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Open water dreissenid mussel
control projects: lessons learned
from a retrospective analysis

Angelique D. Dahlberg!?, Diane L. Waller?, David Hammond*, Keegan Lund® &
Nicholas B. D. Phelps®2**

Dreissenid mussels are one of the most problematic aquatic invasive species (AlS) in North America,
causing substantial ecological and economic effects. To date, dreissenid mussel control efforts in

open water have included physical, biological, and chemical methods. The feasibility of successful
dreissenid mussel management or eradication in lakes is relatively undocumented in the freshwater
management literature. This review presents information on 33 open water dreissenid mussel control
projects in 23 North America lakes. We reviewed data from past dreissenid mussel control projects and
identified patterns and knowledge gaps to help inform adaptive management strategies. The three
key lessons learned include (1) pre- and post-treatment survey methods that are designed to meet
management objectives are beneficial, e.g., by sampling for all life stages and taking into account that
no survey method is completely comprehensive; (2) defining the treatment area—particularly ensuring
it is sufficiently large to capture all life stages present—is critical to meeting management objectives;
and (3) control projects provide an opportunity to collect water chemistry, effects on non-target
organisms, and other efficacy-related data that can inform safe and effective adaptive management.

Invasive species pose a major threat to ecosystems worldwide and are associated with declines in biodiversity and
ecosystem services?. Two particularly problematic aquatic invasive species (AIS) in North America are Dreis-
sena polymorpha (zebra mussel; Pallas, 1771) and D. bugensis (quagga mussel; Andrusov, 1897). These dreissenid
mussels are bivalves native to the Ponto-Caspian region in eastern Europe that were presumably introduced to
the Great Lakes via ballast water from cargo ships in the mid- to late-1980s>*. Secondary spread via recreational
watercraft and related equipment accompanied by dreissenid mussels’ prolific reproduction and rapid growth
rate have allowed dreissenid mussels to quickly establish in hundreds of waterbodies across North America®~’
(for the latest distribution maps see https://nas.er.usgs.gov/).

Once dreissenid mussels reach high densities in a waterbody, they can have a variety of impacts to the native
ecosystem. Their filter feeding reduces concentrations of suspended solids and phytoplankton, consequently
increasing light transmittance and submerged plant production®, as well as restructuring energy and nutrient
fluxes, changing food web structure, and adversely affecting fish populations”®-!2. Additionally, dreissenid mussel
biofouling has economic impacts to industry, including millions of dollars spent in mitigation by water treat-
ment and power generation facilities®!*!*. These ecological and economic impacts have resulted in widespread
efforts to curtail the species’ spread and impacts. Currently, prevention is the primary strategy for controlling
the spread and impacts of dreissenid mussels in open waterbodies'>'%; however, development and application
of control strategies are increasing'”'®.

Dreissenid mussel control efforts in open water include physical, biological, and chemical methods. Thus far,
physical efforts have included manual removal by divers, creating anoxia with benthic mats, and desiccation from
waterbody drawdowns'®~2. Biological strategies have investigated the effectiveness of fish, crayfish, parasites, and
microbes to reduce mussel populations by predation or infection?>-*. For example, the biopesticide, Zequanox
(Marrone BioInnovations, Davis, California), which incorporates a killed strain of Pseudomonas fluorescens (Pf-
CL145A), a naturally occurring bacterium in soil and water, is registered by the U.S. Environmental Protection
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Agency (EPA) as a molluscicide for dreissenid mussel control. Although physical and biological methods have
shown promise'®?, concern for non-target effects, efficacy, and/or cost have limited their adoption®%.

Copper-based pesticides have a long history of use in aquatic ecosystem management and were used in
open water to control dreissenid mussels as early as 2004!7228-3_Several forms of copper-based pesticides have
been used in these efforts, including copper sulfate (CuSO,), Cutrine-Ultra (Applied Biochemists, Alpharetta,
Georgia), Natrix (SePro Corporation, Carmel, Indiana), and EarthTec QZ (Earth Science Laboratories, Rogers,
Arkansas). Currently, EarthTec QZ and Natrix are the only copper-based products registered by the U.S. EPA
as molluscicides for dreissenid mussel control, although Cutrine-Ultra is registered for use as an algaecide,
herbicide, and cyanobactericide.

Potassium chloride (KCl), or potash in its unrefined form, has also been used to control dreissenid mussels.
KCl is not registered by the U.S. EPA as a molluscicide, but through site-specific regulatory exemption pro-
cesses (i.e., Section 24 (c) Special Local Needs exemption®!, Section 18 Emergency Exemption®?) has been used
in open water to control zebra mussels®*. Section 24(c) of the Federal Insecticide, Fungicide, and Rodenticide
Act (FIFRA) allows states to register a pesticide for a Special Local Need. Special Local Needs are defined as
existing or imminent pest problems for which there is no appropriate federally registered pesticide available®'.
Alternatively, Section 18 of FIFRA authorizes the U.S. EPA to allow unregistered uses of pesticides to address
emergency conditions®”.

Although the currently available chemical products can effectively kill dreissenid mussels, they can have
unintended negative effects on non-target organisms. For example, high concentrations of dissolved copper
can be toxic to aquatic plants, algae, fish, snails, and other invertebrates®**~¢. KCl, at the concentrations lethal
to dreissenids, has minimal effects on fish populations?**”, but can be lethal to shelled organisms, including
native mollusks, crayfish, and zooplankton®.

Dreissenid mussel control projects have been ongoing since about 2004, yet the methods used and degree
of reporting have varied greatly, hampering the development of best practices. Published reports of dreissenid
mussel control projects, including Fernald and Watson?®, Barbour et al.*, Lund et al.**, Hammond and Ferris'’,
and Luoma et al.*! provide important insight into site-specific strategies and outcomes. However, when reviewed
singularly, the ability to identify patterns and fill knowledge gaps is limited.

We conducted a literature search and meta-analysis of open water dreissenid mussel control projects that have
occurred in North America, including published and unpublished reports. Our goal was to identify knowledge
gaps to inform future dreissenid management; to do that, we built a database using published and unpublished
reports of both successful and failed dreissenid management projects. Where possible, we analyzed currently
available data to inform lessons learned and offer recommendations for future management.

Methods

We collected information on all reported open water dreissenid mussel control projects that involved the use of a
molluscicide or pesticide (excluding drawdowns, manual removal, or in contained/industrial settings) in North
America through direct contact to natural resource professionals as well as an exhaustive review of published
literature. We define a ‘project’ for this review as a treatment that used the same molluscicide/pesticide within
the same treatment area during a calendar year. However, if a lake was treated with different products (i.e., such
as Zequanox and KCl) in the same year, this would be counted as two projects.

We contacted resource managers and researchers within the AIS community, including The Invasive Mussel
Collaborative listserv (https://invasivemusselcollaborative.net), staff from manufacturers of registered dreis-
senid mussel control pesticide companies (i.e., Earth Science Labs, Marrone Bio Innovations, and ASI Group
Ltd.), staft within agencies who are known to have conducted control projects (i.e., Minnesota Department of
Natural Resources (MN DNR)), staff within agencies who are known to have conducted research for control
(i.e., U.S. Geological Survey (USGS)), and others identified by the initial contacts. Each project was assigned a
primary contact, herein referred to as the ‘project manager. The final list was shared with the Invasive Mussel
Collaborative to confirm all projects were identified. We requested all available information on the project from
the project manager, including summary reports, raw data, personal communication, and maps. Available data
were organized in a narrative format and Microsoft Access database and categorized into pre-treatment, treat-
ment, or post-treatment activities for further review (Table 1). When one project immediately followed a previous
project (up to five weeks during non-reproductive winter months), activities that were considered post-treatment
to the initial project were also considered pre-treatment for the subsequent project. For example, if part of a
lake was treated but additional dreissenid mussels were found outside of the treatment area the following week,
then a larger area was treated two weeks later, those surveys that occurred between the two treatments would be
included as post-treatment for the first treatment and pre-treatment for the second treatment.

In addition to treatment logistical details, we extracted information on water chemistry and environmental
measurements recorded during the project. Some measurements are important for determining proper applica-
tion rates. For example, copper application can be informed by dissolved ion concentrations. Because copper
bioavailability changes with water chemistry metrics (e.g., pH, dissolved calcium, dissolved magnesium)***,
copper toxicity and effective treatment concentrations also change. Other environmental measurements, includ-
ing dissolved oxygen and chlorophyll levels, provide insight into how conditions are changing for non-target
organisms?®6-3442746,

We categorized each project’s goal as either rapid response eradication, established population eradication,
suppression, or research. Rapid response eradication projects were defined as treatments of newly discovered
infestations and were partial lake treatments conducted at the site of infestation within 6 months of discovery
with the aim of eradication. Newly discovered infestations were lakes that had no previous known records of
dreissenid mussel occurrences and the presumed introduction of dreissenid mussels was within the calendar
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Pre- and post-treatment survey details:

Treatment details:

Number of total surveys

Product(s)

Location and extent of surveys

Start and end dates

Time spent on surveys

Number and frequency of any subsequent bump treatments

Date(s) of surveys

Size of treated area

Methods and type(s) of surveys

Molluscicide target treatment concentration

Life stages of dreissenid mussels observed

Use of barriers

Environmental conditions

Observed maximum, minimum, and average product concentrations

Any other observations or notes

Project goal

Treatment depth
At or near the surface, at or near the bottom, or at multiple depths

Water chemistry and environmental measurements

Wind speed, wind direction, precipitation, water temperature, turbidity, dissolved oxygen,
benthic dissolved oxygen, alkalinity, hardness, ammonia, total nitrogen, nitrate/nitrite levels,
total phosphorus, potassium, chloride, biological oxygen demand, copper, carbonaceous oxy-
gen demand, sodium, total suspended solids, magnesium, calcium, sulfate, dissolved organic
carbon, conductivity, and pH

Impacts to non-target organisms
Chlorophyll a (phytoplankton productivity), phytoplankton, zooplankton, bacteria, benthic
macroinvertebrates, native mussels, fish, and aquatic plants (macrophytes)

Table 1. Pre-treatment, treatment, and post-treatment details extracted from dreissenid mussel control
projects.

year. Established population eradication projects, in contrast, were eradication attempts designed to treat the
entire shoreline or surface area of a waterbody that had a known established population with ongoing active
reproduction. Suppression projects worked to reduce but not eliminate dreissenid mussels from within the
treated waterbody. Finally, research projects, in this context, included treatments that explicitly tested different
methods or approaches, often with representative control sites. We acknowledge that some projects fit multiple
definitions and that in some cases the management goal was unclear. Each project was classified with only one
management goal, that most captured the breadth of the project. One project, Lake Minnetonka (St. Alban’s
Bay), had goals as both a suppression and as a control project. For the purposes of this analysis, we treated that
project as a suppression project because its size and scope contribute substantial insight into treating a site for
population suppression.

To evaluate project outcomes, we reviewed available data to determine if dreissenid mussels were present
within the treatment area in the short-term, outside the treatment area in the short-term, within the treatment
area in the long-term, and outside the treatment area in the long-term. Short-term was defined as the period
between the treatment and the first post-treatment monitoring event. If there were no post-monitoring events
within the first year, we considered short-term results absent or null. Long-term included anything beyond the
short-term period, and conclusions for long-term results were based on the more recent data. In projects where
the treated area was the entire shoreline or surface area of the waterbody, all observations were considered
“inside” treatment area, and no observations were for “outside” treatment area.

We wanted to assess the change over time of (1) the annual number of non-research control projects, (2) the
size of rapid response and established population eradication project treated areas relative to the total surface
area of the treated water body, and (3) the number of rapid response and established population eradication
project pre-treatment survey methods for eradication projects. We conducted a visual verification of normality
using Q-Q plots. For normally distributed data we conducted a Pearson correlation test, and for non-normally
distributed data we conducted a Kendall rank correlation test. We interpreted correlation values as significant
when p <0.05.

Data were stored in a Microsoft Access database, and summary statistics and analyses were calculated and
conducted using R software (R Development Core Team, version 3.6.2). All data are available at https://conse
rvancy.umn.edu/handle/11299/231053. In addition, data were organized and visualized in an Esri ArcGIS Sto-
ryMaps web application which can be accessed at https://arcg.is/18frH50.

Results
We identified 33 open water dreissenid mussel control projects in 23 lakes across North America from 2004 to
2021 (Table 2). Projects were categorized as rapid response eradication (n =16 projects), established population
eradication (n =8 projects), suppression (n =3 projects), or research (n =6 projects). The summarized narrative
for each project and all available data are publicly available in the University of Minnesota’s Data Repository
(https://conservancy.umn.edu/handle/11299/231053). Additionally, narratives describing each project as well as
data visualizations are available in an Esri ArcGIS StoryMaps web application (https://arcg.is/18frH50). Present-
ing the data this way communicates the nuances and details of these projects that would otherwise be lost in a
table and makes the data more readily accessible to a broad audience.

Since 2004, the annual number of dreissenid control projects has not changed (r=0.27, p=0.21, Fig. 1a).
During the first half of the treatment time range (2004-2012), eight projects were conducted (2 RRE, 3 EPE, 2
S, 1 R). During the second half of the treatment time range (2013-2021), 25 projects were conducted (14 RRE,
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Figure 1. (a) Total number of rapid response eradication, established population eradication, and suppression
projects per year. (b) The percent of a lake’s surface area treated for each rapid response eradication and
established population control project. (¢) Number of pre-treatment survey methods conducted per rapid
response eradication, established population eradication, and suppression control project.

5 EPE, 1 S, 5 R). The size of the treated areas, relative to the total surface area of the lake, has not changed for
rapid response eradication projects (r,=-0.10, p=0.61, Fig. 1b), but has decreased for established population
eradication projects (r=-0.96, p <0.01, Fig. 1b) as those projects have shifted from entire surface area treatment
to entire shoreline treatment. The number of pre-treatment survey methods per project has not changed for
either rapid response or established population eradication projects (i.e., more recent projects do not use more
or fewer pre-treatment survey methods; r=0.10, p=0.60, and r,=-0.60, p =0.14, respectively; Fig. 1c). For non-
research projects, the number of pre-treatment surveys is unrelated to the treatment area (i.e., conducting more
pre-treatment surveys has not resulted in larger or smaller treatment areas; ,=-0.19, p=0.28).

Pre- and post-treatment practices were similar across all projects (Table 3). Across all projects examined here,
project managers used an average of 3.0 post-survey methods (n=27 projects), slightly more than the average of
2.6 survey methods used pre-treatment (n=26). Post-treatment monitoring added 1.23+1.41 [mean + standard
deviation (sd)] practices that were not conducted during pre-treatment. Simultaneously, post-treatment practices
omitted 0.94 + 1.09 (mean + sd) practices that had been conducted pre-treatment.

During treatment, environmental parameters were often not well-monitored. Project managers were most
likely to measure water temperature (76% of projects, n=25), dissolved oxygen (36%, n=12), conductivity (36%,
n=12), and pH (36%, n=12); however, other data (see Table 1) were unavailable in up to 76-97% of projects
(for example, 76% or n =25 projects did not include potassium and 97% or n= 32 projects did not include dis-
solved phosphorus; see Table 2, and for further discussion see the upcoming section “Lesson 3”). Of 20 projects
that used copper-based products (EarthTec QZ, Cutrine Ultra, CuSO,); of those, only 10% (n=2) reported the
metrics necessary to help predict site-specific copper toxicity.

Information on non-target effects during or after treatment was limited; only two rapid response eradication
projects (12.5% of projects in that category), six established population eradication projects (75%), three sup-
pression projects (100%), and three research projects (50%) reported at least one non-target observation. The
mean number of non-target organism groups assessed per project were 2.5, 1.3, 2.3, and 2.3 for rapid response
eradication, established population eradication, suppression, and research projects, respectively (see Table 1 for
a list of non-target organism groups). Of the non-target assessments, fish were the most common non-target
organism group observed (21% of projects, n="7), followed by zooplankton (15%, n=>5), benthic invertebrates
(15%, n=5), and native mussels (9%, n=3).

Rapid response eradication projects (n =16 projects) were generally successful at eradicating dreissenid mus-
sels within the treated area in the short-term (94% of lakes, n=15 lakes; Fig. 2). However, in all cases where data
were available (100% of lakes with treatments, n =15 lakes; one lake did not have long-term data) dreissenid
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Breakdown by project type
Established
Rapid response population
All projects eradication eradication Suppression Research
Pre Post Pre Post Pre Post Pre Post Pre Post
Total number of projects V\{ith reported survey methods during 2% 27 14 2 6 s 5 1 5 5
pre- or post-treatment periods (1)
Average number of survey methods 3 3 3 4 2 3 4 - 2 2
Breakdown by survey method: n (%)
Diving searches 16 (62) | 12(44) |11(79) |10(83) |3(50) |1(13) |2(100) |1(100) |- -
Wading or shoreline surveys 16 (62) | 10(37) |11(79) |8(67) 3(50) |4(50) |1(50) - 1(20) |-
Veliger tows 13(50) [17(63) |6(43) |8(67) |4(67) |7(88) |2(100) |1(100) |1(20) |1 (20)
Snorkeling surveys 9 (35) 8 (30) 8 (57) 8 (67) - - - - 1(20) |-
Mortality assessment using caged dreissenid mussels 6(23) 6(22) - - 1(17) |1(13) [1(50) 1(100) |4(80) |4(80)
Equipment inspections 3(12) 4 (15) 3(21) 4(33) - - - - - -
Settlement plates 3(12) 10(37) |1(7) 4(33) 2(33) |4(50) |- 1(100) |- 1(20)
Inspection of removed vegetation via rake tosses and other methods 2(8) 1(4) 1(7) 1(8) - - 1(50) - - -
Monitoring dreissenid density in quadrats or at sites 2(8) 2(7) - - - - - - 2(40) |2(40)
Measuring native mussel infestation by dreissenid mussels 1(4) 1(4) - - - - - - 1(20) |1(20)
Quantifying dreissenid mussels attached under water to substrate and vegetation | - 3(11) - - - 1(13) |- - - 2 (40)
Environmental DNA analysis - 2(7) - 1(8) - 1(13) |- - - -
Underwater video inspection - 1(4) - - - 1(13) |- - -
Quantifying dreissenid attachment to submerged woody material - 1(4) - - - - - - 1(20)

Table 3. Pre- and post-treatment practices reported for 33 dreissenid mussel control projects across North
America, combined and separated by project type.

mussels were ultimately discovered outside the treated area and eradication was unsuccessful. In Lake Minne-
washta, project managers speculate that the population observed post-treatment was the result of a reintroduc-
tion, not a failed project (Keegan Lund, Minnesota Department of Natural Resources, written communication,
2022). Although not considered a success by our criteria (dreissenid mussel presence 1+ year post-treatment),
two rapid response eradication projects have shown promising results. Ruth Lake (treated in 2015) and Bone
Lake (treated in 2019) both had confirmed zebra mussel presence either through veliger presence (Bone Lake)
or the presence of one adult (Ruth Lake) but have had no reported adult zebra mussel observations since.

Established population eradication projects (n =8 projects) were similarly successful at short-term eradica-
tion of dreissenid mussels in the treated area (75%, n=6) and were more successful in long-term eradication
throughout the waterbody (50% of projects, n=4; Fig. 2). Only four lakes had long-term eradication of an entire
waterbody (Valley Lo Lake, Billmeyer Quarry, Crosley Lake, and Millbrook Quarry).

Suppression projects (n =3 projects) reduced or eradicated dreissenid mussels within the treatment area in
the short-term, as intended (Fig. 2). However, the treated areas were small relative to the size of the entire lake
and as expected, within 1-2 years the treated areas were reinfested from other areas within the same lake (St.
Albans Bay within Lake Minnetonka and Lake Ossawinamakee).

Research-focused projects (n =6 projects) generally did not eliminate dreissenid mussels inside or outside the
treated areas either in the short-term or long-term (Lake Erie, Good Harbor Bay, Deep Quarry Lake, Round Lake,
Robinson Bay in Lake Minnetonka) (Fig. 2). Instead, those projects were experiments designed to refine appli-
cation methods, with an emphasis on technique rather than control, or to better understand non-target and/or
ecosystem responses to control methods. For example, these projects demonstrate advantages and disadvantages
of targeting the application of product to benthic, surface water, or the whole water column; effectiveness of dif-
ferent products applied within small enclosures; and effectiveness of varying concentrations in natural lake water.

Discussion

Although we have organized a large dataset for 33 dreissenid mussel control projects, inconsistent data availability
between each project prevented thorough quantitative comparisons. Despite this, we believe that the data avail-
able offer the opportunity to identify several important trends and insights to inform future dreissenid control
projects. Although there are more lessons to be learned from these data, we highlight three major themes below
that can inform safe and effective adaptive management, demonstrate important gaps in current knowledge, and
emphasize key features of the most successful outcomes.

Lesson 1: Pre- and post-treatment survey methods that are designed to meet management
objectives are beneficial. For any treatment, project managers can begin by defining their treatment
goals, objectives, and threshold for acceptable effects to non-target organisms. Each situation will have a differ-
ent cost to benefit ratio for dreissenid control. Once a project’s goals are defined, project managers can identify
their treatment area and treatment methods.
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Figure 2. Dreissenid mussel control project outcomes for different management objectives—lighter colors
indicate more success. Results are for inside and outside the treated area, in the short-term (within one year or
before a post-treatment survey, whichever comes first) and long-term. Due to limited outcome data, Richland
Chambers Reservoir has been excluded.

Determining a treatment area, however, can be challenging because low densities of dreissenid mussels can
be difficult to detect making it difficult to define the extent of their infestation. For example, dreissenid mus-
sels are small, only reaching average maximum adult sizes of 23 mm (Dreissena polymorpha) and 33 mm (D.
bugensis)*’, and water conditions such as the abundance of submersed aquatic vegetation or high turbidity can
make those adults challenging to locate through underwater search methods®. Furthermore, veligers are often
present at low densities and only detectable with a microscope®. One useful early detection tool is monitoring
for eDNA***; however, the application of eDNA detection is not yet reliable for defining the spatial extent, scale,
or stage of an infestation®*.

To account for detection challenges, project managers can carefully consider appropriate combination of
pre-treatment survey methods that will be most likely to accurately determine the extent of an infestation and
thus inform a treatment area. Infestation areas can be estimated using a variety of survey methods (e.g., diving
searches and veliger tows), although each method has different advantages and disadvantages®**>~>*. For exam-
ple, even skilled divers will fail to detect all dreissenid mussels®, and multiple plankton tows may be needed to
detect veligers at low-density. Even with well-defined survey methods, the difficulties in exhaustively detecting
dreissenid mussels in freshwater systems are many and this limitation warrants consideration when setting the
project objectives and defining treatment areas.

Further, project managers can delineate the populations of both adult and pre-settled dreissenid mussel
life stages. Because adult and pre-settled life stages have different habits (e.g., planktonic vs. attached) and can
be found in different locations (e.g., in the water column vs. on the lakebed), treatment methods may vary
when addressing one or both life stages. Among the projects examined, project managers who conducted rapid
response projects to eradicate dreissenid mussels from a partial waterbody containing both adults and veligers
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were never successful (i.e., Bone Lake, Lake Marion). In the case of Bone Lake, veliger tows were conducted prior
to treatment, but the treatment was initiated before the veliger tows were analyzed. Project managers later learned
that veligers were present outside the treatment area, resulting in a presumed failed eradication attempt. In Lake
Marion, project managers found low veliger density inside and outside of the defined treatment area before treat-
ment but selected and treated an area based on the location of adults only, and post-treatment sampling found
live veligers in the treatment area. In both cases, pre-treatment surveys for veligers followed by appropriately
accounting for veligers in treatment plans may have led to a different treatment strategy such as a lake-wide
treatment or no further control efforts. It is also important to note that timely treatment is needed for rapid
response projects to effectively control new infestations prior to reproductive establishment. As demonstrated
in these data, rapid response efforts have had minimal success because while effective within the treatment area,
mussels were later discovered outside, indicating that the treatment area was not large enough and that better
survey methods would help.

In contrast, project managers that potentially accounted for detection uncertainty and then treated for all
possible life stages as part of entire population eradication projects were more likely to meet their management
objectives (e.g., Billmeyer Quarry, Valley Lo Lake). Billmeyer Quarry had been infested for at least 12 years
when it was treated and was known to have an established and reproducing dreissenid mussel population.
Project managers targeted all life stages of this population with a treatment along the entire perimeter of the
lake covering a total of 50% of the waterbody’s surface area. No live veliger or adult mussels have been detected
in tows and eDNA samples in the 4 years since 2017, indicating successful eradication. Valley Lo Lake was also
confirmed to contain veligers and was treated in a similar manner to Billmeyer Quarry, including 50% of the
surface area along the lake perimeter. Within one week, veliger concentrations were reduced by 95%, and within
one month, no live veligers were detected. Caged adult zebra mussels held and monitored within the lake at the
surface and the bottom experienced 100% mortality after 3 and 10 days, respectively (David Hammond, Earth
Science Laboratories, Inc, written communication, 2022).

While pre-treatment methods are important for defining treatment areas, post-treatment methods are key
for evaluating the success of the project. As with pre-treatment survey methods, post-treatment survey methods
that accurately assess both adult and veliger mussel presence would be helpful. Project managers may want to
consider using the same survey methods post-treatment that were used pre-treatment. This standardization
allows project managers to evaluate treatment effectiveness, and may be particularly important for suppression
projects, where the project goal is more nuanced than dreissenid mussel presence/absence (see Lake Minnetonka,
St. Alban’s Bay as an example).

Project managers may want to include additional post-treatment survey methods for all projects, especially
rapid response eradication projects. Rapid response eradication projects typically require fast decisions and
management actions; after treatment, the project urgency diminishes, and project managers can use slower
survey methods such as settlement plates or end-of-season equipment inspections to make treatment evalua-
tion more robust.

Finally, the following recommended for partial lake treatments. Underwater search efforts that include dive
surveys that focus search efforts at the infestation site would be most beneficial. Additional dive surveys could
be conducted at other potential introduction sites on that waterbody (e.g., marinas, private boat access sites).
Those diving searches may be bolstered by wading or snorkeling surveys and should be coupled with veliger
tows and eDNA sampling. Veliger tows and eDNA sampling could be conducted both near the infestation as well
as at additional sites that are distinct from the infestation site to detect veligers and determine if reproduction
is ongoing. Additionally, using standardized survey methods pre- and post-treatment would be helpful. One
exception is rapid response eradication projects, where a method like settlement plates is too time-intensive to
be practical pre-treatment, yet is valuable as a post-treatment measure, increasing confidence in the evaluation
of project success.

Lesson 2: Defining the treatment area is critical to meeting management objectives. Regard-
less of which pre- and post-treatment survey methods are used, achieving management goals will be dependent
on how well the treatment area is defined. If the management goal is eradication, the treatment area would need
to include all reproducing parts of the population. If the management goal is suppression, managers may need
to be very specific in their expectations for how different parts of the population will change in different parts
of the waterbody.

Among the projects we examined, nearly all non-research projects effectively eliminated dreissenid mussels
within the treatment area in the short term. However, rapid response eradication treatments often fell short
when additional dreissenid mussels were found outside the treatment area following treatment. When this
happens, project managers would need to decide whether to apply additional treatments to a larger area (e.g.,
Christmas Lake, Lake Irene) or suspend efforts altogether (e.g., Bone Lake). In Christmas Lake, project managers
initially treated a small area, then within days found additional zebra mussels just outside that treated area. The
treatment area was increased three times and was treated on five occasions over two years with three different
molluscicides®. In the end, zebra mussels were found outside of the largest treated area, additional treatments
were suspended, and the lake remains designated as an infested waterbody with zebra mussels present lake wide.
This indicates that although treatments were effective within the treatment areas, the reason some projects did
not meet their management goals was because their treatment areas may not have been as well defined.

One commonality among projects that eradicated dreissenid mussels in a whole waterbody was that treatment
was applied to large areas that constitute a ‘whole lake” application as part of established population eradication
projects. This observation, as compared to rapid response eradication projects, highlights the benefits of ade-
quately defining the spatial extent of an infestation area so project managers can better determine the necessary
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treatment area. Furthermore, accounting for the uncertainty of dreissenid mussel detection efforts is warranted
due to the inherent limitations*” of locating and isolating all dreissenid mussel populations in lakes®. Limiting
the treatment to an area immediately around known mussel locations may fail to capture an entire population,
especially planktonic veligers, resulting in a need for additional treatments or a failed eradication attempt.

The failure of past rapid response eradication projects to adequately define the area of infestation may be
the result of surveys that are limited in temporal and spatial coverage (see Lesson 1) and/or a desire to reduce
treatment costs and environmental effects, in turn leading to dose rates that ultimately proved sublethal. Project
managers may want to consider a generous definition of the infested area, or where appropriate and/or feasible,
consider entire shoreline or surface area treatments. We acknowledge that this may result in treating areas that
are not yet invaded, but, in the case of projects where the end goal is eradication, the costs of a failed project
(e.g., time, money, ecological effects) would need to be evaluated versus the costs of a one-time over-treatment.

Lesson 3: Control projects provide an opportunity to collect data that can inform safe and
effective adaptive management. Adaptive management is the process of learning from past experi-
ences and modifying future actions in response to new information. This can be a highly effective approach
when it includes information from many sources®**”. However, robust data on water chemistry, environmental
characteristics, non-target effects, and positive ecosystem responses before, during, or after dreissenid mussel
control projects are frequently not collected, making the retrospective evaluation of project outcomes difficult or
impossible. Collecting and sharing standardized data could improve future project practices and success rates.

Water chemistry and environmental conditions can be essential for determining appropriate product appli-
cation. Although all the projects we reviewed had measured some aspect of water or environmental conditions,
not all measured the metrics necessary for developing an adaptive treatment regime (see Table 4). For example,
toxicities of copper-based products are affected by competing ion concentrations in the water, as well as by
environmental characteristics like dissolved organic carbon and water temperature?4>58-61_ If these water chem-
istry variables are measured, they can be used in bioavailability models (e.g., the Biotic Ligand Model, Visual
MINTEQ, and others) to predict the appropriate concentration of copper needed to achieve a desired toxicity
response [e.g., a concentration that kills 50% of a species (LC50)]. This predictive capability allows project man-
agers to minimize non-target effects and cost while achieving effective control.

Chemical products used to control dreissenid mussels can have unintended effects on non-target
organisms®” %%; however these effects have rarely been monitored. Knowing which non-target organisms are
present and how they respond to treatments can help project managers ensure treatments are not causing harm
to non-target organisms®”**-*, Indeed, non-target effects are an important concern for project managers®. In
our review, only 42% of projects (n =14 projects) included any information on non-target effects (Table 2). Con-
versely, collecting data that may demonstrate the environmental benefits of control efforts are also warranted so
that managers can more fully assess the benefits of attempting eradication versus doing nothing®. Quantifying
the tradeoffs between non-target effects and ecosystem benefits of dreissenid mussel control projects, in par-
ticular those that aim for established population eradication or suppression strategies, will better inform safe
and effective adaptive management.

Potassium chloride | Copper-based pesticides
Zequanox® | (KCI) or potash (i.e., copper sulfate, Cutrine®-Ultra, Natrix™, EarthTec QZ"®)
Alkalinity 442.58-61
Ca 4442,58-61
Cl +65 442,58-61
Cu 42.58-61
Dissolved organic carbon (DOC) 4+42,58-61
Hardness 142,58-61
Humic acid (HA) 42.58-61
K +65, 66 ++42, 58-61
Mg 442.58-61
Na +65, 66 ++42, 58-61
pH ++bS, 66 +42, 58-61
S 4442,58-61
Salinity 65,66
SO, 42,5861
Specific conductivity 465,66
Total dissolved solids 465,66
Turbidity or spectroscopy 425:45,67, 68
Water temperature +25,45,67,68 465,66 426,42, 58-61

Table 4. Water chemistry and environmental characteristics required to prescribe appropriate concentrations
of different pesticides for dreissenid control. +, indicates minimum requirements; ++, indicates most complete
requirements for more accurate assessment.
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Future directions

In this paper, we identify patterns and knowledge gaps to inform adaptive management strategies based on the
largest review and meta-analysis, to the best of our knowledge, of a comprehensive dataset for dreissenid mussel
control projects. Although these lessons are instructive, they are not inclusive and we expect additional lessons
could be learned as new questions are asked, gaps are filled, or future control project data become available. It
will be useful to maintain and update this database in a centralized and publicly available location to ensure
that managers and researchers can most effectively and efficiently learn lessons from ongoing control efforts
(i.e., https://arcg.is/18frH50, https://invasivemusselcollaborative.net/research-and-projects/toxicity-testing/, and
https://www.dnr.state.mn.us/invasives/aquaticanimals/zebramussel/pilot_project.html). To that end, data col-
lected as part of future control projects ideally would be standardized, robust, and publicly available. This would
facilitate more quantitative analyses and comparisons to identify trends over time. For example, questions that
these data could address include optimal timing of treatment, effects of water temperatures and chemistries,
and efficacy of the frequency and timing of multiple applications within a project. Improved data collection on
non-target effects and ecosystem benefits would also allow us to better assess the tradeoffs of control efforts.

Data availability

All data and codes are available at https://conservancy.umn.edu/handle/11299/231053. In addition, data were
organized and visualized in an Esri ArcGIS StoryMaps web application which can be accessed at: https://arcg.
is/18frH50.
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