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Abstract: The emergence of cercariae from infected mollusks is considered one of the most important
adaptive strategies for maintaining the trematode life cycle. Short transmission opportunities of
cercariae are often compensated by periodic daily rhythms in the cercarial release. However, there
are virtually no data on the cercarial emergence of bird schistosomes from freshwater ecosystems in
northern latitudes. We investigated the daily cercarial emergence rhythms of the bird schistosome
Trichobilharzia sp. “peregra” from the snail host Radix balthica in a subarctic lake under both natural
and laboratory seasonal conditions. We demonstrated a circadian rhythm with the highest emergence
during the morning hours, being seasonally independent of the photo- and thermo-period regimes of
subarctic summer and autumn, as well as relatively high production of cercariae at low temperatures
typical of northern environments. These patterns were consistent under both field and laboratory
conditions. While light intensity triggered and prolonged cercarial emergence, the temperature had
little effect on cercarial rhythms but regulated seasonal output rates. This suggests an adaptive
strategy of bird schistosomes to compensate for the narrow transmission window. Our results fill a
gap in our knowledge of the transmission dynamics and success of bird schistosomes under high
latitude conditions that may serve as a basis for elucidating future potential risks and implementing
control measures related to the spread of cercarial dermatitis due to global warming.

Keywords: trematodes; cercariae; bird schistosome; Trichobilharzia; emergence; light; temperature

1. Introduction

Schistosomes are digenetic trematodes that cause human schistosomiasis (species
of Schistosoma) in the tropics and subtropics [1,2] and cercarial dermatitis worldwide,
with species of Trichobilharzia being the most common causative agents of this water-
borne eruptive skin disease in temperate zones [3–5]. Schistosomes have two-host life
cycles, with mollusks serving as intermediate hosts in which the parasite reproduces
through sporocysts (asexual reproduction or clonal multiplication [6,7]) to cercariae that
emerge into the aquatic environment and infect mammals or birds as definitive hosts [4,5].
Snail–trematode interaction is a highly specific phenomenon, playing a crucial role in
the successful parasite population build-up and host-to-host parasite transmission [8].
Schistosomes exhibit a complex range of physiological and behavioral adaptations that
facilitate their dispersal to encounter and invade hosts, either through parasite-induced
modifications in snails (e.g., [9–12]) or strategies directly used by their free-living stages,
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including cercariae (e.g., [13–16]). The emergence “strategy” of cercariae from infected
mollusks is considered one of the most important adaptive strategies for maintaining the
trematode life cycle [8,17].

The transmission opportunities of non-feeding and short-lived cercariae (usually a
few days [18]) are often compensated by the timing of cercarial shedding with the most
likely encounter with subsequent hosts [8,17,19]. Such synchronization allows cercariae to
concentrate at high densities in host microhabitats at certain times of the day, thus enhancing
the chance of successful transmission. Cercariae of most schistosome species emerge in a
diurnally periodic manner with the highest numbers occurring during daylight and peaking
once every 24 h (i.e., circadian rhythms) [20]. While a high diversity of chronobiological
patterns is well documented for schistosomes infecting humans and other mammals (see
review [20] and [21–23]), cercariae of bird schistosomes generally exhibit similar diurnal
rhythms with a single peak occurring during the first period of the day [24–34], although a
different periodicity with double peaks [35] or later midday/afternoon emergence was also
reported [36,37]. Nevertheless, most information is limited to the most common and species-
rich genus Trichobilharzia [3–5], particularly the host–parasite system Lymnaea stagnalis–
Trichobilharzia szidati [29–31,33], where the morning emergence peak was attributed to
the overlapping diurnal occurrence and high activity of both snail [27] and waterfowl
hosts [31].

In addition to light exposure, the cercarial release from infected snails is strongly
regulated by temperature, both with respect to emergence rhythms and increased cercarial
output at elevated temperatures (e.g., [38–41]). Schistosome cercariae also show variations
in daily emergence in response to temperature changes [20,33], often reflecting the seasonal
climatic conditions of a particular geographical area [31,42–44].

Subarctic and Arctic regions represent highly challenging environments for parasite
population dynamics because of a narrow transmission window [45]. The unique climatic
conditions with generally low temperatures and strong seasonality (i.e., continuous light or
dark days during short summer and long winter periods, respectively) have repeatedly
been shown to affect various aspects of cercarial biology and ecology in marine ecosystems
(reviewed in [46]). Yet, the cercarial emergence rhythms or the total daily production in
freshwater habitats were poorly studied [47,48], and virtually no data are available for bird
schistosomes. This contrasts with the amount of research on bird schistosome diversity and
population ecology, and the incidence of cercarial dermatitis in northern areas [44,49–58].
Identifying adaptive behavioral strategies of trematodes in cold environments is important
to understanding local parasite transmission dynamics, especially when facing the global
threat of climate warming and the associated spread of parasitic diseases that are predicted
to be most pronounced in high latitude environments [59–62].

In the present study, we investigated the daily cercarial emergence rhythm of a bird
schistosome from an infected snail host in a subarctic lake. The study was conducted
under various light and temperature conditions in both field and laboratory experiments,
following the photo- and thermo-period regimes of subarctic summer and autumn. The
main focus was on determining emergence peaks during the diel period, but given the
lack of data, total output rates (i.e., the total number of emerged cercariae during 24 h)
were also assessed. Based on the literature records, the effect of light is expected to be
reflected in diurnal emergence, with chronobiological circadian patterns peaking once in
the morning hours after the onset of illumination, regardless of the season. Temperature
changes are expected to regulate seasonal cercarial output rates toward higher emergence
in the summer. In contrast, we expect an overall mild temperature effect on cercarial diel
rhythms due to small daily fluctuations in water temperature within each season in the
subarctic lacustrine environment.

2. Results

Out of 3058 Radix balthica (Linnaeus, 1758) (Gastropoda: Lymnaeidae) examined be-
tween 2016–2018, 99 snails (3.2%) were infected with Trichobilharzia sp. “peregra” (sum of
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patent infections—revealed from cercarial release, and prepatent infections detected after snail
dissections—from the presence of sporocysts and immature cercariae), of which 65 snails
released cercariae, although none in October 2016 and 2017 (Table 1). Almost all experimental
snails survived throughout the field experiments in all months (except for August 2017), but
there was a decreased survival under laboratory conditions (Table 1, Appendix A Table A1).
Although we repeatedly confirmed that all Trichobilharzia-infected snails shed cercariae prior
to the initial experiments in the field, some individuals showed zero or very low emergence
during the experiments (August 2017 and especially October 2018; Appendix A Table A1).
Seven snails harbored double infections with an additional trematode species present, most of
which were detected after snail dissections with immature cercariae in sporocysts, especially
in October 2018 (Appendix A Table A2). The only simultaneous patent infection was observed
in August 2016, when mature cercariae of Plagiorchis sp. emerged immediately at the first
counting in the field and remained patent until the end of laboratory experiments three days
later (snail no. 7 T-A16, Appendix A Table A2). The total number of Plagiorchis cercariae
released per day was generally higher compared to bird schistosome cercariae (day 1-field,
216 vs. 96; day 2-field, 60 vs. 8; day 3-laboratory, 930 vs. 39, respectively; see also numbers of
Trichobilharzia sp. “peregra” in Appendix A Table A1).

2.1. Daily Patterns in Cercarial Emergence

Cercarial emergence was diurnal as the maximum number emerged during daylight,
regardless of the different experimental designs (Appendix A, Figure A1) or different
natural daylight conditions with 20 h in August and 10 h in October (Table 2). The
diurnal pattern was especially evident in experiments following specific diel intervals
with the length of daylight starting from sunrise to the beginning of sunset (Table 2, see
Appendix A Table A3 for light intensity). Recalculation of the data to 1 h emergence sug-
gested the highest shedding during sunrise in all years and seasons, indicating periodic
output with circadian rhythms, i.e., a single peak within 24 h (Figure 1). To some extent,
this also applies to the 6 and 12 h intervals used in the field and laboratory experiments in
August 2016. Most cercariae emerged between 0:00–6:00, which covers mainly nighttime
and sunrise, or between 0:00–12:00 covering night, sunrise, and the first half of the day
(Figure 1a; see also “additional data” in Appendix A Table A3). Although different diel
intervals were used in August 2016, the emergence peaks can be clearly inferred from
the literature records and our emergence data obtained in subsequent years when cercar-
ial shedding in the field was monitored individually over five diel intervals, supporting
present and previous literature findings on the diurnal rather than nocturnal emergence
of Trichobilharzia sp. “peregra” cercariae. Twelve-hour intervals in the laboratory experi-
ments repeatedly showed a high emergence between 21:00–9:00 in August 2018 (Figure 1c,
Appendix A Table A1), but this pattern was not evident in October 2018 when only a single
snail produced cercariae in similar numbers during a single day (Appendix A Table A1).

The general trend of the highest cercarial emergence during sunrise also showed some
variance among experimental setups and snail individuals (Figure 1). Additionally, in-
creased emergence was detected in August 2016 between 12:00–18:00 (both in the field and
laboratory) (Figure 1a), covering mainly the second half of the day (Appendix A Table A3),
whereas the next highest values were observed during the first half of the day in the sub-
sequent years, including three snails that released cercariae in the field setup in October
(Figure 1b–d, Appendix A Table A1). Snails showed the most inconsistent shedding on the
first day of the field experiment in August 2017 (Figure 1b), likely resulting in reasonably
comparable numbers of cercariae between sunrise and both day intervals (Figure 2). During
the following two days, emergence was more homogeneous in terms of increased produc-
tion at sunrise, followed by the first half of the day (Figures 1b and 2). This was mainly due
to two snails, from one of which cercariae maintained the same periodic emergence pattern
also in the laboratory (snail no. 2 T-A17, Figure 1b). The most consistent emergence rhythms
among snail individuals were observed in August 2018 (Figure 1c), with a recurrent high
production of cercariae at the same time of the day across all experimental days (Figure 2).
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Table 1. Samples of Radix balthica snails, infections with Trichobilharzia sp. “peregra”, data on the experimental setup, and daily output rates of cercariae (mean
number of cercariae released per snail/day, i.e., pooled across snails and experimental days) during field and laboratory experiments. Patent infections refer to snails
releasing cercariae and prepatent infections to snails that harbored sporocysts and immature cercariae.

Snail Samples 2016 2016 2017 2017 2018 2018
August October August October August October

No. of examined snails 286 347 434 577 725 689
No. of infected snails with trematodes

(overall prevalence, %) 67 (23.4) 72 (20.8) 150 (34.6) 153 (26.5) 235 (32.4) 144 (20.9)

No. of infected snails with patent and prepatent
Trichobilharzia (prevalence, %) 7 (2.5) 0 35 (8.1) 9 (1.6) 34 (4.7) 14 (2.0)

No. of infected snails with patent Trichobilharzia 7 0 22 0 28 8

Experimental Setup August 2016 August 2017 August 2018 October 2018

Field Laboratory Field Laboratory Field Laboratory Field Laboratory

No. of experimental days 2 1 3 3 3 3 3 3
No. of diel intervals monitored per 24 h 4 and 2 a 4 5 5 5 2 5 2

No. of experimental snails, initial and [survived] 7 [7] 7 [7] 6 [2] 1 [1] 6 [6] 4 [3] 6 [6] 6 [6]

Water temperature, mean (range, ◦C) 8.3
(6.6–9.9)

13.8
(13.7–14.1)

13.0
(10.7–14.8)

13.4
(13.0–14.1)

14.8
(8.5–17.7)

14.2
(12.5–15.9)

6.4
(5.9–6.8)

5.7
(5.5–6.5)

Water illumination, mean (range, Lx) 4856
(0–49,600)

437
(0–538)

7250
(0–88,178)

397
(0–742)

5433
(0–74,400)

710
(0–1044)

903
(0–7578)

796
(0–2239)

Daily Output Rates of Cercariae

Total no. from initial and [surviving] snails 2101 631 1668
(1385) 894 10,928 8763

(5575) 38 21

Range from initial and [surviving] snails 1–1295 14–222 0–520
(5–520) 104–537 29–2067 116–1604

(116–1291) 0–12 0–21

Mean ± SD from initial and [surviving] snails 150 ± 337 90 ± 72 128 ± 164
[231 ± 175] 298 607 ± 496 797 ± 519

[619 ± 377] 2 ± 4 1 ± 5

a Different length of diel intervals during two days of experiment (see Table 2).
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Table 2. Observed total and mean (in parentheses) number of cercariae of Trichobilharzia sp. “peregra”
emerged from naturally infected Radix balthica snails during diel intervals under various field and
laboratory conditions between 2016–2018. Data are pooled across snail individuals and displayed
for each day of experiment separately. Cercarial emergence during the longest parts of the natural
photoperiod in summer (day interval in August) and autumn (night interval in October) are divided
into half and termed as Day 1, Day 2 and Night 1, Night 2.

Season/Type of
Experiment

Experimental
Day Observed Number of Emerged Cercariae (Mean) during Diel Intervals

August
2016 0:00–6:00 6:00–12:00 12:00–18:00 18:00–0:00

Field Day 1 (n a = 7) 1704 (243) 131 (19) 114 (16) 20 (3)

12:00–0:00 0:00–12:00

Day 2 (n = 7) 114 (16) 18 (3)

0:00–6:00 6:00–12:00 12:00–18:00 18:00–0:00

Laboratory Day 1 (n = 7) 518 (74) >80 (11) >25 (4) >8 (1) >

August Sunrise Day 1 Day 2 Sunset Night
2017 2:00–4:30 4:33–13:15 13:15–22:00 22:00–0:30 0:30–2:00

Field Day 1 (n = 6) 135 (23) 238 (40) 91 (15) 34 (6) 7 (1)
Day 2 (n = 5) 244 (49) 349 (70) 151 (30) 1 (0.2) 1 (0.2)
Day 3 (n = 2) 342 (171) 35 (18) 20 (10) 14 (7) 6 (3)

Laboratory Day 1 (n = 1) 91 25 1 136 0
Day 2 (n = 1) 528 5 0 4 0
Day 3 (n = 1) 84 15 0 5 0

August Sunrise Day 1 Day 2 Sunset Night
2018 1:30–4:00 4:00–12:45 12:45–21:30 21:30–0:00 0:00–1:30

Field Day 1 (n = 6) 4032 (672) 554 (92) 9 (2) 23 (4) 1 (0.2)
Day 2 (n = 6) 2924 (487) 511 (85) 17 (3) 0 (0) 1 (0.2)
Day 3 (n = 6) 1642 (247) 688 (115) 121(20) 140 (23) 265 (44)

9:00–21:00 21:00–9:00

Laboratory Day 1 (n = 4) 84 (21) 3868 (967)
Day 2 (n = 4) 9 (2) 2968 (742)
Day 3 (n = 3) 6 (2) 1828 (609)

October Sunrise Day Sunset Night 1 Night 2
2018 7:00–8:00 8:00–17:15 17:15–18:15 18:15–0:40 0:40–7:00

Field Day 1 (n = 6) 1 (0.2) 7 (1) 0 (0) 1 (0.2) 2 (0.3)
Day 2 (n = 6) 7 (1) 6 (1) 1 (0.2) 1 (0.2) 1 (0.2)
Day 3 (n = 6) 6 (1) 5 (1) 0 (0) 0 (0) 0 (0)

9:00–21:00 21:00–9:00

Laboratory Day 1 (n = 6) 0 (0) 0 (0)
Day 2 (n = 6) 0 (0) 0 (0)
Day 3 (n = 6) 13 (2) 8 (1)

a Number of experimental snails.
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Figure 1. Daily patterns in cercarial emergence (recalculated to 1 hour) of Trichobilharzia sp. “peregra”
from individuals of Radix balthica snails (marked with different line colors) during diel intervals
(Sr, sunrise; D, day; Ss, sunset; N, night) under field and laboratory conditions in (a) August 2016,
(b) August 2017, (c) August 2018, and (d) October 2018. Cercarial emergence during the longest parts
of the natural photoperiod in summer (day interval in August) and autumn (night interval in October)
are divided into half and termed as D1, D2 and N1, N2. Note the different number of experimental
days in August 2016 (see also Table 1). The emergence data from October 2018 are not shown due to
a single snail producing cercariae in similar numbers during a single day (see Appendix A Table A1).
“ln” refers to ln-transformed number of emerged cercariae per hour.
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Figure 2. Daily patterns in cercarial emergence (mean ± SE, recalculated to 1 h) of Trichobilharzia sp.
“peregra” from Radix balthica snails during diel intervals (Sr, sunrise in triangles; D, day in circles;
Ss, sunset in diamonds; N, night in squares) under natural photoperiod in field experiments in
August 2017 and 2018. Day interval is divided into half and termed as D1 and D2. Note that the
mean value of cercarial emergence from two snails is given for the third day of the experiment in
August 2017 (see Appendix A Table A1). “ln” refers to ln-transformed number of emerged cercariae
per hour.

Daily emergence of cercariae did not correlate with fluctuations in water temperature
or light intensity at specific diel intervals (Table 3).

Table 3. Results of correlation analyses testing the relationship between the number of Trichobilharzia
sp. “peregra” cercariae emerged from naturally infected Radix balthica snails in field experiments
and water temperature, light intensity or snail shell length. Results are displayed for each day
of experiment separately and pooled across days. Statistically significant results (at α = 0.05) are
indicated in bold.

Season/
Experimental Dday No. of Snails Temperature Light Intensity Snail Length

r a p b r p r p

August 2016
Day 1 6 −0.680 0.320 −0.317 0.683 0.463 0.296
Day 2 6 – c – – c – −0.358 0.430

Pooled data 6 – c – – c – 0.382 0.397

August 2017
Day 1 6 −0.164 0.793 0.080 0.897 0.486 0.329
Day 2 5 0.042 0.947 0.265 0.667 −0.004 0.995
Day 3 2 0.416 0.486 −0.495 0.397 – d –

Pooled data 6 0.145 0.606 −0.103 0.715 0.251 0.632

August 2018
Day 1 6 −0.224 0.717 −0.012 0.985 0.329 0.525
Day 2 6 −0.276 0.653 −0.295 0.630 0.233 0.657
Day 3 6 0.713 0.176 −0.650 0.235 0.497 0.316

Pooled data 6 −0.116 0.717 −0.281 0.352 0.511 0.301

October 2018
Day 1 6 −0.873 0.053 0.510 0.380 0.958 0.003
Day 2 6 −0.401 0.503 −0.149 0.811 0.790 0.062
Day 3 6 0.406 0.498 −0.119 0.849 0.740 0.092

Pooled data 6 −0.018 0.948 −0.080 0.776 0.844 0.034
a Pearson’s correlation coefficient, b level of significance, c Not evaluated due to 12 h diel interval, and d Not
evaluated because only two snails were available.
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2.2. Daily Output in Cercarial Emergence

The daily output rates of cercariae in the field differed between years and seasons,
with a higher emergence in August than in October, as well as in August 2018 compared to
August 2016 and 2017 (Table 1). Cercarial production between laboratory and field experi-
ments seemed variable, but this may be biased by different experimental conditions and the
number of snail replicates. Only one snail surviving both experiments in August 2017 and
three snails in August 2018 could be compared, in both cases showing higher production in
the laboratory than in the field (no. 2 T-A17, 298 vs. 169 cercariae snail/day; nos. 1, 3, 5
T-A18, mean of 619 vs. 459 cercariae snail/day; Appendix A Table A1). Similarly, one
snail in October 2018 shed more cercariae in the laboratory (no. 6 T-O18, 21 vs. 7 cercariae
on the third experimental day; Appendix A Table A1). The total cercarial production
varied among snail individuals, with some hosts showing higher shedding than others
(Figure 1, Appendix A Table A1). However, this was not related to snail size (Table 3),
although shell lengths varied considerably within each month in a given year (Appendix A,
Table A2). A positive correlation between snail size and cercarial output was found only
in October 2018 (Table 3), being due to the highest emergence occurring from the single
largest snail individual (Appendix A Tables A1 and A2). Snails did not differ significantly
in the mean shell length among seasons and years (one-way analysis of variance, ANOVA;
F3,21 = 0.838, p > 0.05), indicating comparable snail sizes and thus a negligible effect of the
snail size on the seasonal/annual variation in cercarial output rates.

3. Discussion

This study is the first to investigate the cercarial emergence of the bird schistosome Tri-
chobilharzia sp. “peregra” from their Radix balthica snail hosts under different seasonal light
and temperature conditions in a subarctic lacustrine environment. Current knowledge on
the cercarial emergence patterns and rates from molluscan hosts in the Arctic and subarctic
is still scarce and almost exclusively includes marine trematodes ([46]; but see [47,48] for
examples of freshwater trematodes). Interestingly, despite their global distribution and
importance in the epidemiology of human cercarial dermatitis [4,5,63], there are no data on
bird schistosomes, which hinders our understanding of their transmission dynamics and
success in completing the life cycle at high latitudes. Over three years of field and labora-
tory experiments, we were able to fill this knowledge gap by repeatedly demonstrating a
circadian rhythm in emergence (one peak within 24 h) and relatively high production of
cercariae at low temperatures typical of northern environments. This suggests an adaptive
strategy of bird schistosomes to compensate for the narrow transmission window that
allows them to maximize the probability of reaching a suitable host under the hostile
subarctic climate.

In accordance with our first expectation based on literature records on the cercarial
emergence of bird schistosomes, the cercariae of Trichobilharzia sp. “peregra” seem to exhibit
a diurnal rhythm, with peak emergence occurring immediately after the onset of illumina-
tion at sunrise. This was most evident in field experiments under a natural photoperiod,
but also when simulating field conditions in the laboratory, despite the low number of
snail replicates (a single snail in August 2017) or 6 and 12 h diel intervals (August 2016
and 2018). Patterns in cercarial emergence are often trematode-specific [8,64,65] and this
is particularly evident in mammalian schistosomes through a wide variety of emergence
peaks along the daily photocycle [8,20–23]. Bird schistosomes appear to differ in this regard,
with most species showing a uniform chronobiological pattern with the highest shedding
in the morning hours. Our results are broadly consistent with studies examining various
species of Trichobilharzia and snails from different latitudes in Europe and North America
between 44◦–56◦N, where most research efforts have focused [24–27,29–31]. Combined
with our data from subarctic Lake Takvatn (69◦N), this indicates that the periodic cercarial
emergence of Trichobilharzia species is probably independent of the snail host species and
parasite geographical distribution, and thus of the wide range of seasonal temperature and
light conditions under which they live.
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In addition, cercarial rhythms of Trichobilharzia sp. “peregra” were consistent in both
summer and autumn, indicating a stable seasonal pattern in the occurrence of emergence
peaks, similarly to other trematodes and schistosomes [31,42,65]. Although we rely on
only three snails that released cercariae in October 2018, we believe that a similar rhythm
of shedding would also be observed if larger numbers of snail replicates were available.
The only prepatent and patent infections of Trichobilharzia sp. “peregra” found in the
autumn were likely due to the exceptionally warm summer in August 2018, which resulted
in about 2 ◦C warmer water in the lake, accelerating trematode development and thus
cercarial release in the autumn [39,40,48,64,66]. This provided unique emergence data that
are otherwise difficult to obtain, as the prevalence of bird schistosomes in snails is generally
low in both temperate (typically between 0.05 and 5%, [4,5]) and subarctic latitudes (<2%,
present study, [44,49,52]) and decreases toward autumn.

Light and temperature are the most important and often interacting factors affecting
the emergence of cercariae from snail hosts (e.g., [8,17,38,39]). Our study revealed that
the emergence of Trichobilharzia sp. “peregra” was also strongly light- and temperature-
dependent, but with different effects on daily emergence rates and rhythms. First, the
diurnal shedding was prolonged during polar days in summer with 20 h continuous day-
light, consistent with the extensive evidence from marine trematodes in Arctic areas [48,64]
(reviewed in [46]) and the fact that light is the major regulator of the emergence of schisto-
somes [20,31], but see examples of nocturnal chronotypes of Schistosoma spp. [20–22,43].
This suggests that the capacity for higher cercarial output is greater during the key sea-
sonal transmission window than in temperate latitudes, which is considered an important
adaptive mechanism favoring transmission in cold-water environments [46]. Second, daily
rhythms in cercarial emergence at high latitudes were also attributed to the influence of
photoperiod, especially in species with ocellate cercariae whose maximum emergence
coincides with the daily maximum light intensity [48,64]. Bird schistosomes are particularly
sensitive to light changes [5,8,14,16] because their ocellate furcocercariae are equipped
with two pigmented eye spots that facilitate the orientation of cercariae when searching
for a definitive host. However, the daily rhythms of Trichobilharzia sp. “peregra” in our
study were only light-regulated such that the release of almost all cercariae was triggered
at sunrise, followed by a steady decline during the day and inhibition at dark. This is
confirmed by the highest shedding in the morning when light intensity was still low (range
of 11–236 Lx during different seasons and years). Nonetheless, light intensity appeared to
influence individual emergence patterns from snail hosts, depending on weather changes.
While heterogeneous emergence in summer 2017 was likely determined by variable condi-
tions, alternating rainy, cloudy and sunny days, more stable rhythms were observed during
sunny weather in summer 2018. Prokofiev et al. [48] suggested that the transparency of
snail shells and associated light transmittance may contribute to species-specific emergence
rhythms of ocellate cercariae. Although the strong photosensitivity of bird schistosomes is
mainly reflected in the behavior of cercariae after their release from the snail, this could be
a possible explanation for the annual and between-snail discrepancies in the periodic emer-
gence observed in our study. In addition, cercarial rhythms may exhibit a certain degree
of plasticity in response to the local biotope structure in which the emergence of cercariae
occurs [35,67,68]. Accordingly, the two emergence peaks found in August 2016 may have
resulted from different environmental conditions between the tree-shaded habitat of the
side stream and the open space of Lake Takvatn. Evidence for the adaptive benefits of bird
schistosomes in subarctic environmental conditions may represent a recently documented
somatic dimorphism in cercariae of Trichobilharzia sp. “peregra”, with a large phenotype
that may facilitate parasite transmission [58].

Consistent with our second expectation regarding the effect of temperature, the daily
temperature fluctuations during the different diel intervals were too small to regulate the
emergence patterns of Trichobilharzia sp. “peregra”. In freshwater ecosystems at north-
ern latitudes, daily and seasonal variations in water temperature (in terms of differences
between minimum and maximum values) are less pronounced (present study, [69]) and
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this is in sharp contrast to marine environments, where rhythms of cercarial emergence
clearly correlate with the daily dynamics of seawater temperature, in addition to light
intensity [46,48,64]. However, temperature regulated the overall seasonal and annual vari-
ations in Trichobilharzia sp. “peregra” cercarial output rates. As expected, the pronounced
effect of temperature was evidenced by the high emergence in summer compared to the
low shedding in autumn, and the 4- to 5-fold higher emergence in August 2018 compared
to August of other years, which was due to the unusually warm temperatures in the lake
reaching up to 17 ◦C. Since temperature usually leads to increased output rates (up to an
optimal range [40]), our results confirm the commonly known phenomenon of the extreme
sensitivity of trematodes to temperature changes [38–41,70], including schistosomes [20,33].
Such a remarkable rise in temperature could have important ecological and epidemiological
implications, especially at high latitudes where the effects of climate change will be most
pronounced. It was predicted that the spread of parasites, infections and disease inci-
dence will increase substantially in a warming environment [59–62], as a result of extended
summer periods and the transmission window for parasites [45]. For example, a 5-fold
increase in cercarial emergence was predicted for Trichobilharzia sp. from Radix peregra
with a 10 ◦C increase in temperature [39]. This suggests that higher cercarial emergence of
bird schistosomes may be accompanied by a more frequent incidence of human cercarial
dermatitis in the future, as it may occur beyond the main summer season. However, recent
studies suggest that global warming may not be as pronounced in intensifying trematode
transmission due to the thermostability of cercarial emergence over the normal tempera-
ture range to which the parasite is otherwise acclimated [40,46]. In addition, trematode
cercariae, including the bird schistosome in northern areas [55,56], are frequently consumed
by natural predators [71–73], which may thus benefit from the increased food supply while
reducing cercarial populations.

Several factors other than light and temperature could have contributed to the variable
output rates, either at the total (across all snails) or individual emergence level. For example,
the increased cercarial output could be due to larger snails providing more space for parasite
multiplication and subsequent cercarial production [65,74,75]. Although the infected snails
in our study varied in size within each season of a given year, no significant effect on the
cercarial output was detected (except in October, when a single larger snail shed more
cercariae). In contrast, snails did not differ in the mean length among seasons and years,
suggesting that temperature, rather than snail size, was the principal factor regulating the
magnitude of the cercarial output of Trichobilharzia sp. “peregra”. In addition, multiple
infections with trematodes in snail hosts usually lead to reduced cercarial production
and eventually to the exclusion of the less competitive subordinate species [76–78]. In
our study, all trematodes involved in co-infections were sporocyst-producing parasites
with either strong (Diplostomum, Plagiorchis) or weak (Apatemon, Cotylurus) competitive
ability towards the generally subordinate Trichobilharzia [78]. However, at the time of our
study, the cercarial emergence of Trichobilharzia sp. “peregra” appeared to be unaffected,
as the number of cercariae emerging from double-infected snails was in the range or
even higher than that observed from single infections. Other factors such as multiple
genotypes of conspecific trematodes, the condition of the snail host in relation to food
availability, age and intensity of infection, or experimental conditions may also cause
variation in the cercarial output [29,74,79–81]. In contrast to some previous findings of
significantly higher output under artificial light conditions characterized by more intense
illumination (e.g., [74]), cercarial emergence in our study was investigated in a specialized
climatic chamber (laboratory treatments) simulating the natural photo- and thermo-period
of seasonal climatic conditions in the subarctic. Although a slight increase could be detected
(but the evidence was from a few snails), the emergence of cercariae of Trichobilharzia sp.
“peregra” in the laboratory followed the same consistent pattern as in the field.

The cercariae emerge from the snails as a result of a stimuli-dependent process
(temperature and/or light) that is also usually synchronized with the chronobiological
behavior of the next host in the parasite’s life cycle when the chances of a mutual en-
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counter are higher [8,17,19]. There is ample evidence of the adaptive abilities of mam-
malian schistosomes to optimize host-to-host transmission through the periodic release
of cercariae [20–23], and such ecological traits of concentrating cercariae in host space
were also suggested for bird schistosomes [31]. In Arctic seas, emergence rhythms were
also found to coincide with the host behavior and related searching behavior of marine
cercariae [64]. In Lake Takvatn, up to 21 species of aquatic birds were recorded over the
years during the breeding season [82], of which four common duck species (Anas penelope,
Anas platyrhynchos, Aythya fuligula, Bucephala clangula) are considered possible definitive
hosts of Trichobilharzia sp. “peregra” [54]. The cercarial emergence was triggered by light,
with the highest shedding occurring in the morning, when most of these hosts are also
most active [83,84], indicating that the timing of cercarial shedding coincides with host
availability also in cold subarctic regions. Together with the consistent emergence patterns
of several bird schistosome species, this suggests that such adaptive behavior enhancing the
probability of successful transmission may be a common feature of these parasites. How-
ever, further studies are needed to include different snail–bird schistosome systems from
different geographical areas to investigate the possible variation in cercarial emergence
rhythms resulting from adaptations to local environmental conditions, as demonstrated in
mammalian schistosomes (e.g., [20–23]).

In summary, our study highlights an important feature for the successful transmission
of bird schistosomes in subarctic environments, namely well-established adaptations to
adverse climatic conditions. This was evident in prolonged emergence during summer,
relatively high output rates in cold waters, and some degree of polymorphism in cercarial
emergence in response to local environmental conditions. These observations complement
our previous findings on the functional and ecological roles of bird schistosomes and other
trematode taxa [55–58] in probably the best-studied lake ecosystem in northern Norway in
terms of parasite and wildlife ecology and biology, and their interactions in food webs [85].
In addition, our study contributes to a better understanding of the transmission strategies of
bird schistosomes at high latitudes, which is important to better recognize the mechanisms
behind infection dynamics, circulation, and persistence of parasite populations. This can
serve as a basis for elucidating future potential risks and implementing control measures
related to the spread of cercarial dermatitis due to global warming.

4. Materials and Methods
4.1. Snail and Parasite Material

Radix balthica snails were collected by hand in the littoral zone (<1 m depth) of the sub-
arctic freshwater Lake Takvatn in northern Norway (69◦07′ N, 19◦05′ E). Takvatn is an olig-
otrophic dimictic lake at an altitude of 214 m above sea level, with a surface area of 15 km2

and a maximum depth of ca. 80 m. The lake is usually ice-free for 5–6 months from
mid-June to late November. Radix balthica is the dominant molluscan species and first inter-
mediate host for the majority of larval trematodes in Takvatn (19 of 24 species/lineages),
of which Trichobilharzia franki haplotype “peregra” sensu Jouet et al. (2010) (hereafter
called Trichobilharzia sp. “peregra”; [86]) is the only bird schistosome of the genus Trichobil-
harzia [54–56,58].

Sampling and emergence experiments were conducted from 2016–2018 in August and
October, representing two seasons (summer and autumn) with distinct water temperature
and light conditions (usually 13 ◦C and 6 ◦C; light:dark photoperiod 20:4 h and 10:14 h,
respectively). In total 3058 snails were collected and individually screened for trematode
patent infections (cercarial release), followed by snail dissections for prepatent infections
(intramolluscan stages, sporocysts and/or rediae, depending on the trematode species)
when no cercarial shedding was observed for two days in order to determine the overall and
Trichobilharzia sp. “peregra” prevalence in snail populations (Table 1). Snail processing and
in vivo morphological identification of trematode larvae followed the methodology accord-
ing to previous experience with larval trematode diversity in snails in Lake Takvatn [54–57].
The identification of trematodes involved in double infections (i.e., co-occurrence of two
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trematode species within a snail individual) was possible at the genus/species level due
to the presence of almost mature cercariae. Experiments were performed in both months
whenever a sufficient number of Trichobilharzia-infected snails were found (Table 1). Al-
though there were more infected snails available in some seasons, a minimum of 6 snails
infected with Trichobilharzia sp. “peregra” were selected each month to have a similar
number of replicates to the first experiment in August 2016, resulting in a total of 25 ex-
perimental snails during the course of the study (Table 1). All experimental snails were
measured for shell length and width using a digital calliper MarCal 16 EWR (accuracy 0.01
mm) (Mahr, Esslingen am Neckar, Germany) and fed lettuce (Lactuca sativa) until the start
of the acclimatization process when snails were kept without food also during all field and
laboratory experiments. None of the experimental snails harbored double infections prior
to the start of experiments. Snails were dissected at the end or during experiments (due to
spontaneous death) to confirm their infection status.

4.2. Experimental Setup and Monitoring of Cercarial Emergence

Cercarial emergence of Trichobilharzia sp. “peregra” was monitored in two types
of experiments: (i) in the field under natural photo- and thermo-periods, and (ii) in the
laboratory under simulation of field conditions.

(i) In the field experiments, experimental snails were placed into 40 mL transparent
plastic beakers filled with filtered lake water (using a 12 µm pore filter membrane, Whatman,
Nuclepore Track-Etch Membrane, Sigma-Aldrich, Germany) and attached to an experimen-
tal metal device designed to immerse the beakers in the water (Appendix A Figure A1).
At the same time, four beakers containing water without snails were used to control for
possible contamination by cercariae from the outside water, but no cercariae were observed
during the course of the experiments. After identifying all patent infections (approximately
one day), infected snails were acclimatized to the ambient photo- and thermo-period of
each season by maintaining beakers with snails in situ for two days prior to the start of the
experiments.

(ii) The laboratory experiments were conducted after a three-day acclimatization pe-
riod of snails in a climatic chamber; a temperature- and irradiance-controlled room allowing
an automatic adjustment to specific values according to daily and seasonal temperature
and light fluctuations in the field. The lake water was tempered to the selected temperature
before the laboratory experiments.

Temperature and light intensity parameters were measured every five minutes using
data loggers (Onset HOBO UA-002-64 Pendant 64 K) during all field and laboratory
experiments. In addition, weather condition was visually monitored in the field in terms of
recording sunny, rainy and cloudy days. The meteorological conditions within daylight
during the field experiments in August 2016 consisted of the first two days with alternating
sunny and cloudy weather and the third being a sunny day. In August 2017, the first day
was mostly cloudy, while it was sunny in the mornings with occasional overcast until noon,
followed by cloudy and rainy afternoons with occasional sunshine during the remaining
two days of experiments. In August 2018, all three days were sunny. In this year, an
unusually warm summer was recorded throughout Europe with exceptionally high Arctic
temperatures relative to the long-term average and the hottest summer ever recorded in
Norway, with air temperatures even exceeding 30 ◦C, which is 10 to 15 ◦C above the normal
range for July and August [87]. Typical subarctic autumn weather with cloudy and rainy
days, sometimes with light snowfall, was observed in October 2018.

Daily rhythms in cercarial emergence were determined by counting the number of
released cercariae during specific time intervals over the diel periods (i.e., diel intervals),
enabling us to identify emergence peaks. However, a different number of intervals per
day was used in the field and laboratory experiments (Table 1, Appendix A Table A1),
depending on the experimental setup, the tested questions and our parallel research
activities in 2017 and 2018 [55–57]. In particular, the experimental setup in August 2016
differed on several points as it was a pilot study to test the suitability of using experimental
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metal constructions in the field, whether cercariae are released at low temperatures, and to
determine the total daily production under the subarctic climate. First, the experimental
constructions were originally designed for only a partial immersion of the beakers, which
were covered with a breathable fabric to prevent the snails from escaping. However, this
proved to be unstable in the lake due to possible strong wave activity. In situ emergence was
therefore conducted in a side stream flowing into Lake Takvatn (69◦05′186′′ N, 19◦08′160′′ E,
Appendix A Figure A1a,b). Second, the cercarial release was investigated over 1–2 days
in 6 and 12 h diel intervals due to a limited number of persons counting cercariae (Table 1).
Third, the laboratory experiment was conducted in the incubator with light conditions set
to a 20:4 h light:dark photocycle (darkness from 22:00 to 2:00, see also “additional data”
in Appendix A Table A3), but natural fluctuations in daylight illumination could not be
simulated. Although the water temperature in the stream was much colder than in the
lake (~8 ◦C vs. ~13 ◦C), the incubator was set to the usual lake temperature of 13 ◦C in
summer/August (Table 1).

In subsequent years 2017 and 2018, the experimental constructions were improved
to be fully submerged directly in the lake (at a depth of 15 cm and a distance of 3
m from shore), using a transparent lid covering the beakers with experimental snails
(Appendix A Figure A1c,d). All field experiments in 2017 and 2018 lasted three consecu-
tive days, during which cercariae were counted according to the natural daylight regime of
sunrise, day, sunset and night (Table 1, Appendix A Tables A1 and A3). To control for pos-
sible variations in cercarial emergence during the longest parts of the natural photoperiod
in summer and autumn, day and night intervals (August and October, respectively) were
divided into half, resulting in a total of five counts/five diel intervals during 24 h (Table 1,
Appendix A Table A1). In the laboratory, only the experiments performed in August 2017
followed this design, whereas cercarial emergence monitored every 12 h in August and
October 2018 was primarily designed to compare daily output rates with those under field
conditions (Table 1, Appendix A Table A1). Temperature and light intensity in the climatic
chamber were set up based on data recorded in the field by data loggers (Table 1, see also
Appendix A Table A3).

Daily rhythms with emergence peaks were determined according to the protocol
described in Vyhlídalová and Soldánová [65]. Briefly, after transferring the snails to new
beakers at each counting interval, 1 mL from the homogenized 40 mL volume of water
containing cercariae was taken ten times from each beaker to count cercariae under a
stereomicroscope Zeiss Stemi DV4 (Carl Zeiss Microlmaging GmbH, Göttingen, Germany).
The total production of cercariae was estimated for the 40 mL volume and calculated
separately for each diel interval and individual snail replicates on each experimental day
(Appendix A Table A1), as well as on average across snail replicates for each experimental
day separately (Table 2). Raw data (observed number of emerged cercariae) obtained from
both types of experiments and seasons/years were then converted to a 1 h emergence
(i.e., the number of emerged cercariae was divided by the duration of each diel interval in
minutes and the total resulting value was multiplied by 60) to identify possible circadian
rhythms in the cercarial emergence (including data originating from 6 and 12 h intervals to
standardize results). In addition, the total daily output rates (mean number of cercariae
produced by a snail individual per 24 h, i.e., per snail/day), were determined by pooling
observed number of cercariae across diel intervals, snails and days (Table 1).

4.3. Data Analysis

The use of different diel intervals (August 2016), high mortality rates of infected snails
resulting in an incomparable number of replicates (August 2017), and the low numbers
of emerged cercariae in general (October 2018) or during some intervals (August 2018)
(Appendix A Table A1) make statistical analysis of daily patterns in cercarial emergence
problematic. Similarly, it was not possible to statistically compare cercarial output rates
between the field and laboratory experiments or among seasons and years. Given the main
focus of our study, we therefore simply plotted the number of cercariae emerging daily
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from individual snails per 1 h to visually compare the consistency of circadian rhythms
across seasons and years, i.e., general patterns in cercarial emergence. Emergence rhythms
were then evaluated in relation to temperature and light conditions, as these factors mainly
regulate the release of cercariae [e.g., 64,70], including schistosomes [20,31,33].

Daily output rates were tested in relation to snail size (shell length) because larger
snails usually produce more cercariae [65,74,75]. Emergence data provided here are based
on different sets of naturally Trichobilharzia-infected snails collected at different years and
seasons, and a selection of snails with similar sizes was impossible due to low number
of available replicates or low shedding (Table 1, Appendix A Table A1). Hence, the
experimental snails used in each month varied in size (Appendix A Table A1) and there
was also variability in the mean shell length (± SD) among seasons and years (August 2016,
13.90 ± 2.02 mm; August 2017, 12.47 ± 2.54 mm; August 2018, 11.73 ± 1.58 mm; and
October 2018, 13.19 ± 3.86 mm). A Pearson correlation test was applied to the relationship
between temperature or light intensity and the number of cercariae (pooled across all
snails) corresponding to each diel interval, whereas the effect of snail size on the number of
cercariae was analyzed using the observed cercarial output from each snail in each month.
Differences in snail size (natural-log-transformed) among seasons and years were tested
using analysis of variance (one-way ANOVA). All analyses were performed on the field
data sets with sufficient data (ln-transformed) for statistical testing in Statistica 7.0 software
package (StatSoft Inc., Tulsa, OK, USA), and any differences were considered significant
at p < 0.05.
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Appendix A

Figure A1. In situ emergence of cercariae of Trichobilharzia sp. “peregra” from naturally infected
snails Radix balthica. (a,b) Experimental design conducted in a side stream flowing into Lake Takvatn
during the preliminary testing of constructions in 2016. (c,d) Experimental design conducted directly
in the lake between 2017–2018.
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Table A1. Observed number of cercariae of Trichobilharzia sp. “peregra” emerged from naturally infected Radix balthica snails during diel intervals under various
conditions in field and laboratory experiments conducted between 2016–2018. Data are shown for each snail individual and day of experiment. Cercarial emergence
during the longest parts of the natural photoperiod in summer (day interval in August) and autumn (night interval in October) are divided into half and termed as
Day 1, Day 2 and Night 1, Night 2. Snails that died before or during experiments are marked in grey.

Season Snail
Code Observed Number of Emerged Cercariae during Diel Intervals

DAY 1 DAY 2 DAY 3

August
2016

0:00–
6:00

6:00–
12:00

12:00–
18:00

18:00–
0:00

12:00–
00:00

00:00–
12:00

0:00–
6:00

6:00–
12:00

12:00–
18:00

18:00–
0:00

Field 1 T-A16 238 26 12 1 14 16 – a – – –
2 T-A16 1263 4 10 18 0 1 – – – –
3 T-A16 3 0 53 0 1 31 – – – –
4 T-A16 16 57 4 0 0 1 – – – –
5 T-A16 57 22 3 0 1 0 – – – –
6 T-A16 57 22 6 1 2 57 – – – –
7 T-A16 70 0 26 0 0 8 – – – –

Laboratory 1 T-A16 – a – – – – a – 19 48 0 1
2 T-A16 – – – – – – 96 18 2 1
3 T-A16 – – – – – – 40 0 1 1
4 T-A16 – – – – – – 208 0 14 0
5 T-A16 – – – – – – 10 1 2 1
6 T-A16 – – – – – – 112 9 6 2
7 T-A16 – – – – – – 33 4 0 2

August Sunrise Day 1 Day 2 Sunset Night Sunrise Day 1 Day 2 Sunset Night Sunrise Day 1 Day 2 Sunset Night

2017 2:00–
4:30

4:30–
13:15

13:15–
22:00

22:00–
0:30

0:30–
2:00

2:00–
4:30

4:30–
13:15

13:15–
22:00

22:00–
0:30

0:30–
2:00

2:00–
4:30

4:30–
13:15

13:15–
22:00

22:00–
0:30

0:30–
2:00

Field 1 T-A17 1 0 0 0 0 0 0 0 0 1 – b

2 T-A17 4 0 1 0 0 180 24 0 1 0 288 6 2 0 2
3 T-A17 0 2 1 5 0 7 9 3 0 0 – b

4 T-A17 14 156 64 18 1 1 0 0 0 0 – b

5 T-A17 116 80 25 11 6 56 316 148 0 0 54 29 18 14 4
6 T-A17 0 0 0 0 0 – b

Laboratory 1 T-A17
2 T-A17 91 25 1 136 0 528 5 0 4 0 84 15 0 5 0
3 T-A17
4 T-A17
5 T-A17 – c

6 T-A17
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Table A1. Cont.

Season Snail
Code Observed Number of Emerged Cercariae during Diel Intervals

August Sunrise Day 1 Day 2 Sunset Night Sunrise Day 1 Day 2 Sunset Night Sunrise Day 1 Day 2 Sunset Night

2018 1:30–
4:00

4:00–
12:45

12:45–
21:30

21:30–
0:00

0:00–
1:30

1:30–
4:00

4:00–
12:45

12:45–
21:30

21:30–
0:00

0:00–
1:30

1:30–
4:00

4:00–
12:45

12:45–
21:30

21:30–
0:00

0:00–
1:30

Field 1 T-A18 312 14 0 0 0 380 16 0 0 0 28 1 0 0 0
2 T-A18 1840 204 5 18 0 700 96 3 0 0 416 37 68 140 260
3 T-A18 192 59 0 0 0 376 8 1 0 0 35 5 0 0 0
4 T-A18 544 0 1 5 1 748 184 2 0 0 11 22 7 0 1
5 T-A18 756 264 1 0 0 416 180 8 0 1 428 600 44 0 3
6 T-A18 388 13 2 0 0 304 27 3 0 0 724 23 2 0 1

Laboratory 9:00–
21:00

21:00–
9:00

9:00–
21:00

21:00–
9:00

9:00–
21:00

21:00–
9:00

1 T-A18 0 684 0 284 0 352
2 T-A18 – c

3 T-A18 1 372 0 116 0 652
4 T-A18 40 1564 4 1580 – b

5 T-A18 43 1248 5 988 6 824
6 T-A18 – c

October Sunrise Day Sunset Night 1 Night 2 Sunrise Day Sunset Night 1 Night 2 Sunrise Day Sunset Night 1 Night 2

2018 7:00–
8:00

8:00–
17:15

17:15–
18:15

18:15–
0:40

0:40–
7:00

7:00–
8:00

8:00–
17:15

17:15–
18:15

18:15–
0:40

0:40–
7:00

7:00–
8:00

8:00–
17:15

17:15–
18:15

18:15–
0:40

0:40–
7:00

Field 1 T-O18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 T-O18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 T-O18 0 0 0 0 0 0 1 0 1 1 3 0 0 0 0
4 T-O18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 T-O18 0 2 0 0 0 0 0 1 0 0 1 0 0 0 0
6 T-O18 1 5 0 1 2 7 5 0 0 0 2 5 0 0 0

Laboratory 9:00–
21:00

21:00–
9:00

9:00–
21:00

21:00–
9:00

9:00–
21:00

21:00–
9:00

1 T-O18 0 0 0 0 0 0
2 T-O18 0 0 0 0 0 0
3 T-O18 0 0 0 0 0 0
4 T-O18 0 0 0 0 0 0
5 T-O18 0 0 0 0 0 0
6 T-O18 0 0 0 0 13 8

a Experiments not performed in a given day, b Snail died during the experiment, and c Snail died before the experiment.
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Table A2. Shell size of experimental Radix balthica snails infected with Trichobilharzia sp. “peregra”
and their infection status during field and laboratory experiments on cercarial emergence conducted
between 2016–2018. Patent infections refer to snails releasing cercariae and prepatent infections to
snails that harbored sporocysts and immature cercariae.

Season/Year Snail
Code

Length
(mm)

Width
(mm)

Double Infection
Identity

Double
Infection Status

August 2016 1 T-A16 14.51 8.91 – –
2 T-A16 15.73 10.30 – –
3 T-A16 12.81 7.44 – –
4 T-A16 16.12 11.05 – –
5 T-A16 11.06 7.44 – –
6 T-A16 11.76 7.70 – –
7 T-A16 15.33 9.76 Plagiorchis sp. patent

August 2017 1 T-A17 8.69 5.16 – –
2 T-A17 10.45 8.84 – –
3 T-A17 15.36 12.44 – –
4 T-A17 14.76 12.73 Plagiorchis sp. prepatent
5 T-A17 12.81 10.93 – –
6 T-A17 12.77 10.89 Apatemon sp. prepatent

August 2018 1 T-A18 10.57 6.15 – –
2 T-A18 12.27 7.98 – –
3 T-A18 9.57 5.87 – –
4 T-A18 12.80 7.78 – –
5 T-A18 11.26 6.23 – –
6 T-A18 13.92 8.06 – –

October 2018 1 T-O18 12.63 8.25 Plagiorchis sp. prepatent
2 T-O18 9.17 5.79 – –
3 T-O18 11.11 6.85 – –
4 T-O18 11.17 6.54 Plagiorchis sp. prepatent
5 T-O18 15.11 8.60 Cotylurus sp. prepatent
6 T-O18 19.96 11.14 Diplostomum sp. prepatent

Table A3. Mean water temperature (◦C) and light intensity (Lx) during diel intervals under various
field and laboratory conditions between 2016–2018. Data are displayed for each day of experiment
separately. Cercarial emergence during the longest parts of the natural photoperiod in summer (day
interval in August) and autumn (night interval in October) are divided into half and termed as Day 1,
Day 2 and Night 1, Night 2. Data marked in yellow represent additional data illustrating/simulating
natural thermo- and photo-conditions in the field or a climatic chamber (note that cercarial emergence
was not investigated according to these temperature and light conditions; see Materials and Methods
for experimental conditions).

Season/Year Type of
Experiment

Experimental
Day Temperature and Light Intensity during Diel Intervals

August 2016 0:00–6:00 6:00–12:00 12:00–18:00 18:00–0:00

Field Day 1 ◦C 7.8 8.5 9.2 8.4
Lx 415 6962 13821 1216

12:00–0:00 0:00–12:00

Day 2 ◦C 8.8 7.3
Lx 5803 2311

Sunrise
2:00–4:30

Day 1
4:33–13:15

Day 2
13:15–22:00

Sunset
22:00–0:30

Night
0:30–2:00

Field Day 1 ◦C 7.8 8.4 9.0 7.8 7.7
Lx 108 6321 9107 9 0

Day 2 ◦C 6.8 7.4 9.1 7.7 7.2
Lx 120 3448 6823 7 0
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Table A3. Cont.

Season/Year Type of
Experiment

Experimental
Day Temperature and Light Intensity during Diel Intervals

0:00–6:00 6:00–12:00 12:00–18:00 18:00–0:00

Laboratory Day 1 ◦C 13.7 13.8 13.8 13.7
Lx 372 538 505 311

August 2017 Sunrise
2:00–4:30

Day 1
4:33–13:15

Day 2
13:15–22:00

Sunset
22:00–0:30

Night
0:30–2:00

Field Day 1 ◦C 12.8 13.1 12.9 13.0 12.9
Lx 143 7659 5871 37 0

Day 2 ◦C 12.6 13.1 13.8 12.8 12.7
Lx 71 8370 13145 16 0

Day 3 ◦C 13.0 12.7 12.5 13.2 13.1
Lx 153 11024 13647 14 0

Laboratory Day 1 ◦C 13.4 13.6 13.7 13.4 13.3
Lx 31 535 533 77 0

Day 2 ◦C 13.1 13.2 13.2 13.3 13.2
Lx 60 571 511 55 0

Day 3 ◦C 13.1 13.3 13.3 13.1 13.1
Lx 27 553 491 27 0

August 2018 Sunrise
1:30–4:00

Day 1
4:00–12:45

Day 2
12:45–21:30

Sunset
21:30–0:00

Night
0:00–1:30

Field Day 1 ◦C 15.4 15.7 16.3 15.9 14.9
Lx 30 13949 5428 146 0

Day 2 ◦C 15.9 11.5 16.9 16.3 16.0
Lx 11 2960 12926 17 0

Day 3 ◦C 14.4 14.5 13.1 14.1 14.1
Lx 12 4787 4591 63 0

9:00–21:00 21:00–9:00

Laboratory Day 1 ◦C 14.2 14.1
Lx 965 413

Day 2 ◦C 14.2 14.1
Lx 978 466

Day 3 ◦C 14.3 14.1
Lx 965 471

Sunrise
1:30–4:00

Day 1
4:00–12:45

Day 2
12:45–21:30

Sunset
21:30–0:00

Night
0:00–1:30

Laboratory Day 1 ◦C 14.1 14.2 14.2 14.1 14.1
Lx 10 926 976 89 0

Day 2 ◦C 14.0 14.1 14.2 14.1 14.1
Lx 10 965 983 115 0

Day 3 ◦C 14.1 14.2 14.2 14.1 14.0
Lx 9 954 967 150 0

October 2018 Sunrise Day Sunset Night 1 Night 2
7:00–8:00 8:00–17:15 17:15–18:15 18:15–0:40 0:40–7:00

Field Day 1 ◦C 6.3 6.4 6.6 6.5 6.4
Lx 236 2198 6 0 0

Day 2 ◦C 6.3 6.5 6.6 6.5 6.3
Lx 109 1786 70 0 0

Day 3 ◦C 6.5 6.6 6.3 6.2 6.5
Lx 43 2929 39 0 0

9:00–21:00 21:00–9:00

Laboratory Day 1 ◦C 5.8 5.7
Lx 1367 161

Day 2 ◦C 5.7 5.7
Lx 1,456 183

Day 3 ◦C 5.8 5.7
Lx 1429 186
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Table A3. Cont.

Season/Year Type of
Experiment

Experimental
Day Temperature and Light Intensity during Diel Intervals

Sunrise Day Sunset Night 1 Night 2
7:00–8:00 8:00–17:15 17:15–18:15 18:15–0:40 0:40–7:00

Laboratory Day 1 ◦C 6.0 5.8 5.6 5.6 5.7
Lx 103 1954 102 0 0

Day 2 ◦C 6.0 5.7 5.6 5.7 5.7
Lx 103 2095 176 0 0

Day 3 ◦C 6.1 5.8 5.6 5.7 5.7
Lx 108 2075 35 0 0
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