© Supporting Information. A list of taxa identified during
biological sampling, data on inspection rates, and ballast water
volume of inspected vessels are available online (Appendices S1,
S2, and S3, respectively.) The authors are solely responsible for
the content and functionality of these materials. Queries (other
than absence of the material) should be directed to the corre-
sponding author. This material is available free of charge via the
Internet at http://pubs.acs.org.

Bl AUTHOR INFORMATION

Corresponding Author
*E-mail: sarah.bailey@dfo-mpo.gc.ca.

B ACKNOWLEDGMENT

We acknowledge efforts of Transport Canada, USCG,
SLSDC, and SLSMC Inspectors, and thank program managers
for providing data and insight. S. Santavy, L. Quiring, and C. van
Overdijk assisted with sample collection of ballasted vessels and
anonymous reviewers provided constructive comments that
improved this manuscript. BMT Fleet Technology Ltd. collected
NOBOB samples, and Biologica Environmental Services Ltd.
conducted taxonomic analyses. Funding from Fisheries and
Oceans Canada, Transport Canada, the NSERC Canadian
Aquatic Invasive Species Network (CAISN), and NSERC
Discovery Grants (SAB, BL, HJM) is gratefully acknowledged.

2559 dx.doi.org/10.1021/es102655j |Environ. Sci. Technol. 2011, 45, 2554-2561



Environmental Science & Technology

POLICY ANALYSIS

B REFERENCES

(1) McKinney, M. L.; Lockwood, J. L. Biotic homogenization: a few
winners replacing many losers in the next mass extinction. Trends Ecol.
Evol. 1999, 14, 450-453.

(2) Olden,]. D.; Poff, N. L.; Douglas, M. R.;; Douglas, M. E.; Fausch,
K. D. Ecological and evolutionary consequences of biotic homogeniza-
tion. Trends Ecol. Evol. 2004, 19, 18-24.

(3) McGeoch, M. A,; Butchart, S. H. M,; Spear, D.; Marais, E.;
Kleynhans, E. J.; Symes, A.; Chanson, J.; Hoffman, M. Global indicators
of biological invasion: species numbers, biodiversity impact and policy
responses. Divers. Distrib. 2010, 16, 95-108.

(4) Simberloff, D.; Parker, I. M.; Windle, P. N. Introduced species
policy, management, and future needs. Front. Ecol. Evol. 2008, 3, 12-20.

(5) Lodge, D. M.; Williams, S.; MacIsaac, H. J.; Hayes, K. R.; Leung,
B.; Reichard, S.; Mack, R. N.; Moyle, P. B.; Smith, M.; Andow, D. A,;
Carlton, J. T.; McMichael, A. Biological invasions: recommendations for
U.S. policy and management. Ecol. Appl. 2006, 16, 2035-2054.

(6) Hulme, P. E.; Bacher, S.; Kenis, M.; Klotz, S.; Kuhn, L; Minchin,
D.; Nentwig, W.; Olenin, S.; Panov, V.; Pergl, J.; Pysek, P.; Roques, A.;
Sol, D.; Solarz, W.; Vila, M. Grasping at the routes of biological
invasions: a framework for integrating pathways into policy. J. Appl.
Ecol. 2008, 45, 403-414.

(7) Earnhart, D. Effects of permitted effluent limits on environ-
mental compliance levels. Ecol. Econ. 2007, 61, 178-193.

(8) Magat, W. A.; Viscusi, W. K. Effectiveness of the EPA’s regula-
tory enforcement: the case of industrial effluent standards. J. Law Econ.
1990, 33, 331-360.

(9) Shadbegian, R. J; Gray, W. B. Assessing multi-dimensional
performance: environmental and economic outcomes. J. Product. Anal.
2006, 26, 213-234.

(10) Costello, C.; Drake, J. M.; Lodge, D. M. Evaluating an invasive
species policy: ballast water exchange in the Great Lakes. Ecol. App.
2007, 17, 655-662.

(11) Ricciardi, A. Patterns of invasion in the Laurentian Great Lakes
in relation to changes in vector activity. Divers. Distrib. 2006,
12, 425-433.

(12) Great Lakes Shipping, Trade, And Aquatic Invasive Species,
Transportation Research Board Special Report 291; National Research
Council of the National Academies: Washington, DC, 2008.

(13) Voluntary Guidelines for the Control of Ballast Water Discharges
from Ships Proceeding to the St. Lawrence River and Great Lakes;
Government of Canada: Ottawa, ON, 1989.

(14) United States Coast Guard. Ballast Water Management for
Vessels Entering the Great Lakes. Code of Federal Regulations, 33-CFR
Part 151.1510, 1993; Fed. Regist. 1998.

(15) Current State of Understanding about the Effectiveness of Ballast
Water Exchange (BWE) in Reducing Aquatic Non-Indigenous Species
(ANS) Introductions to the Great Lakes Basin and Chesapeake Bay,
USA: Synthesis and Analysis of Existing Information; Ruiz, G. M., Reid,
D. F.,, Eds.; NOAA Technical Memorandum GLERL-142, 2007.

(16) Ellis, S; Maclsaac, H. J. Salinity tolerance of Great Lakes
invaders. Freshwater Biol. 2009, 54, 77-89.

(17) Ricciardi, A.; Maclsaac, H. J. Evaluating the effectiveness of
ballast water exchange policy in the Great Lakes. Ecol. Appl. 2008,
18,1321-1323.

(18) Colautti, R. I; Niimi, A. J.; van Overdijk, C. D. A;; Mills, E. L.;
Holeck, K. T.; Maclsaac, H. J. Spatial and temporal analysis of
transoceanic shipping vectors to the Great Lakes. In Invasive Species:
Vectors and Management Strategies; Ruiz, G. M., Carlton, J. T., Eds,;
Island Press: Washington DC, 2003; pp 227.

(19) Johengen, T. J; Reid, D.; Fahnenstiel, G.; Maclsaac, H. J;
Dobbs, F. C.; Doblin, M. A; Jenkins, P. T. Assessment of Transoceanic
Nobob Vessels and Low-Salinity Ballast Water As Vectors for Non-
Indigenous Species Introductions to the Great Lakes; Final report for the
project to the Great Lake Protection Fund, the National Oceanic and
Atmospheric Administration, the US Environmental Protection, and the
US Coast Guard, 200S5; Available from www.glerl.noaa.gov/res/

projects/nobob/products/ NOBOBFinalReport20050415.pdf (Accessed 22
October 2009).

(20) United States Coast Guard. Ballast Water Management for
Vessels Entering the Great Lakes That Declare No Ballast Onboard: Notice
of policy; Availability of Draft Environmental Assessment; Fed. Regist., 2005,
70, (168), USCG-2004—19842.

(21) Government of Canada. Ballast Water Control and Manage-
ment Regulations. Canada Gazette; 2006, 140, (13), SOR/2006—129.

(22) Saint Lawrence Seaway Development Corporation. Seaway
Regulations and Rules: Periodic Update, Various Categories; Code of
Federal Regulations 33-CFR Part 401, 2008; Fed. Regist. 2008.

(23) Cordell, J. R.; Lawrence, D. J.; Ferm, N. C.; Tear, L. M.; Smith,
S. S.; Herwig, R. P. Factors influencing densities of non-indigenous
species in the ballast water of ships arriving at ports in Puget Sound,
Washington, United States. Aquat. Conserv. Mar. Freshwater Ecosyst.
2009, 19, 322-343.

(24) Santagata, S.; Gasitinaite, Z. R;; Verling, E; Cordell, J. R;
Eason, K; Cohen, J. S.; Bacela, K,; Quilez-Badia, G.; Johengen, T. H,;
Reid, D. F.; Ruiz, G. M. Effect of osmotic shock as a management
strategy to reduce transfers of nonindigenous species among low-salinity
ports by ships. Aquat. Invasions 2008, 3, 61-76.

(25) Gray, D. K; Johengen, T. H; Reid, D. F.; Maclsaac, H. J.
Efficacy of open-ocean ballast water exchange as a means of preventing
invertebrate invasions between freshwater ports. Limnol. Oceanogr.
2007, 52, 2386-2397.

(26) Duggan, 1. C; van Overdijk, C. D. A; Bailey, S. A.; Jenkins,
P. T.; Limén, H.; Maclsaac, H. J. Invertebrates associated with residual
ballast water and sediments of cargo-carrying ships entering the Great
Lakes. Can. J. Fish. Aquat. Sci. 2005, 62, 2463-2474.

(27) Bio-Environmental Services. The Presence and Implication of
Foreign Organisms in Ship Ballast Waters Discharged into the Great Lakes;
Report prepared for the Environmental Protection Service, Environ-
ment Canada: Ottawa, ON, 1981.

(28) Locke, A; Reid, D. M.; Sprules, W. G.; Carlton, J. T.; van
Leeuwen, H. C. Effectiveness of mid-ocean exchange in controlling
freshwater and coastal zooplankton in ballast water. Can. Tech. Report
Fish. Aquat. Sci. 1991, 1822.

(29) Bailey, S. A,; Nandakumar, K; Duggan, L. C.; van Overdijk,
C.D. A;; Johengen, T. H; Reid, D. F.; Maclsaac, H. J. In situ hatching of
invertebrate diapausing eggs from ships’ ballast sediment. Divers. Distrib.
2008, 11, 453-460.

(30) International Maritime Organization. International Conven-
tion for the Control and Management of Ships’ Ballast Water and
Sediments; adopted 13 February 2004. Available from www.imo.org
(Accessed 11 February 2008).

(31) Lewis, M.; Variability, patchiness, and jump dispersal in the
spread of an invading population. In Spatial Ecology: The Role of Space in
Population Dynamics and Interspecific Interactions; Tilman, D., Kareiva, P.,
Eds.; Princeton University Press: Princeton, 1997; pp 46.

(32) Drake, J. M; Lodge, D. M.; Lewis, M. Theory and preliminary
analysis of species invasions from ballast water: controlling discharge
volume and location. Am. Midl. Nat. 2005, 154, 458-470.

(33) Bailey, S. A.; Vélez-Espino, L. A; Johannsson, O. E.; Koops,
M. A; Wiley, C. ]J. Estimating establishment probabilities of Clado-
cera introduced at low density: an evaluation of the proposed
ballast water discharge standards. Can. J. Fish. Aquat. Sci. 2009, 66,
261-276.

(34) Shimshack, J. P.; Ward, M. B. Enforcement and over-compli-
ance. J. Environ. Econ. Manage 2008, 55, 90-105.

(35) Kelly, D. W.; Lamberti, G. A.; Maclsaac, H. J. The Laurentian
Great Lakes as a case study of biological invasion. In Bioeconomics of
Invasive Species: Integrating Ecology, Economics, Policy, and Management;
Keller, R. P., Lodge, D. M., Lewis, M. A,, Shogren, J. F.,, Eds.; Oxford
University Press: New York, 2009; pp 20S.

(36) Chappell, R. Fitting bent lines to data, with applications to
allometry. J. Theor. Biol. 1989, 138, 235-256.

(37) Hallegraeff, G. M.; Bolch, C. J. Transport of diatom and
dinoflagellate resting spores in ships ballast water — implications for

2560 dx.doi.org/10.1021/es102655j |Environ. Sci. Technol. 2011, 45, 2554-2561



Environmental Science & Technology

POLICY ANALYSIS

plankton biogeography and aquaculture. J. Plankton Res. 1992,
14, 1067-1084.

(38) Carlton, J. C.; Geller, J. B. Ecological roulette — the global
transport of nonindigenous marine organisms. Science 1993, 261, 78-82.

(39) Wonham, M. J; Carlton, J. T.; Ruiz, G. M.; Smith, L. D. Fish
and ships: relating dispersal frequency to success in biological invasions.
Mar. Biol. 2000, 136, 1111-1121.

(40) Briski, E.; Bailey, S. A.; Cristescu, M. E.; Maclsaac, H. J. Efficacy
of ‘saltwater flushing’ in protecting the Great Lakes from biological
invasions by invertebrate eggs in ships’ ballast sediment. Freshwater Biol.
2010, 55, 2414-2424.

(41) Lodge, D.; Finnoff, D. Invasive Species in the Great Lakes: Costing
Us Our Future. Fact Sheet; Center for Aquatic Conservation: Notre
Dame, IN, 2008.

2561

dx.doi.org/10.1021/es102655j |Environ. Sci. Technol. 2011, 45, 2554-2561



