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Abstract

Swimmer’s itch (SI) is a dermatitis in humans caused by cercariae of avian and mammalian

schistosomes which emerge from infected snails on a daily basis. Mitigation methods for SI

have long been sought with little success. Copper sulfate application to the water to kill the

snail hosts is the historically employed method, but is localized, temporary, and harmful to

many aquatic species. Here, we test an alternative method to control Trichobilharzia stagni-

colae, a species well-known to cause SI in northern Michigan and elsewhere in North Amer-

ica. Summer relocation of broods of the only known vertebrate host, common merganser

(Mergus merganser), greatly reduced snail infection prevalence the following year on two

large, geographically separated lakes in northern Michigan. Subsequent years of host relo-

cation achieved and maintained snail infection prevalence at ~0.05%, more than an order of

magnitude lower than pre-intervention. A Before–After–Control–Intervention (BACI) study

design using multiple-year snail infection data from two intervention lakes and three control

lakes demonstrates that dramatic lake-wide reduction of an avian schistosome can be

achieved and is not due to natural fluctuations in the parasite populations. The relevance of

reducing snail infection prevalence is demonstrated by a large seven-year data set of SI inci-

dence in swimmers at a high-use beach, which showed a substantial reduction in SI cases

in two successive years after relocation began. In addition, data from another Michigan lake

where vertebrate-host based intervention occurred in the 1980’s are analyzed statistically

and show a remarkably similar pattern of reduction in snail infection prevalence. Together,

these results demonstrate a highly effective SI mitigation strategy that avoids the use of

environmentally suspect chemicals and removes incentive for lethal host removal. Biologi-

cally, the results strongly suggest that T. stagnicolae is reliant on the yearly hatch of duck-

lings to maintain populations at high levels on a lake and that the role of migratory hosts in

the spring and fall is much less significant.
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Introduction

Swimmer’s itch, or cercarial dermatitis, is caused by parasitic flatworms in the family Schisto-

somatidae, which require both snail intermediate hosts and avian or mammal definitive hosts

to complete their life cycles. Adult worms live in avian or mammal hosts, producing embryo-

nated eggs which exit the host, typically in the feces. Upon contact with water, the eggs hatch

quickly into free-living miracidia, which seek out the appropriate host snail species, penetrate

the integument, and begin to develop into sporocysts. After a few weeks, sporocysts asexually

produce cercariae, free-living stages that emerge from the snail. A single infected snail can pro-

duce up to several thousand cercariae per day. If cercariae encounter a suitable vertebrate host,

they penetrate the skin or other epithelial surfaces (e.g., mouth or throat), then migrate in the

host and enter the vasculature, where they mature into male and female worms that reproduce

sexually.

When cercariae of nonhuman schistosomes encounter human skin, they can penetrate, but

ultimately do not survive. Reddened, raised areas called papules usually result at the points of

entry, and can itch intensely for up to a week or more. Cercariae are planktonic and can be dis-

persed or concentrated by wind and current, and persons spending time in the water can con-

tract hundreds of papules. Papules develop in most people even on the first exposure [1–3],

but subsequent exposures can also elicit stronger and more intense reactions [2]. The resulting

condition can range from mild annoyance to intense discomfort requiring medical attention

[4]. In addition, there is recognition in the literature of a potential public health concern

because some species may briefly survive beyond the skin and migrate within incorrect hosts

[5–9].

Swimmer’s itch (SI) has been described from a wide range of latitudes and has been linked

to multiple schistosome genera, although Trichobilharzia is the most diverse and is the most

often linked to SI outbreaks in Europe and North America [10–16]. In the northern part of the

Michigan lower peninsula, where the link with avian schistosomes was first made [17], SI is a

common issue on many inland lakes. Although multiple schistosome species can be present in

a given lake, older and recent studies show T. stagnicolae to be the dominant schistosome on

multiple lakes in northern Michigan [18–24], especially on oligotrophic lakes. In addition, a

recent study demonstrated that T. stagnicolae is many times better at penetrating human skin

[25] relative to another species present in Michigan. Trichobilharzia stagnicolae utilizes Stagni-
cola snails (Lymnaeidae) as intermediate hosts, and common mergansers (Mergus merganser)
as definitive hosts. When surveyed, adult and hatch-year common mergansers have been

found to be very frequently infected with schistosomes [13, 14, 26, 27], with high numbers of

parasite eggs excreted. Molecular analyses of eggs passed from common mergansers in Michi-

gan [18, 28] have confirmed that they are infected with T. stagnicolae and T. physellae, with the

latter schistosome species requiring physid snail hosts that are present but usually less com-

mon on these lakes [29].

The presence of SI in places where tourism is strongly connected to recreational water use

may lead to significant economic losses [10, 14, 15, 30, 31]. Multiple methods to mitigate SI

have been proposed or attempted (see Soldánová et al. [15] for a thorough review) but no one

solution has been recognized in the literature as reliably effective [10, 12, 15]. The most com-

mon method implemented continues to be copper sulfate as a molluscicide which can reduce

but not eliminate snail populations in a treated area [26, 32, 33]. However, cercariae from out-

side the application area may drift into the treated area [33], and copper sulfate use is restricted

in many U.S. states because of toxicity to other invertebrates, algae, and fish.

Using a Before–After–Control–Impact/Intervention (BACI) study design [34–36], we

tested whether relocating common merganser broods is an effective method to reduce the
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presence of T. stagnicolae and the incidence of SI on two Michigan lakes. We predicted that

reductions in snail infection prevalence and SI incidence would be observed in the immediate

year after relocation and would be sustained in subsequent years with continued brood reloca-

tion. Snail infection data from very large numbers of snails collected before and after interven-

tion and a dataset representing multiple years of swimming sessions and recorded SI cases are

used to assess these predictions. The analyses are strengthened by concurrent snail infection

data from control lakes where relocation efforts did not occur and by historical snail infection

data previously published.

Methods

Intervention lakes

All lakes in this study are located in the northern half of the Michigan lower peninsula. Com-

mon merganser broods were relocated from Higgins Lake (Roscommon County) starting in

2015. Since it is the young snails that become infected in the summer, overwinter, and carry T.

stagnicolae infections into the next summer, 2015 snail data are reflective of conditions ‘Before’

brood relocation could have an effect. Snail data from 2016 and onwards is reflective of ‘After’

brood relocation at Higgins Lake. Common merganser brood relocation on Crystal Lake (Ben-

zie County) began in 2017, making snail data from 2018 and onwards ‘After’ the effects of

Crystal Lake brood relocation. Both intervention lakes are oligotrophic with a predominately

sandy substrate. The two intervention lakes are separated by 105 kilometers.

Control lakes

Big Glen Lake (Leelanau County), North Lake Leelanau (Leelanau County), and Douglas Lake

(Cheboygan County) served as control lakes as common mergansers broods were present but

no brood relocation was conducted prior to snail sampling. Big Glen Lake and North Lake

Leelanau are similarly oligotrophic with sandy substrates, whereas Douglas Lake is considered

‘mesotrophic with some oligotrophic features’ [37], with extensive areas of sand. The three

control lakes are 94–120 km from Higgins Lake and 24–150 km from Crystal Lake. The origi-

nal study design intended for Big Glen Lake and North Lake Leelanau to be control lakes

throughout the study, but early success of the relocation program on Higgins Lake resulted in

these lakes beginning their own relocation programs, implemented and assessed by another

group [29]. Since data from these lakes after 2017 could no longer serve as control data for our

study, snail data was no longer collected from these lakes.

Snail and schistosome diversity

Though the control lakes have somewhat higher snail diversity, the dominant snail on all five

of these lakes is Stagnicola emarginata (= Lymnaea catascopium (18,22,25,28, personal obser-

vations)) which have lifespans of up to 15 months, from spring/early summer to late summer

of the following year, ([38–40], personal observations). The dominant schistosome on these

lakes is T. stagnicolae [18, 19, 23, 24], although other snails are present that can be intermediate

hosts to schistosomes of other waterfowl such as Canada goose [25, 41] and mallard [18]. How-

ever, the contributions of these other schistosome species to SI cases is likely minor compared

to T. stagnicolae, as most are less frequently detected [18, 24] and their snail hosts are lower in

abundance. Physella (= Physa) parkeri and other physid snails are present at low abundance at

all of the lakes in this study except Glen Lake, where P. parkeri is abundant [29]. Physella is

host to T. physellae, a parasite of mallards and common mergansers that is present at all five

lakes but at lower frequency and abundance [18, 24]. Planorbella (= Helisoma) trivolvis is
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present on these lakes (very low to moderate abundance) and is host to a recently discovered,

unnamed schistosome that uses Canada goose as vertebrate host. While P. trivolvis infected

with this species has been found in Big Glen Lake and this parasite is widespread in Michigan

and elsewhere [24, 25, 41], we recently demonstrated that this schistosome has a significantly

lower propensity to penetrate human skin compared to T. stagnicolae [25]. Finally, Gyraulus
spp. are small snails that are typically localized to particular microhabitats on these lakes and

are not common. Schistosomes that use Gyraulus have only been detected on one lake in

northern Michigan [18], though we assume they may be present in low abundance.

Common merganser populations and brood relocation

All trapping, banding, and relocation activities by the authors were conducted with permission

from the USFWS (Scientific Collecting permit MB54823B), the USGS (Bird Banding Master

permit 24094), and the Michigan Department of Natural Resources (MI-DNR) (Scientific Col-

lecting permit SC1543). IACUC oversight and approval was provided by the University of

Michigan (PRO00010637).

On intervention lakes, all common merganser brooding hens and their ducklings were cap-

tured using a specially designed drive trap. Hens were banded with USFWS bands, and in

2017–2019, most ducklings were marked with web tags. All captured birds were transported in

specialized animal transport cages to Michigan Department of Natural Resources (MI-DNR)

approved relocation sites on Lake Michigan or Lake Huron, where common mergansers natu-

rally breed in large numbers. Due to strong wave action, suitable host snails are notably absent

from most of their shorelines and SI cases are rarely reported from Lake Michigan, Lake

Huron, and the other three Great Lakes. Total numbers of brooding hens and ducklings relo-

cated are provided in Table 1. We were also able to verify that common merganser broods

were present on control lakes in the relevant years before snail work was performed, though

counts were not obtained (Table 1).

Second-year common mergansers do not breed, but commonly are present on inland lakes

during which time females spend time prospecting for nest sites. Summer populations of sec-

ond-year individuals were observed on both intervention lakes every year. They were counted

during 1–4 bird surveys (slowly driving a boat once around the entire lakeshore to count all

waterfowl) per year in June and July; for Higgins Lake the median was 8 second-year individu-

als (15 surveys, 2015–2020, count range 3–19 per survey), for Crystal Lake the median was 9 (4

surveys, 2016–2018, range 4–12 per survey).

Lethal take of common mergansers was not part of the study design of this project. Unfortu-

nately, Gerrish township officials on Higgins Lake (unassociated with this study or the authors)

were permitted to shoot 23 adult common mergansers in the spring migratory season (mostly

in April) in 2015 and 2016. However, this represents only a portion of the Higgins Lake spring

migratory population as inland lakes in Michigan have migrant populations that are several

times larger, with most spring migrants continuing north to other breeding sites. Sightings of

groups of 10–100+ common mergansers are common in spring and fall at both Crystal Lake

and Higgins Lake (personal observations, eBird). Additionally, five individuals that had been

wounded in the spring by Gerrish officials were lethally taken in summer 2015, along with four

second-year individuals under our scientific collecting permit. An additional individual

wounded by Gerrish officials was taken in 2016 at Higgins Lake, as was an individual observed

to be wounded (unknown cause) in 2017 at Crystal Lake. Finally, a limited number of adult

common mergansers were lethally taken for other scientific purposes under our scientific col-

lecting permit in 2017 (5, Higgins Lake; 9, Crystal Lake) and 2018 (3, Crystal Lake), but in all

cases there remained more breeding and second-year adults than were eliminated.
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Snail collection and cercarial shedding

Stagnicola emarginata snails were collected by wading and/or by snorkeling in depths up to 3

meters. Modified scoops, with mesh allowing sand to pass through, were used to collect snails

off the lake bottom. Snails were housed in 5-gallon buckets filled with lake water, cooled with

fresh lake water as needed, and covered overnight in the laboratory. The next morning, all

snails were individually isolated in cups [42] or in the wells of tissue culture trays with well

water warmed to at least 65˚F and exposed to natural and artificial light for a minimum of 1.5

hours. Each snail, and any emerging cercariae, were observed under a light microscope. All

schistosome infections were recorded, and for most site collections (305 of 314, >97%), all

other trematode infections were also recorded by cercarial type. Recording the emergence of

other trematodes from collected samples provides verification that snail isolation and observa-

tion methods were effective. As expected, noticeable shifts in snail beds toward shallower or

deeper water occurred at some sites. Such shifts have been described to occur within short

time frames (a few weeks) for S. emarginata at Higgins Lake [40] and for multiple species of

lymnaeids, including S. emarginata, at Douglas Lake [38], and should not be mistaken for

changes in snail density. Overall snail densities appeared to remain relatively consistent

throughout the study—similar sampling effort yielded similar results in all years except 2019 at

Higgins Lake where it appeared there was an early snail die-off at some sites.

In total, 58524 snails were collected and examined for trematode infections over six years

(2015–2020). Numbers of snails examined and found to be infected are summarized in

Table 2. Snail sampling efforts targeted and usually achieved a goal of 200 snails per site per

Table 1. Presence and relocation data for common merganser broods on intervention and control lakes.

Lake, Year Number of common merganser broods

(number of ducklings)

Number of common merganser broods relocated

(number of ducklings)

Big Glen Lake

2014 Present No relocation

2015 Present No relocation

2016 Present No relocation

Crystal Lake

2016 At least 5 broods No relocation

2017 10 (116) 10 (116)

2018 14 (130) 14 (130)

2019 10 (93) 10 (93)

Douglas Lake

2014 Present No relocation

2015 Present No relocation

2018 Present No relocation

Higgins Lake

2014 Present No relocation

2015 9 (79) 9 (79)

2016 6 (47) 6 (47)

2017 4 (54) 4 (54)

2018 2 (16) 2 (16)

2019 2 (15) 2 (15)

North Lake

Leelanau

2015 Present No relocation

https://doi.org/10.1371/journal.pone.0288948.t001
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collection date (248 of 314 site collections (79%) included 200 or more snails), though the

number collected varied with snail abundance (41 site collections (13%) included 100–199

snails; 25 site collections (8%) included less than 100). Ten sites were sampled for each of the

two intervention lakes, Crystal Lake and Higgins Lake, while fewer sites were sampled on the

control lakes (Big Glen Lake, Douglas Lake, North Lake Leelanau; Table 2). Sampling Crystal

Lake, Higgins Lake, and North Lake Leelanau sites 4–5 times in 2015–2017 enabled us to con-

firm that snail infections are readily detectable from the beginning of June to early August,

when many snails begin to die [40], and that the highest prevalences are found from late June

to late July (S1 Fig), consistent with peak detection in other studies [29, 43]. Thereafter, we

sampled snails on intervention lakes with a single collection of each site in mid-July, with a tar-

get of 2000 snails per lake.

Historical snail infection data

Stagnicola snails from the lakes in this study (see lake descriptions above) were frequently sam-

pled in the past and we utilize snail infection data from five older studies to enrich our analy-

ses. The first data set is from an eight-year study (1983–1990) of Big Glen Lake before and

after similar SI reduction methods were implemented [26]. Another set of data [19] includes

Higgins Lake and North Lake Leelanau in years (1998–2001) in which definitive hosts were

not disturbed [44]. Finally, Keas and Blankespoor [23] presented data from North Lake Leela-

nau (1990) and Douglas Lake (1994), and compared Douglas Lake data from two older studies

[45, 46]. All of these historical prevalence data are presented in Table 3.

Table 2. Collection and infection data for Stagnicola emarginata snails examined in this study.

Lake, Year Number of

sites

Number of collections

per site

Number of snails

examined

Percent T. stagnicolae infection

(number of infected snails)

Percent other trematode infections

(number of infected snails)

Big Glen Lake

2015 4 2 1597 0.38% (6) 3.01% (48)

2016 4 2 1479 0.20% (3) 7.57% (112)

2017 4 2 1761 3.01% (53) 6.13% (108)

Crystal Lake

2016 10 5 10212 0.79% (81) 6.11% (624)

2018 10 1 2112 0.28% (6) 4.36% (92)

2020 10 1 2211 0.05% (1) 3.21% (71)

Douglas Lake

2015 3 1–2 422 4.74% (20) ----

2016 3 1–2 379 0.79% (3) ----

2019 2 1 807 0.87% (7) 7.43% (60)

Higgins Lake

2015 10 5 7734 3.01% (233) 8.68% (671)

2016 10 5 9948 0.28% (28) 6.13% (610)

2017 10 4 8358 0.05% (4) 3.31% (277)

2019 10 1 1383 0.07% (1) 8.68% (120)

2020 10 1 2063 0.00% (0) 9.79% (202)

North Lake

Leelanau

2016 8 5 8058 0.66% (53) 5.68% (458)

—— = other trematodes not recorded

Years at intervention lakes after intervention are marked with gray shading

https://doi.org/10.1371/journal.pone.0288948.t002
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Crystal Lake CSA beach data

A large beachfront on the southwestern shore of Crystal Lake is owned and operated by the

Congregational Summer Assembly (CSA), and an extensive offshore, members-only area is

cordoned for recreational swimming and swimming lessons. Lifeguards at CSA collected

data daily for 7 weeks from late June to mid-August from 2013–2019. Swimmers self-

reported SI cases to lifeguards and daily tallies were recorded. Awareness about SI and moti-

vation to report was high due to educational efforts within the CSA and a desire to record

the severity of the SI problem. Lifeguards also counted the number of swimmers each ses-

sion. The morning session ran from 0800–1100 h and the counts were performed at ~1000

h. The afternoon session occurred from 1300 to 1700 h, and counts were taken at ~1600 h.

The beach is open at all times, but lifeguards are only on duty during the two sessions. Part

of this data set (years 2013–2016, prior to any merganser relocation) was reported in an ear-

lier publication that examined the role of environmental variables in predicting SI risk [47].

The additional years of data reported here provide another year of swimming data before

the effects of common merganser relocation (2017), and two years of swimming data after

the relocation efforts began (2018, 2019). Data were not collected in 2020 due to the

COVID-19 pandemic. The data represent totals of 354 swimming days, 36838 swimmers,

and 1244 SI cases, and the data are approved for research use (Institutional Review Board of

Calvin University, 21–013).

Table 3. Historical prevalences of T. stagnicolae in Stagnicola emarginata from lakes in this study.

Lake, year Number of snails

examined

Percent T. stagnicolae infection (number of snails

infected)

Data

source

Big Glen Lake

1983 15600 1.20% (187) [26]

1984 14252 1.19% (170) [26]

1985 4219 2.01% (85) [26]

1986 2498 0.36% (9) [26]

1987 10500 0.40% (42) [26]

1988 6400 0.09% (6) [26]

1989 6100 0.11% (7) [26]

1990 6240 0.06% (4) [26]

Douglas Lake

1935–36 4784 4.74% (227) [45]

1957 463 1.08% (5) [46]

1994 550 2.91% (16) [23]

Higgins Lake

1998 5866 1.06% (62) [19]

1999 8862 0.84% (74) [19]

2000 10633 0.56% (60) [19]

2001 5844 0.78% (46) [19]

North Lake

Leelanau

1990 13213 1.25% (165) [23]

1999 2274 0.75% (17) [19]

2000 2636 1.06% (28) [19]

2001 2901 0.14% (4) [19]

Years at Big Glen Lake after intervention are marked with gray shading

https://doi.org/10.1371/journal.pone.0288948.t003
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Data analyses

We fit a mixed-effects logistic regression model to predict the probability of collecting snails

infected with T. stagnicolae as a function of control vs. intervention lake and before vs. after

common merganser relocation with the random effect of collection site. Because mitigation

efforts targeting definitive hosts were begun at different times on Higgins Lake (2015) and

Crystal Lake (2017), separate models were fit for each intervention lake compared to the

appropriate years of data for control lakes. Historical data from the same lakes were also

included in these models where appropriate (Glen Lake data after intervention could obviously

not be used). A separate model was also fit for Big Glen Lake as the intervention lake, using

historical data from Douglas Lake and North Lake Leelanau for control lakes. All models were

fitted with R version 4.2.0 using package glmmTMB [48, 49] and all R markdown files for

these analyses are available.

For the CSA beach, onshore wind directions of N and NE were found by Sckrabulis et al.,

[47] to be highly predictive of SI cases in the 2013–2016 data. In the larger data set analyzed

here (2013–2019), 83.8% of the SI cases occurred on days with N or NE winds (17.5% and

66.2% of cases, respectively). The frequency of days with NNE winds was similar before and

after intervention (32.2% before, 30.6% after). We fit a logistic regression model, using the

quasi-binomial family to account for overdispersion, to predict the probability of a swimmer

getting SI at CSA beach as a function of NNE wind directions and before vs. after common

merganser relocation. This model was also fitted with R version 4.2.0 [49] and R markdown

files are available.

Results

Snail infection data

Lake-wide percentages of snails infected with T. stagnicolae decreased significantly following

annual common merganser relocation at Higgins Lake and Crystal Lake (Table 2 and Fig 1; X2

= 121.6, p< 2 x 10−16, Higgins Lake; X2 = 4.3, p = 0.038, Crystal Lake). Reductions in snail

infection rate were seen immediately in the first year with a ~3-fold reduction on Crystal Lake,

and ~10-fold reduction on Higgins Lake (Table 2). Moreover, these reductions were sustained

for every year measured after relocation began and reached lows of ~0.05% on both lakes, for a

total reduction of greater than 10-fold on Crystal Lake and more than 50-fold on Higgins Lake

(Table 2). The effects were lake-wide with decreases at every sampling site. A second analysis

controlled for time of collection by restricting comparisons to yearly collections in the first

half of July (Table 4). Statistical models fit on these July data also showed that even with these

much smaller datasets the decreases in snail infection percentage on impact lakes were sub-

stantial (model values X2 = 56.8, p = 4.9 x 10−14, Higgins Lake; X2 = 13.0, p = 0.0003, Crystal

Lake). A similar outcome was found for Big Glen Lake, with lake-wide percentages of snails

infected with T. stagnicolae substantially lower as a result of intervention and remarkably simi-

lar to those found in our study (Table 3 and Fig 2; X2 = 8.2, p = 0.0042).

The lake-wide percentage of all non-schistosome trematodes varied among lakes and years

from 3.0% to 9.8% (Table 2). Lake-wide percentages of snails infected with five trematode fam-

ilies are visualized in Fig 3. Schistosomatidae was the only family that decreased substantially

on both intervention lakes and remained low following merganser relocation (Fig 3).

Crystal Lake CSA beach data

Onshore NNE winds were highly predictive of swimmer’s itch in the logistic regression model

of CSA beach data (as expected, X2 = 115.87, p< 2.2 x 10−16), and swimmer’s itch cases per
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swimmer were substantially lower in the years after common merganser relocation (X2 =

20.06, p = 7.5 x 10−6), regardless of wind direction (Fig 4). The percent of swimmers with SI

ranged from 2.9% to 5.3% in 2013–2017 but fell to 1.7% in 2018 and 0.6% in 2019 (Fig 5). The

model predicts a steep drop in SI rates during onshore NNE wind conditions, from 14.4% to

3.3%. Rates of SI are much lower in all other wind conditions, and the predicted reduction is

correspondingly smaller, from 0.9% to 0.3%.

Fig 1. Snail infection data in BACI analyses at intervention lakes. (A) Higgins Lake as intervention lake. (B) Crystal

Lake as intervention lake. Data are the percent of Stagnicola emarginata snails shedding schistosome cercariae with

each dot representing a unique collection of snails. Boxes represent the first quartile to the third quartile, single vertical

lines represent the positive 95% confidence interval, and thick horizontal lines represent the median. Orange color

highlights time before intervention; blue color highlights time after intervention. Some snail collections did not have

any snails shedding schistosome cercariae (0% snails infected), and where this outcome is frequent they appear as a

solid line of zero values. Data represent 58524 snails examined in this study plus 87776 snails from the historical data

from Table 2.

https://doi.org/10.1371/journal.pone.0288948.g001
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Table 4. Percent of S. emarginata snails shedding schistosome cercariae in mid-July collections at ten sites each on Higgins Lake and Crystal Lake, before and after

intervention.

Collection site Higgins Lake Crystal Lake

2015 2016 2017 2019 2020 2016 2018 2020

1 4.20% 0.00% 0.00% 0.00% 0.00% 1.00% 0.00% 0.00%

2 3.50% 0.00% 0.50% 0.00% 0.00% 2.50% 0.00% 0.00%

3 0.50% 0.00% 0.00% 0.00% 0.00% 1.00% 0.00% 0.00%

4 2.00% 0.50% 0.00% 0.48% 0.00% 0.50% 0.46% 0.00%

5 5.50% 0.50% 0.50% 0.00% 0.00% 3.50% 0.46% 0.00%

6 1.90% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

7 6.20% 1.00% 0.40% 0.00% 0.00% 1.00% 1.38% 0.00%

8 2.50% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

9 0.50% 1.00% 0.00% 0.00% 0.00% 0.50% 0.00% 0.00%

10 3.50% 2.00% 0.00% 0.00% 0.00% 0.50% 0.50% 0.44%

Lake-wide total 2.90% 0.50% 0.14% 0.07% 0.00% 1.05% 0.28% 0.05%

n = 1757 n = 2000 n = 2185 n = 1383 n = 2063 n = 2000 n = 2112 n = 2211

Shades of red indicate values greater than 0.25%.

Shades of blue indicate values less than 0.25%.

Gray shading indicates years after intervention by brood relocation.

https://doi.org/10.1371/journal.pone.0288948.t004

Fig 2. Historical snail infection data used in BACI analysis of Big Glen Lake. Data are the percent of Stagnicola
emarginata snails shedding schistosome cercariae with each dot representing a survey report in the literature [19, 23,

26, 45, 46]. Boxes represent the first quartile to the third quartile, single vertical lines represent the positive 95%

confidence interval, and thick horizontal lines represent the median. Orange color highlights time before intervention;

blue color highlights time after intervention. Data represent a total of 84819 snails examined from Big Glen Lake,

Douglas Lake, and North Lake Leelanau.

https://doi.org/10.1371/journal.pone.0288948.g002
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Fig 4. Percent of daily swimmers reporting swimmer’s itch at CSA beach before (2013–2017) and after (2018–2019) common

merganser relocation. Data aggregated by three wind conditions: onshore N winds, onshore NE winds, and all other wind directions.

Each dot represents a day. Since many days did not have swimmer’s itch cases, especially without onshore N or NE winds, they appear as

overlapping zero values at the bottom of the plots.

https://doi.org/10.1371/journal.pone.0288948.g004

Fig 3. Percentages of S. emarginata snails shedding cercariae of five trematode families at intervention lakes. (A) Higgins

Lake. (B) Crystal Lake. Schistosomatidae is the only trematode family that experienced a sustained decrease. Years of sample

collection are depicted on x-axis (snails were not collected in 2018 at Higgins Lake or in 2017 and 2019 at Crystal Lake). Data

represent 44021 snails examined.

https://doi.org/10.1371/journal.pone.0288948.g003
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Discussion

Schistosome population reduction at Higgins Lake and Crystal Lake

Annual common merganser brood relocation had profound effects on the lake-wide percent-

age of snails infected with T. stagnicolae at both intervention lakes (Fig 1 and Tables 3 and 4).

All years after relocation began were substantially lower than years before relocation. The

effects were immediate, with strong reductions in the first year on both Higgins (10-fold) and

Crystal Lakes (3-fold). Reductions were sustained over multiple years and reached similarly

low levels (~0.05% or lower) on both lakes, a greater than 50-fold total reduction on Higgins

Lake and greater than 10-fold total reduction on Crystal Lake. It is important to note that these

reductions in schistosome populations occurred despite the yearly presence of 2nd-year com-

mon mergansers during the summer as well as much larger migrant populations in spring and

fall on both lakes. Lethal take of adult birds by Gerrish township officials unassociated with us

in spring 2015 and 2016 only removed a fraction of the migratory population on Higgins Lake

and our limited lethal take for other scientific purposes left more adults at both lakes in the

summer than it eliminated. Therefore, only relocation of common merganser broods can

account for the immediate, severe, and sustained decline in snail infection prevalence.

The BACI-design of the study ensures that the reduction in snails infected with schisto-

somes is not due to pre-existing differences among lakes, a regional decrease in T. stagnico-
lae populations that affects all lakes, or an artifact of the timing of sampling at different

lakes. Furthermore, our records of other trematode infections strongly suggest that our

assessment tool of shedding snails remained effective throughout the study, and impor-

tantly, that schistosomes were the only trematode group that showed sustained reduction

after common merganser brood relocation (Fig 3). Finally, the data from intervention lakes

before intervention, the data from control lakes, and the historical data demonstrate that

Fig 5. Percent of swimmers reporting swimmer’s itch annually at CSA beach, Crystal Lake. Number of swimmer’s itch cases above

and total number of swimmers below the top of each column. Dashed line, photo, and grayed columns highlight years after common

merganser relocation.

https://doi.org/10.1371/journal.pone.0288948.g005
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under natural conditions, T. stagnicolae population levels in snails vary from year to year

but do not typically decline to the low levels seen in this study following common merganser

brood relocation (Table 3).

SI reduction at Crystal Lake

A reduction of SI cases in humans is the ultimate objective of any SI mitigation effort. The

data from CSA beach on Crystal Lake is a 7-year data set of almost 37,000 swimmer sessions

that provides an excellent measure of whether the decrease in snail infection rates translates

into fewer SI cases. The number of SI cases at CSA beach dropped significantly in the two

years following common merganser brood relocation, correspondent to reduced snail infec-

tion (Figs 4 and 5). To our knowledge, this is the first time that SI reduction has been docu-

mented with case data controlled for the number of swimmers entering the water and includes

years prior to and after mitigation efforts have begun. In addition, while the CSA study did not

include the number of papules per swimmer in the study design, the study supervisors anec-

dotally reported to us that a reduction in the severity of the cases (in terms of the number of

papules) was frequently expressed by the lifeguards in 2018 and 2019 (Leslie Ritter, Al Flory,

personal communication). Finally, while snail density is one factor that could influence the

number of SI cases, this did not seem to be a factor at CSA beach. Snail densities at CSA beach

were relatively low in years prior to [47] and after (unpublished data) common merganser

brood relocation.

Schistosome population reduction at Big Glen Lake

A similar mitigation program was performed in the 1980’s at Big Glen Lake in northern Michi-

gan [26]. That study also reported immediate and sustained reductions in the percentage of

snails infected, up to 6 years after mitigation efforts began, and reductions in snail infection

percentages are remarkably similar to those achieved on Crystal Lake and Higgins Lake (Fig 2,

Table 2). This mitigation program also targeted the common merganser definitive host,

though efforts involved a mixture of relocation of broods, praziquantel treatment of trapped

broods with re-release on Big Glen Lake (no relocation), and lethal take. The data were not

analyzed statistically in the original study [26], but in our reanalysis here we found strong sta-

tistical inference that the percentage of snails infected was substantially lower because of the

mitigation efforts, making this a third instance of a definitive host focused approach being suc-

cessful in lowering the whole-lake population of T. stagnicolae by more than an order of mag-

nitude in a Michigan lake. To our knowledge the only other study of vertebrate host-focused

SI mitigation was at Annecy Lake, France, where a strategy of killing the year-round popula-

tion of waterfowl was undertaken. Snail infection prevalence decreased dramatically (3% to

0.07%), a reduction efficiency very similar to the results at Higgins Lake, though there was also

an ongoing effort to harvest snails at Annecy Lake that may also have had an effect [50].

Factors in success

A number of biological factors contribute to the success of mitigation on Crystal Lake, Higgins

Lake, and Big Glen Lake: 1) S. emarginata is the most abundant snail on these three lakes (per-

sonal observations, [29]) 2) T. stagnicolae is the only known avian schistosome in the area that

uses S. emarginata snails; and 3) common merganser broods, the only known hosts for T. stag-
nicolae, are as abundant or more abundant than other waterfowl broods on these lakes. These

three factors combine to make T. stagnicolae the dominant parasite on these lakes and other

lakes like them in northern Michigan, as noted in historical studies [20–22] and confirmed by

recent ones [18, 19]. In addition, as is true for many pulmonate snails in temperate regions,
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adult S. emarginata populations decline in late summer and are replaced by young snails that

hatched earlier in the summer, requiring T. stagnicolae to infect a new cohort of snails each

year. Relocation of summer broods reduces transmission to the next generation of snails.

Factors for further investigation

In addition, other biological aspects of the T. stagnicolae life cycle may have contributed and

merit further investigation. First, the importance of common merganser ducklings in propa-

gating T. stagnicolae is strongly supported by our data, but much more could be done to deter-

mine why that is so. If ducklings release more parasite eggs on a consistent basis than adults,

how long does this occur, and is it because ducklings are initially infected with many adult

worms and some worms die as the ducklings mature, or is it because most worm pairs survive

but become more limited in egg production by a maturing avian immune system? Are eggs

and/or miracidia from ducklings perhaps more viable or infective to snails than those from

adults (see [51])? Second, how important is the co-incidence of ducklings with young naïve

snails in the early summer? We suspect that younger S. emarginata snails are more susceptible

to T. stagnicolae, as has been found for other avian, mammalian, and human schistosomes: Tri-
chobilharzia szidati in Lymnaea stagnalis [52, 53], Schistosomatium douthitti in Stagnicola
emarginata [54], and Schistosoma mansoni in Biomphalaria [55–57], though the mechanisms

responsible for this age-related effect vary among these parasite-host systems. Finally, while

mitigation succeeded in severely reducing the population of T. stagnicolae on experimental

lakes, even with 100% of broods relocated from the system the parasite is not eliminated, likely

due to minor contributions from fall and spring migrants, prospecting breeding pairs in the

spring, and 2nd-year non-breeding adults that can be present in the summer months. Which of

these (migrants, prospecting pairs, or 2nd-year adults) is of next-tier importance in maintain-

ing the parasite’s population on a lake? If migrants contribute, are fall or spring migrants more

important and is transmission more limited by cold water temperatures or by snail age, or

both?

Contrasts with a recent study

Our data contradict the study outcomes of Rudko et al. [29], who concluded that common

merganser relocation on Big Glen Lake and North Lake Leelanau in northern Michigan in

2017–2019 did not meaningfully impact T. stagnicolae populations, and that migrating com-

mon mergansers were sufficient to sustain T. stagnicolae populations. One possible explana-

tion is simply that individual lakes have different parameters that interact with the

intervention effects in various ways. However, the difference in conclusion may also be due to

several factors, including differences in study design. Rudko et al. [29] did not present data

from before relocation on their study lakes and could only make comparisons between control

and intervention lakes (a CI or Control-Intervention study), which has less power than a BACI

to detect differences related to an intervention because prior differences between the lakes will

not be accounted for [34, 35]. In addition, there were challenges in successfully trapping com-

mon merganser broods in a timely manner which may have decreased the effectiveness of the

program on those lakes (personal communication with one of the trappers, and also docu-

mented at https://www.glenlakeassociation.org/swimmers-itch-control-update/ [58]). The Big

Glen Lake and North Lake Leelanau programs also assumed that broods would not pass para-

site eggs until four weeks of age [58]. However, in the laboratory, Peking ducks (a breed of the

mallard Anas platyrynchos) and black ducks (Anas rubripes) can be passing T. szidati eggs at

13–14 days after infection with peak egg passage occurring at 15–22 days post infection [51,

59]. Common merganser broods at Crystal Lake and Higgins Lake were usually relocated at
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about 2 weeks of age, before most worms could mature and this likely contributed to the strat-

egy’s success on those two lakes.

We assessed T. stagnicolae populations by a simple and long-standing technique: the fre-

quency of patent infections among large numbers of collected snails [12, 60]. We view the per-

centage of infected snails as the most direct measure of the population levels of the parasite on

a lake, because it is directly related to the amount of successful transmission from common

mergansers to snails occurring over the previous year. While the cercarial shedding technique

can potentially underestimate infection prevalence due to variable shedding response or

immature infections, it will not be systematically biased relative to whether common mergan-

ser relocation has or has not occurred. Moreover, the common presence of other trematode

infections suggests that our shedding methods were consistently effective and underestimation

of schistosome infections was minimal.

In contrast, Rudko et al. [29] utilized qPCR to estimate the number of cercariae in 25 L sur-

face water samples taken weekly from multiple sites on each lake and utilized a citizen science

network for sample collection. Advantages of this approach include the ability to sample more

sites more frequently and citizen scientists can be trained to properly collect samples [12, 60,

61]. However, this measure is multiple steps removed from the number of snails infected and

the amount of merganser to snail transmission since each snail infected does not produce the

same number of cercariae. In fact, the number of cercariae a given snail produces into the

water varies day to day even in laboratory studies [62, 63]. Moreover, representative sampling

of such large bodies of water is difficult and undoubtedly affected by daily variances in envi-

ronmental conditions because cercariae can be dispersed or concentrated by wind and water

currents. Finally, whether qPCR data accurately estimates the number of live cercariae in the

sample is further complicated by the ubiquity of schistosome environmental DNA (eDNA) in

the water due to the daily release and death of cercariae, and the poorly understood dynamics

of eDNA stabilization and decomposition [64–66]. That eDNA is frequently used today to

detect rare organisms using small (1–2 L) sample volumes [67] should caution against methods

which assume that all DNA extracted from a much larger sample (25 L) is from live cercariae

directly collected in the sample.

Applications and areas of future research

We conclude that the program of common merganser brood relocation has been remarkably

successful at Crystal Lake and Higgins Lake. Results from these two geographically separated

lakes, as well as similar past results at Big Glen Lake, demonstrate that mitigation efforts target-

ing the definitive hosts can be very effective at reducing the number of snails infected and con-

sequently, the number and severity of SI cases, while avoiding the use of copper sulfate or

other chemicals. Additional benefits of the brood relocation strategy at these lakes include 1)

elimination of incentive for lakefront owners and businesses to shoot common mergansers,

legally or illegally (we have witnessed legal hunting in the migratory season as well as illegal

hunting in the breeding season on multiple lakes in Michigan), and 2) non-breeding adult and

migratory populations can be left undisturbed. Relocated common merganser broods

appeared to do well (personal observations), an unsurprising outcome since they were relo-

cated to locations where this species naturally breeds. Although we identified above some fea-

tures that were unique to the lake systems studied here, our results suggest efforts that target

adult schistosomes in the vertebrate host, especially in the young-of-the-year birds, can have a

strong effect.

Lessons from this approach are likely adaptable to other systems where different avian

schistosome species and different waterfowl hosts are involved, but many factors need to be
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considered on a lake-by-lake basis and the strategy will not be viable in all situations. Thor-

ough investigation should be conducted into which parasite species and corresponding snail

and vertebrate hosts are contributing to a particular SI problem, and adjustments will have to

be made for each unique system so that efforts are correctly targeted. In our study systems T.

stagnicolae appears to be adapted to take advantage of the appearance of ducklings to achieve

high population levels, and we predict that at least some avian schistosomes are likely to share

this strategy. However, we also emphasize that other avian schistosomes could differ in degree

of reliance on young-of-the-year birds.

Another factor that will vary in each instance is feasibility of host relocation, due to the lack

of a nearby suitable relocation site, the number of waterfowl involved, the size of the water-

body, or species-specific restrictions on such activity. We do not advocate lethal take of water-

fowl for SI control purposes, so when relocation is not feasible, praziquantel, a highly effective

therapy against schistosomes and other parasites, might be used to reduce the parasite egg out-

put of broods during the key summer months. Yet whether praziquantel alone can be as effec-

tive in whole-lake reduction of snail infections and SI cases needs to be studied. A

disadvantage is that praziquantel impacts only the adult worms already present and does not

prevent new infections, so young-of-the-year would likely need to be treated at least twice to

prevent them from passing parasite eggs during the summer months [26, 68, 69]. Fortunately,

praziquantel has very low toxicity for vertebrates, is metabolized quickly, and is tolerated well,

hence its widespread and heavy use in the treatment of parasitic helminths in pets, fish farm-

ing, captive and free wildlife, livestock, and humans [70, 71]. Praziquantel is often successful in

treating helminth infections in birds without known side effects [72–74], including the treat-

ment of schistosomes in waterfowl [26, 27, 69, 75]. A few authors suggest continued research

of derivatives/metabolites and their possible effects on invertebrates in the environment [71,

76], but the small amounts needed and the diluting effect of large lakes should minimize this

concern. Experts in ecotoxicology and veterinary science should be consulted to determine

appropriate doses, mode of delivery, expected degree of environmental dilution and degrada-

tion of excreted drug compounds, and any environmental risks. Finally, simple and inexpen-

sive actions that may reduce waterfowl host populations should also be considered, such as

encouraging the public not to feed waterfowl, removing or blocking nest sites before they are

used, promoting natural shoreline vegetation that can discourage lawn grazers like mallards

and Canada goose, and minimizing roosting sites for young broods along the shore.

One interesting application of this study may be to SI in a much different context: that of

rice paddies in central and eastern Asia, where there has been increasing recognition that field

workers experience high rates of SI [77–80]. In many places, especially where organic practices

prohibit the use of pesticides, large flocks of domesticated ducks are released to roam flooded

fields to consume insects and other pests. Schistosome infections are known in these domestic

flocks and are likely leading to more snail infections and increased worker exposure. Perhaps

duck flocks can be periodically treated with praziquantel to rid them of worms before times of

release and again later to purge any new infections that may have been picked up. Knowing

when young snails appear and whether they are significantly more susceptible could poten-

tially enhance effectiveness of a praziquantel-based strategy.

The impressive reduction of an avian schistosome population in our study serves as a

reminder to efforts combatting human schistosomiasis that any interventions or practices that

decrease contact between human waste and water sources can potentially reduce transmission

to snails in the environment, which will in turn reduce transmission risk of new human infec-

tions [81–84]. Although there have been recent calls to re-integrate snail control with the

ongoing mass administration of praziquantel [85, 86], there also remains an inadequate

emphasis on structural changes that affect human interactions with water [84]. A notable

PLOS ONE Swimmer’s itch control through waterfowl brood relocation

PLOS ONE | https://doi.org/10.1371/journal.pone.0288948 February 15, 2024 16 / 22

https://doi.org/10.1371/journal.pone.0288948


difference between SI and human schistosomiasis is that human schistosome transmission can

require year-round vigilance because it occurs in tropical and subtropical environments,

whereas the success of the Michigan strategy benefits from the seasonality of transmission, and

mitigation efforts can focus on a relatively narrow time frame (~2 summer months).

With the success of the vertebrate host-focused strategy described here there is also still

much to learn. Since relocation and praziquantel based approaches are labor- and cost-inten-

sive, perhaps our findings will inspire alternative vertebrate host focused strategies. In places

where relocation has succeeded, there are also questions about how best to use resources once

SI has been reduced. Could relocation or praziquantel programs be implemented on an alter-

nate year basis with only a minimal and tolerable increase in SI? Without common merganser

brood relocation, will snail infection percentages return to pre-intervention levels and how

quickly? Other questions surround what should be defined as success. The low lake-wide snail

infection percentages and decrease in SI cases reported here have satisfied lake residents and

associations who sought to reduce a public health and economic problem. What is a tolerable

lake-wide snail infection percentage, and might it differ among lakes, interacting with lake

attributes like lake topography and the size and density of snail populations? The public health,

recreational, and economic benefits should be continually evaluated relative to any potential

ecological costs and considered alongside the costs and benefits of alternative strategies if they

are developed.

Conclusion

Here we have demonstrated that a strategy focused on young-of-the-year vertebrate hosts can

significantly lower the population of a swimmer’s itch-causing avian schistosome and reduce

SI cases, avoiding the use of environmental toxins like copper sulfate. The dramatic and rapid

results suggest that the parasite studied, T. stagnicolae, strongly relies on young-of-the-year

common mergansers to achieve high population levels on lakes in northern Michigan, and

that relocation must be timely to achieve success. Applicability of the strategy to other SI-caus-

ing schistosomes may differ according to the schistosome species biology.

Supporting information

S1 Fig. Percentage of snails infected is highest from late June to late July, based on tempo-

ral data in three lakes. Higgins 2016 and 2017 collections (in lighter shades of blue) are after

mitigation had begun and highest levels were still detected in mid-July. Consequently, all later

collections (2018–2020) occurred in mid-July. Data represent 44310 snails examined.

(TIF)
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15. Soldánová M, Selbach C, Kalbe M, Kostadinova A, Sures B. Swimmer’s itch: etiology, impact, and risk

factors in Europe. Trends Parasitol. 2013; 29: 65–74. https://doi.org/10.1016/j.pt.2012.12.002 PMID:

23305618

16. Marszewska A, Cichy A, Heese T, Żbikowska E. The real threat of swimmers’ itch in anthropogenic rec-

reational water body of the Polish Lowland. Parasitol Res. 2016; 115: 3049–3056. https://doi.org/10.

1007/s00436-016-5060-z PMID: 27083184

17. Cort WW. Schistosome dermatitis in the United States (Michigan). JAMA J Am Med Assoc. 1928; 90:

1027. https://doi.org/10.1001/jama.1928.02690400023010

18. Rudko SP, Turnbull A, Reimink RL, Froelich K, Hanington PC. Species-specific qPCR assays allow for

high-resolution population assessment of four species avian schistosome that cause swimmer’s itch in

recreational lakes. Int J Parasitol Parasites Wildl. 2019; 9: 122–129. https://doi.org/10.1016/j.ijppaw.

2019.04.006 PMID: 31061794

19. Coady NR, Muzzall PM, Burton TM, Snider RJ, Saxton J, Sergeant M, et al. Ubiquitous variability in the

prevalence of Trichobilharzia stagnicolae (Schistosomatidae) infecting Stagnicola emarginata in three

northern Michigan lakes. J Parasitol. 2006; 92: 10–15. https://doi.org/10.1645/GE-3336.1 PMID:

16629307

20. McMullen DB, Brackett S. The distribution and control of schistosome dermatitis in Wisconsin and Mich-

igan. Am J Trop Med Hyg. 1941; s1-21: 725–729. https://doi.org/10.4269/ajtmh.1941.s1-21.725

21. McMullen DB, Brackett S. Studies on schistosome dermatitis: X. Distribution and epidemiology in Michi-

gan. Am J Epidemiol. 1948; 47: 259–270. https://doi.org/10.1093/oxfordjournals.aje.a119204 PMID:

18861396

22. Cort WW, Olivier L. The development of the sporocysts of a schistosome, Cercaria stagnicolae Talbot,

1936. J Parasitol. 1943; 29: 164–176. https://doi.org/10.2307/3273094

23. Keas BE, Blankespoor HD. The prevalence of cercariae from Stagnicola emarginata (Lymnaeidae)

over 50 Years in northern Michigan. J Parasitol. 1997; 83: 536–540. https://doi.org/10.2307/3284427

24. Soper DM, Raffel TR, Sckrabulis JP, Froelich KL, McPhail BA, Ostrowski MD, et al. A novel schisto-

some species hosted by Planorbella (Helisoma) trivolvis is the most widespread swimmer’s itch-causing

parasite in Michigan inland lakes. Parasitology. 2023; 150: 88–97. https://doi.org/10.1017/

S0031182022001561 PMID: 36349562

25. Anderson NJ, Blankespoor CL, DeJong RJ. The tails of two avian schistosomes: paired exposure study

demonstrates Trichobilharzia stagnicolae penetrates human skin more readily than a novel avian schis-

tosome from Planorbella. Pathogens. 2022; 11: 651. https://doi.org/10.3390/pathogens11060651

PMID: 35745505

26. Blankespoor HD, Reimink RL. The control of swimmer’s itch in Michigan: past, present, and future.

Mich Acad. 1991; 24: 7–23.

27. Blankespoor CL, Reimink RL, Blankespoor HD. Efficacy of praziquantel in treating natural schistosome

infections in common mergansers. J Parasitol. 2001; 87: 424. https://doi.org/10.1645/0022-3395(2001)

087[0424:EOPITN]2.0.CO;2 PMID: 11318576

28. Brant SV, Loker ES. Molecular systematics of the avian schistosome genus Trichobilharzia (Trema-

toda: Schistosomatidae) in North America. J Parasitol. 2009; 95: 941–963.

29. Rudko SP, McPhail BA, Reimink RL, Froelich K, Turnbull A, Hanington PC. Non-resident definitive host

presence is sufficient to sustain avian schistosome populations. Int J Parasitol. 2022; 52: 305–315.

https://doi.org/10.1016/j.ijpara.2021.11.010 PMID: 35007566

30. Chamot E, Toscani L, Rougemont A. Public health importance and risk factors for cercarial dermatitis

associated with swimming in Lake Leman at Geneva, Switzerland. Epidemiol Infect. 1998; 120: 305–

314. https://doi.org/10.1017/s0950268898008826 PMID: 9692609

31. Wulff C, Haeberlein S, Haas W. Cream formulations protecting against cercarial dermatitis by Trichobil-

harzia. Parasitol Res. 2007; 101: 91–97. https://doi.org/10.1007/s00436-006-0431-5 PMID: 17252275

32. Blankespoor HD, Cameron SC, Cairns J. Resistance of pulmonate snail populations to repeated treat-

ments of copper sulfate. Environ Manage. 1985; 9: 455–458. https://doi.org/10.1007/BF01866345

33. Froelich KL, Reimink RL, Rudko SP, VanKempen AP, Hanington PC. Evaluation of targeted copper sul-

fate (CuSO4) application for controlling swimmer’s itch at a freshwater recreation site in Michigan. Para-

sitol Res. 2019; 118: 1673–1677. https://doi.org/10.1007/s00436-019-06280-3 PMID: 30850865

PLOS ONE Swimmer’s itch control through waterfowl brood relocation

PLOS ONE | https://doi.org/10.1371/journal.pone.0288948 February 15, 2024 19 / 22

https://doi.org/10.2307/3283870
http://www.ncbi.nlm.nih.gov/pubmed/7623213
https://doi.org/10.1016/s1383-5769%2899%2900034-3
http://www.ncbi.nlm.nih.gov/pubmed/10729712
https://doi.org/10.1016/j.pt.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23305618
https://doi.org/10.1007/s00436-016-5060-z
https://doi.org/10.1007/s00436-016-5060-z
http://www.ncbi.nlm.nih.gov/pubmed/27083184
https://doi.org/10.1001/jama.1928.02690400023010
https://doi.org/10.1016/j.ijppaw.2019.04.006
https://doi.org/10.1016/j.ijppaw.2019.04.006
http://www.ncbi.nlm.nih.gov/pubmed/31061794
https://doi.org/10.1645/GE-3336.1
http://www.ncbi.nlm.nih.gov/pubmed/16629307
https://doi.org/10.4269/ajtmh.1941.s1-21.725
https://doi.org/10.1093/oxfordjournals.aje.a119204
http://www.ncbi.nlm.nih.gov/pubmed/18861396
https://doi.org/10.2307/3273094
https://doi.org/10.2307/3284427
https://doi.org/10.1017/S0031182022001561
https://doi.org/10.1017/S0031182022001561
http://www.ncbi.nlm.nih.gov/pubmed/36349562
https://doi.org/10.3390/pathogens11060651
http://www.ncbi.nlm.nih.gov/pubmed/35745505
https://doi.org/10.1645/0022-3395%282001%29087%5B0424%3AEOPITN%5D2.0.CO%3B2
https://doi.org/10.1645/0022-3395%282001%29087%5B0424%3AEOPITN%5D2.0.CO%3B2
http://www.ncbi.nlm.nih.gov/pubmed/11318576
https://doi.org/10.1016/j.ijpara.2021.11.010
http://www.ncbi.nlm.nih.gov/pubmed/35007566
https://doi.org/10.1017/s0950268898008826
http://www.ncbi.nlm.nih.gov/pubmed/9692609
https://doi.org/10.1007/s00436-006-0431-5
http://www.ncbi.nlm.nih.gov/pubmed/17252275
https://doi.org/10.1007/BF01866345
https://doi.org/10.1007/s00436-019-06280-3
http://www.ncbi.nlm.nih.gov/pubmed/30850865
https://doi.org/10.1371/journal.pone.0288948


34. Smokorowski KE, Randall RG. Cautions on using the Before-After-Control-Impact design in environ-

mental effects monitoring programs. Favaro B, editor. FACETS. 2017; 2: 212–232. https://doi.org/10.

1139/facets-2016-0058

35. Christie AP, Amano T, Martin PA, Shackelford GE, Simmons BI, Sutherland WJ. Simple study designs

in ecology produce inaccurate estimates of biodiversity responses. J Appl Ecol. 2019; 56: 2742–2754.

https://doi.org/10.1111/1365-2664.13499

36. Wauchope HS, Amano T, Geldmann J, Johnston A, Simmons BI, Sutherland WJ, et al. Evaluating

impact using time-series data. Trends Ecol Evol. 2021; 36: 196–205. https://doi.org/10.1016/j.tree.

2020.11.001 PMID: 33309331

37. Michigan Department of Natural Resources. Status of the fishery resource report, Douglas Lake, 2004–

09. 2004.

38. Cheatum EP. Limnological investigations on respiration, annual migratory cycle, and other related phe-

nomena in fresh-water pulmonate snails. Trans Am Microsc Soc. 1934; 53: 348–407. https://doi.org/10.

2307/3222383

39. Cort WW, McMullen DB, Olivier L, Brackett S. Studies on schistosome dermatitis: VII. Seasonal inci-

dence of Cercaria stagnicolae Talbot, 1936, in relation to the life cycle of its snail host, Stagnicola emar-

ginata (Soweeby). Am J Epidemiol. 1940; 32-SectionD: 33–69. https://doi.org/10.1093/oxfordjournals.

aje.a118678

40. Saxton JB. Movement, growth, and density of Stagnicola emarginata (Lymnaeidae) in Higgins Lake,

Michigan in relation to limnological variables. Michigan State University. 2001. https://doi.org/10.

25335/M50K26K94

41. McPhail BA, Rudko SP, Turnbull A, Gordy MA, Reimink RL, Clyde D, et al. Evidence of a putative novel

species of avian schistosome infecting Planorbella trivolvis. J Parasitol. 2021; 107: 89–97. https://doi.

org/10.1645/20-74 PMID: 33556182

42. Blankespoor HD, Reimink RL. An apparatus for individually isolating large numbers of snails. J Parasi-

tol. 1998; 84: 165–167. https://doi.org/10.2307/3284550 PMID: 9488357

43. Rudko SP, Reimink RL, Froelich K, Gordy MA, Blankespoor CL, Hanington PC. Use of qPCR-based

cercariometry to assess swimmer’s itch in recreational lakes. EcoHealth. 2018; 15: 827–839. https://

doi.org/10.1007/s10393-018-1362-1 PMID: 30120669

44. U’Ren S, Wolfe Y, Heiman M, Swallow W. Lake Leelanau Watershed Protection Plan, Updated 2010.

Lake Leelanau Lake Association, and Leelanau Conservancy; 2010 Jun p. 46,53.

45. Cort WW, McMullen DB, Brackett S. Ecological studies on the cercariae in Stagnicola emarginata angu-

lata (Sowerby) in the Douglas Lake Region, Michigan. J Parasitol. 1937; 23: 504–532. https://doi.org/

10.2307/3272399

46. Cort WW, Hussey KL, Ameel DJ. Seasonal fluctuations in larval trematode infections in Stagnicola

ernarginata angulata from Phragmites Flats Douglas Lake. 1960; 27: 11–13.

47. Sckrabulis JP, Flory AR, Raffel TR. Direct onshore wind predicts daily swimmer’s itch (avian schisto-

some) incidence at a Michigan beach. Parasitology. 2020; 147: 431–440. https://doi.org/10.1017/

S0031182020000074 PMID: 31965949

48. Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, et al. glmmTMB bal-

ances speed and flexibility among packages for zero-inflated generalized linear mixed modeling. R J.

2017; 9: 378–400. https://doi.org/10.3929/ethz-b-000240890

49. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. 2021. Available: https://www.R-project.org/
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