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Abstract

The environmental DNA (eDNA) method is potentially useful to detect the diurnal activity of aquatic organisms. Seasonal
changes in the diurnal activities of the endangered semiaquatic water shrew, Chimarrogale platycephalus, were investigated
to evaluate the efficiency of the eDNA method in their tracking. We conducted hourly field surveys for a period of 25 consecu-
tive hours in two streams quarterly, using a species-specific primer and camera trap observations. Using qPCR, we compared
the frequency and concentration of eDNA detected between day and night, seasons, and streams. In both streams, eDNA
was detected consistently with temporal fluctuations during all seasons for nighttime. However, during daytime, eDNA was
detected in all seasons except autumn, in which it was detected only in one stream. This suggests that species activity occurs
throughout both daytime and nighttime in winter, spring, and summer, and potentially less during the daytime in autumn,
probably due to the lack of competition and energy constraints during that season, as most individuals were non-breeding in
autumn and avoided the habitation of areas with high density after the dispersal of their offspring. The high eDNA concentra-
tion in summer may be attributable to the higher density of non-breeding individuals after the offspring left the nest and/or
to the increased activity owing to the competition for food or space. The diurnal activities of species detected using eDNA
sampling allow us to obtain detailed ecological information, which is beneficial for managing conservation in the future.

Keywords Endangered species - Feeding activity - Small mammal - Species-specific primer - Stream - Real-time
quantitative PCR

Introduction known to occur in reciprocal directions, that is, land to water

(Nakano and Murakami 2001) and water to land (Baxter

Terrestrial and aquatic ecosystems are adjacent to each other
and are closely linked through the food web, especially in
the upper reaches of streams (Nakano and Murakami 2001).
Resource compensation between both of these ecosystems is

Handling Editor: Noboru Okuda.

P4 Izumi Katano
katano @cc.nara-wu.ac.jp

P4 Hideyuki Doi
hideyuki.doi @icloud.com

Graduate School of Humanities and Sciences, Nara Women’s
University, Nara, Japan

Faculty, Division of Natural Science, Nara Women’s
University, Nara, Japan

3 KYOUSEI Science Center, Nara Women’s University, Nara,
Japan

Published online: 31 August 2024

et al. 2005). As top predators utilize resources from both
ecosystems by linking the food webs of both, they conse-
quently occupy an important role in directly or indirectly
connecting the food webs in the upper reaches of streams
(Baxter et al. 2005). An analysis of the ecological char-
acteristics of top predators, such as seasonal changes in
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behavioral activities, can lead to a better understanding of
food web structures in the upper reaches of streams; how-
ever, in this context, few studies have been conducted on
semiaquatic mammals, possibly because of direct obser-
vational difficulties (Shiozuka et al. 2023), compared to
those on birds (e.g., Nakano and Murakami 2001) and large
amphibians (e.g., Roon et al. 2022).

Among many endangered small mammals, semiaquatic
mammals are among the top predators in the upper reaches
of streams (Andermann et al. 2020). Population shrinkage of
many species in the semiaquatic mammals has been reported
(Hood 2020); however, the behavioral ecology of only a few
species have been studied, e.g., the European water shrew
Neomys fodiens (Haberl 2002) and the long-tailed otter
Lontra longicaudis (Vezzosi et al. 2014). For the conserva-
tion management of endangered mammals, knowledge of
their diurnal and seasonal behavior patterns is important
because it helps to reveal ecological information regarding
individuals and populations, such as predation, competition,
and habitat use (Kotler et al. 2007; Morris et al. 2009). In
this context, the knowledge of semiaquatic mammals should
also lead to more effective conservation measures (Sinclair
and Byrom 2006). Mammalian diurnal activity is mainly
determined by circadian rhythm (Bennie et al. 2014), and
that varies considerably seasonally depending on the life
history stage, environmental factors such as light and tem-
perature conditions, and biological interactions (Beier and
McCullough 1990; Bennie et al. 2014). Few studies have
observed diurnal activity or its seasonal variations in endan-
gered small mammal species (Cserkész et al. 2023), possi-
bly owing to observational difficulties. Direct observations,
radiotelemetry tracking, and camera-trap capture are used
for observing large mammals (Meek and Fleming 2014);
however, such traditional methods are difficult to implement
for small mammals because many species are nocturnal and
tend to move quickly, making photography and observation
infeasible (Buchler 1976; Nakazono and Iwasa 2015).

Chimarrogale platycephalus (Temminck 1842), Sorici-
dae; platycephala in the previous species name, Yato et al.
(2022) is a Japanese endemic semiaquatic water shrew
categorized as an endangered species in Japan (Wildlife
Research and EnVision 2022), and conservation of its pop-
ulations is urgently needed. The species inhabits the upper
reaches of mountain streams, forages fish and aquatic insects
while swimming in water, and rests behind rocks (Church-
field et al. 2000; Kitagaki 2016). During the life cycle of
this species, most of the adults breed in midwinter, and the
females give birth in early spring and raise their offspring
until they leave the nest in early summer; only a small pro-
portion of the females breed during the fall season and their
offspring leave the nest in midwinter (Motoki 2000; Yoko-
hata et al. 2008). Previous studies on the diurnal activity
of C. platycephalus have demonstrated a weak nocturnal
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rhythm: the species was shown to be active throughout both
day and night, but more active at night based on direct obser-
vations of indoor captive individuals (Motoki 2000) and wild
individuals (Fujimoto et al. 2011; Saito et al. 2019; Saitoh
et al. 2013; Yokohata et al. 2008). However, the seasonal
changes in diurnal activity and/or the changes in life history
stages remain unknown because C. platycephalus, like many
other small mammals, is difficult to observe in the field.

Recently, non-invasive and simple methods for studying
semiaquatic species have been developed instead of inva-
sive methods, which often should be avoided when study-
ing endangered species (Shiozuka et al. 2023); a promising
approach is the environmental DNA (eDNA) method. For
aquatic species that continuously inhabit underwater envi-
ronments, the eDNA method is a useful tool for determining
their presence/absence, abundance, and biomass (Rees et al.
2014). It is further useful for semiaquatic species; for exam-
ple, Shiozuka et al. (2023) developed the eDNA method for
C. platycephalus in Japanese streams by sampling multiple
streams during different seasons to test the performance by
comparing with camera-trap detections. Using eDNA, it is
possible to determine the activity and abundance of semi-
aquatic species under water because the eDNA content of
aquatic organisms changes depending on their activity and
life history stage (Inui et al. 2021; Tsuji and Shibata 2021;
Wacker et al. 2019).

The objective of this study was to determine the seasonal
changes in diurnal activity of the water shrew in the field.
We conducted hourly censuses during 25-h field surveys
seasonally (spring, summer, autumn, and winter) using a
species-specific primer developed by Shiozuka et al. (2023).
We compared the frequency and concentration of C. plat-
ycephalus eDNA detected at day/night between seasons and
streams. In parallel, direct observation by camera-trap cap-
ture was performed, and all results were compared to assess
or evaluate the utility of the eDNA method for the estimation
of seasonal changes of the diurnal activity of semiaquatic
species.

Materials and methods
Study areas

Field surveys were performed at two stations along two typi-
cal mountain streams in the northern Kii Peninsula, Japan;
one in a tributary flowing into the Takami River (Kinokawa
River system, Nara Prefecture), and another in a tributary
flowing into the Nabari River (Yodogawa River system,
Mie Prefecture; Fig. 1). For the protection of this species,
the latitude and longitude of the locations will not be dis-
closed. Inhabitation by C. platycephalus at the two stations
had been previously confirmed by fecal surveys (Shiozuka
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Fig. 1 Photographs of the C. platycephalus study sites. a Stream A flowing into the Takami River, Nara; b Stream B flowing into the Nabari

River, Mie

et al. 2023). The stations were, respectively, located in the
middle-streams, within watershed areas of 3.5 and 8.5 km?.
The average stream width was approximately 2 m, and the
canopy coverage at each station was approximately 60%
according to measurements by ruler and imagery taken by
iPhone with a fisheye lens camera (Bostionye, Jian, China)
on the day of the survey.

Field survey for camera-trap photography and water
sampling

We conducted the field survey quarterly with camera-trap
photography (Trophy Cam 24MP, Bushnell, Overland Park,
KS, USA) and sampled water at each station from autumn
2020 to summer 2021. In the tributaries along the Takami
River (hereafter Stream A) and Nabari River (Stream B), we
conducted the surveys during October 20-21 and November
24-25, 2020 (autumn, non-breeding or occasional second
breeding season, including pregnant period of C. platyceph-
alus), February 4-5 and 10-11, 2021 (winter, the principal
and first breeding season, including mating and pregnant
periods), May 10-11 and 14-15, 2021 (spring, the nesting
period in the first breeding season), and August 4-5 and
10-11, 2021 (summer, the non-breeding season), respec-
tively. Throughout the period of water sampling, camera-
trap photography equipment (Trophy cam 24MP, Bushnell,
Overland Park, KS, USA) was continuously placed near
rocks where feces of C. platycephalus were observed. The
camera trap was strapped to a riparian tree at the streamside
to acquire photography within a 5 m reach of the stream.
The shutter was released when a moving object entered the
field of view, and the camera collected imagery 0.3 s after
moving detection within 24 m from the camera (detection

range 38° forward) using LED lights with wavelengths not
visible to animals.

Each water sampling was conducted for a duration of
25 h, described as follows. At both stations, a 1-L water
sample was collected directly from both (right- and left-
hand) sides of the stream center, at a location 10 m down-
stream of the rock on which the camera captured defecating
by subjects, using a DNA-free polypropylene bottle. Two
1-L water samples were taken hourly from 12:00 to 13:00 on
the following day. A 0.1% volume of benzalkonium chloride
solution was added to the water samples, which were stirred
immediately, to prevent DNA degradation (Yamanaka et al.
2017). The water samples were stored in a cooler box con-
taining 2 L of DNA-free distilled water (DW) as a cooler
blank. The water temperature of the stream surface during
sampling was measured using a digital stick thermometer
(TP15JP, ThermoPro, Tront, Canada).

Water filtration and DNA extraction

In the laboratory, the two collected water samples were
vacuum-filtered through a 47-mm GF/F glass filter (pore
size: 0.7 pm, Cytiva, Marlborough, Massachusetts, USA).
We incorporated an equipment blank as a negative control;
1 L of DNA-free DW was filtered after filtering the samples
on each sampling day. A cooler blank was filtered during
the filtering of samples on each sampling day. DNA from
the negative controls was tested along with the samples to
check contamination during sample preparation/transporta-
tion in the field and/or filtration in the laboratory. The filter
was wrapped in a commercial aluminum foil and stored at
— 20 °C until DNA extraction.

DNA was extracted from the filters as described by Uchii
et al. (2016) and Minamoto et al. (2021). Each filter was
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incubated at 56 °C for 30 min in a mixed buffer of 400 pL.
of Buffer AL (Qiagen, Hilden, Germany) and 40 pL of Pro-
teinase K (Qiagen, Hilden, Germany) using a Salivette tube
(Sarstedt, Niimbrecht, Germany). The Salivette tube with
the filter was centrifuged at 3500xg for 5 min. After add-
ing 220 pL of Tris-ethylenediaminetetraacetic acid (EDTA)
buffer (10 mM Tris—HCI and 1 mM EDTA at pH 8.0), the
filter was centrifuged at 5000xg for 5 min. The DNA in the
eluted solution was purified using a DNeasy Blood and Tis-
sue Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s protocol. The DNA was eluted in 200 pL of Buffer
AE (Qiagen, Gilden, Germany) and stored at — 20 °C until
real-time quantitative polymerase chain reaction (QPCR)
analysis.

Real-time qPCR

For qPCR, we used a species-specific primer—probe set to
amplify an 81-bp fragment of the 16S ribosomal gene of
the mitochondrial DNA of C. platycephalus (Shiozuka et al.
2023). The eDNA concentration was measured using a Ste-
pOne qPCR system (Applied Biosystems, Waltham, Mas-
sachusetts, USA). Each PCR mixture contained 900 nM of
each primer (F, R), 125 nM probe in 1 Xx PCR master mix
(TagPath CG, Life Technologies, Carlsbad, CA, USA), and
2 puL of DNA solution. The total volume of each reaction
mixture was 20 pL. The PCR conditions were 2 min at 95 °C
and 55 cycles of 15 s at 95 °C and 60 s at 60 °C. Each sam-
ple was evaluated in triplicate; a positive value for any of
the replicates was considered to indicate the presence of C.
platycephalus DNA, considering that the limit of detection
of qPCR for the three replicates was one copy per reaction
(Shiozuka et al. 2023). We performed gPCR measurement
according to the “Minimum Information for Publication of
Quantitative qPCR Experiments (MIQE)” checklist (Bustin
et al. 2009).

A standard curve for the target gene was constructed
using dilution series of 10,000, 1000, 100, and 10 copies
per PCR template. For the standard curve, we used standard
DNA isolated from plasmid cloning; we used the standard
DNA isolated from plasmid cloning linearized with restric-
tion endonuclease. The qPCR results were analyzed using
StepOne software ver. 2.3 (Applied Biosystems, Waltham,
Massachusetts). The R? values of the standard curves ranged
from 0.978-0.998, and the PCR efficiencies ranged from
87.18-113.88%. The DNA concentration in the collected
water (DNA copies L™") was calculated from the volume of
the filtered water (2 L). Mean DNA copy number in tripli-
cates was calculated from each DNA copy numbers, includ-
ing a negative detection as zero. The limit of quantification
of qPCR for the three replicates was three copies per reac-
tion (Shiozuka et al. 2023). The PCR setup and qPCR were
performed in two separate rooms to avoid contamination.
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Statistical analysis

All statistical analyses were performed using R ver. 4.1.1 (R
Core Team 2022). We set the criterion of significance at 0.05
(a=0.05). Time-series data of the eDNA concentration in
each stream and season (N =25 for each) were tested by the
Ljung—Box test to evaluate the significance of the autocorre-
lation using the “Box.test” function. Then we confirmed that
all time-series data were not significantly auto-correlated
with *><2.30, p>0.130. To compare the day/night eDNA
detection frequency in each stream and season, we tested
the effects of streams and seasons on the binary frequency
of eDNA detections (0, 1) in the day/night using the general-
ized linear model (GLM, error distribution: binomial) with
the “glm” function. To evaluate the significance of the fac-
tors (i.e., streams and seasons), we performed the likelihood
ratio test with 4 using the “ANOVA” function of the “car”
package. We also performed three-way analysis of variance
(ANOVA) to analyze eDNA concentrations for three fac-
tors: season, stream, and day/night using the “aov” func-
tion. For the ANOVA, we used only positive values because
we aimed to compare the eDNA concentration when eDNA
was detected. Deleting zero values induces the unbalance
of sample size and consequently decreases homogeneity
of variance among the treatments; therefore, we performed
Levene’s test for homogeneity of variance on the data used
for ANOVA and confirmed the homogeneity of variance
(Levene’s statistics =1.586 p=0.2113). Tukey’s multiple
comparisons test was performed to assess the differences in
seasons using the “TukeyHSD” function.

Results

The sunset/sunrise times, water temperature, number of
captures by the camera trap, and frequency of eDNA detec-
tion are listed in Table 1. In Stream A, C. platycephalus
individuals were captured by camera traps twice (19:06 and
1:33) in winter and four times (19:49, 20:24, 22:22, and
23:03) in summer (Table 1 and Fig. 2); however, no indi-
viduals were captured in Stream B throughout all four sea-
sons (Table 1). In both streams, eDNA of C. platycephalus
was detected in every season (Fig. 3 and Table 1). In all
seasons, eEDNA was detected consistently during nighttime,
but there were temporal fluctuations; and during daytime,
eDNA was also detected in all seasons except for Stream A
in autumn (Fig. 3). For Stream A, the frequency of eDNA
detection (0 or 1) in the daytime was significantly lower
than that in the nighttime in autumn (GLM likelihood ratio
test, p =0.044, Table 2); however, no significant difference
between day and night was observed in any seasons other
than autumn in Stream A and all seasons in Stream B (GLM
likelihood ratio test, p > 0.05, Table 2). eDNA was detected
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Table 2 Results of GLM likelihood ratio test for eDNA detection fre-
quency. Comparison of binominal eDNA detection frequency (0, 1)
by streams and seasons between day and night

Table 3 Results of three-way ANOVA for eDNA concentration com-
pared with the factors of stream, season, and daytime or nighttime
(DN)

Stream Season DF Residual deviance )4 Factor DF  MS F P

Stream A Autumn 1 14.548 0.044 Seasons 3 16,435 26.11 <0.001
Winter 1 35.268 0.431 Streams 1 600 0.95 0.330
Spring 1 31.455 0.074 Daytime or nighttime (DN) 1 1 0.00 0.968
Summer 1 17.489 0.293 Seasons X Streams 3 4639 7.37 <0.001

Stream B Autumn 1 25.362 0.758 Seasons Xx DN 3 443 0.70 0.551
Winter 1 35.268 0.431 Streams X DN 1 957 1.52 0.219
Spring 1 35.390 0.419 Seasons X Streams X DN 3 704 1.12 0.343
Summer 1 33.516 0.873

across all seasons in Stream A between 21:00 and 22:00;
however, this diurnal pattern was not observed in Stream
B. Seasonal changes in the eDNA concentrations are shown
in Fig. 4. The three-way ANOVA to test diurnal, seasonal,
and between-stream differences in the eDNA concentrations
showed that only the seasonal difference was significant
(F=26.11, p<0.001), with the interaction between seasons
and streams (seasons X streams, F'=7.37, p<0.001, Table 3).
Tukey’s multiple comparison tests revealed that eDNA con-
centrations were significantly higher during summer in both
streams (p <0.05, Fig. 4). Each qPCR assay included three
no-template controls, which showed no amplification.

Fig.4 Mean eDNA concentra-

MS means square

Discussion

We found the activity of C. platycephalus in both streams
in all seasons during nighttime using the eDNA detection
method, even in the absence of observations by camera trap.
However, eDNA detections during daytime depended on the
season and the stream. In winter, spring, and summer, eDNA
was detected during daytime without any differences from
nighttime; however, during daytime in autumn, eDNA con-
centration was low in one stream and not detected in the
other. This study is the first to quantitatively demonstrate
that C. platycephalus activity in the field occurred through-
out the entire day in three seasons (winter, spring, and sum-
mer) and its nocturnal-like habit occurred only in autumn.
Several previous empirical studies have suggested that
this species is more active during nighttime than during day-
time but forages throughout both day and night (Fukumoto
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et al. 2015; Motoki 2000; Saitoh et al. 2013; Saito et al.
2019; Yokohata et al. 2008). With the exception of autumn,
the result on eDNA detection in this study is consistent with
that observed in previous studies. Because the species for-
ages in the water but defecates, breeds, and rests on land
(Ohdachi et al. 2015), it is likely that the frequency or con-
centration of eDNA detected in stream water indicates forag-
ing activities of the species. Thus, the frequency of eDNA
detection should correspond to times of active foraging.
The continuous eDNA detection observed throughout both
day and night suggests that the species has a fast metabolic
rate (Kitagaki 2016), similar to that of other semiaquatic
shrews (Nagorsen 1996; Nowak and Walker 1999; Rychlik
and Jancewicz 2002), and that the species needs to forage
during both day and night to maintain its body temperature
and activity. This is possibility supported by the result that
the species is more active during both daytime and nighttime
during cooler winter than autumn, and during this season,
most adults are mating and/or pregnant and need to increase
their energy intake.

In contrast, during autumn, when most individuals except
for a few pregnant females are non-breeding (Motoki 2000;
Yokohata et al. 2008), the species could be less active during
the daytime and biased toward nocturnal behavior. These
results may suggest that the species is less active during the
daytime when there are no constraints of energy or competi-
tion. Although the species primarily feeds on aquatic insects
(Shiozuka et al. 2022), most aquatic insects actively crawl
on the surface of the streambed and drift in the water col-
umn at nighttime (Katano et al. 2005; Kohler 1985; Waters
1972), and hence the nocturnal foraging by the water shrew
is expected to provide sufficient food.

eDNA concentrations were significantly higher during
summer, which corresponds to the non-breeding season
after the offspring leave the nest. The increasing population
density could be a principal reason for the higher eDNA
concentrations, as eDNA concentration increases with an
increase in population density (e.g., Doi et al. 2017; Tillot-
son et al. 2018). Another possible reason for the elevated
eDNA concentrations during summer could be an increase
in foraging activity, which has been previously demonstrated
in the species (Yonezawa et al. 2020). There is also the pos-
sibility of increasing activity in response to the low avail-
ability of aquatic insects because the density and abundance
of aquatic insects are lowest during the summer (Nakano and
Murakami 2001). Although this study could not distinguish
between the possible explanations (high density and high
activity) for the higher eDNA concentration during summer,
either or both of the possibilities could have affected eDNA
concentrations throughout daytime and nighttime during the
summer.

The eDNA concentrations were relatively low during the
winter, which is the breeding season. Aquatic organisms that
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externally fertilize, such as bivalves (Wacker et al. 2019),
fish (Erickson et al. 2016; Inui et al. 2021; Tsuji and Shi-
bata 2021), and amphibians (Buxton et al. 2017), release
gametes into the water when spawning, and aquatic reptiles
(De Souza et al. 2016) are internally fertilized but lay eggs
in water; therefore, for many of these organisms, eDNA
concentrations and detection frequencies are expected to
increase during the breeding season. However, because the
water shrew utilizes internal fertilization and its reproductive
behavior occurs on land (Ohdachi et al. 2015), no increase in
eDNA was observed during the breeding season. Unfortu-
nately, in this case, eDNA may not be useful for estimating
the breeding season of semiaquatic mammals.

No difference in diurnal activity patterns was observed
between winter and spring, i.e., between the main breeding
and post-breeding seasons. It has been reported that other
closely related species of shrew (Sorex and Crocidura) do
not change their behavior from the pre- to the post-breeding
season, irrespective of sex (von Merten et al. 2020). Simi-
larly, C. platycephalus also did not change its behavior pat-
tern between the breeding and non-breeding seasons. The
fact that the eDNA concentration increased from winter and
spring to summer without any changes in the diurnal pat-
tern could indicate an increase in the population density,
amount of activity, or both, of the newly nestling offspring.
Moreover, the decrease in the frequency of eDNA detec-
tions during the daytime in autumn suggests the possibility
that the diurnal pattern could change to be closer to noc-
turnal behavior during autumn, when most individuals do
not breed, which may be due to offspring dispersal and/or a
decrease in competition.

Although eDNA is considered to be an effective tool
for evaluating the total amount of activity and life history
stages of aquatic organisms (e.g., Inui et al. 2021), this study
quantitatively demonstrates that eDNA is an effective tool
for evaluating activities of semiaquatic organisms in water.
Based on previous studies on eDNA distribution in streams
(e.g., Nevers et al. 2020; Wilcox et al. 2016; Wood et al.
2020, 2021, cage experiments in the streams), it is assumed
that eDNA likely originates from a range of 0-5 km. There-
fore, it is possible that a population within that range is being
detected. Although small semiaquatic organisms are often
missed by camera traps during both day and night (Buchler
1976; Shiozuka et al. 2023), in this case, the eDNA sur-
vey was able to detect their underwater behaviors and the
distribution in the broader ranges, including upper reaches,
even when camera traps failed to detect them, demonstrating
that eDNA surveys can provide more precise information on
diurnal activity changes of wild animal populations. At least
for the Japanese water shrew, eDNA could directly represent
foraging activities. Moreover, even for smaller organisms
making temporary use of the water, it should be possible to
capture diurnal activity changes in the field using the eDNA
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method with precise timing and local area settings. In this
study, the range of eDNA detected was not estimated.

This study has two main limitations. First, we conducted
only a 25-h sampling duration in each season; thus, the
results are somewhat dependent on the field conditions of
the sampling days, e.g., stream flow and weather. Second,
although we monitored behaviors using eDNA and camera
traps at two specific mountain stream sites in the northern
Kii Peninsula, the species is actually distributed across the
Japanese Archipelago, with its various climates, habitat con-
ditions, and genomes. Hence, the various environmental fac-
tors (e.g., watershed area, elevation, stream width, and cur-
rent speed) and population factors (e.g., population size and
genotypes) may influence eDNA and camera-trap detection.
Therefore, to understand the behaviors of the species and its
eDNA dynamics in depth, future studies need to measure
eDNA on multiple days, across various habitats, and in dif-
ferent seasons.
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