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Abstract
Daphnia, keystone herbivores in lakes, routinely produce immediately hatching eggs; additionally, they also produce rest-
ing eggs enveloped by an ephippial case, a thickened carapace that allows population survival under harsh environmental 
conditions. To examine differences in ephippial morphology between Daphnia species in different subgenera, we conducted 
microscopic observations and genetic analyses based on the mitochondrial 12S rRNA gene in ephippia from surface sediment 
in Lake Biwa, Japan. The lengths and heights of ephippia identified as Daphnia galeata Sars (Hyalodaphnia) were less than 
0.82 and 0.50 mm, respectively, whereas those of Daphnia pulicaria Forbes (Daphnia) were greater than 0.87 and 0.53 mm, 
respectively, with the ephippial lengths of the two species differing significantly. The results indicate that D. galeata and 
D. pulicaria inhabiting Lake Biwa can be distinguished based on ephippium size, with a boundary ephippium length of 
approximately 0.86 mm. In concordance with this inference, historical data indicated that the length of ephippia recovered 
from sediment cores did not exceed 0.86 mm prior to the 1980s when D. galeata was the predominant species; however, it 
exceeded the threshold after 2000, coinciding with the coexistence of D. galeata and D. pulicaria.
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Introduction

Daphnia, which are key herbivorous plankton in lakes and 
ponds (Carpenter and Kitchell 1993), routinely produce 
parthenogenetic eggs that develop directly in the brood 
chamber of the mother. However, they also produce resting 

(dormant) eggs enveloped by a thickened carapace, referred 
to as an ephippial case, which allows population survival 
during unfavorable periods. Indeed, such resting eggs are 
often well preserved in sediments for decades to centuries 
(Caceres 2012; Frisch et al. 2014), and can be successfully 
hatched even after several decades when stimulated with 
appropriate environmental cues (Decaestecker et al. 2004; 
Frisch et al. 2014; Hairston et al. 1999). Accordingly, resur-
rection studies based on analyses of resting eggs found in 
sediments are developing rapidly, with a view toward gain-
ing a better understanding of biological responses to anthro-
pogenic environmental change (Brede et al. 2009; Hairston 
et al. 1999), as well as determining the genetic structure 
of Daphnia populations related to long-term environmental 
change (Frisch et al. 2014; Möst et al. 2015; Geerts et al. 
2015).

However, despite the utility of resting eggs for such res-
urrection studies, the hatching rates of these eggs are not 
always high in lakes (Faustová et al. 2004; Hairston et al. 
1995; Rother et al. 2010). Additionally, for some lakes, spe-
cies identification based on genetic analysis of collected rest-
ing eggs is often unsuccessful, probably owing to genome 
degradation (Faustová et al. 2004; Marková et al. 2006). 
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Consequently, it may be difficult to reconstruct the dynam-
ics of different Daphnia populations using resting eggs 
found in sediments (Faustová et al. 2004; Marková et al. 
2006). Nevertheless, it is feasible that Daphnia ephippia 
might be distinguishable among species, owing to certain 
morphological differences, such as differences in the size of 
the ephippium of larger species in the subgenera Daphnia 
(Daphnia pulex group) and Ctenodaphnia (Daphnia magna 
group), and smaller species in the subgenus, Hyalodaphnia 
(Daphnia longispina group) (Vandekerkhove et al. 2004). 
Currently, however, few studies have investigated ephippium 
morphology in combination with molecular genetic analyses 
(Hamrová et al. 2010), which would enable identification at 
the species level (Juračka et al. 2010).

Although it has been reported previously that genetic 
analysis could not be applied to ephippia devoid of resting 
eggs (e.g., Brede et al. 2009), Ishida et al. (2012) developed 
a technique (UltraSHOT) that facilitated effective extrac-
tion of DNA from the ephippial carapace, thereby enabling 
genetic analysis, even in the absence of the resting eggs. 
In this regard, whereas polymerase chain reaction (PCR) 
sequencing is an ideal identification protocol, it tends to be 
relatively expensive; therefore, some studies have applied 
a PCR-restriction fragment length polymorphism (RFLP) 
approach to differentially restrict amplified DNA seg-
ments of Daphnia species (Billiones et al. 2004), which is 
more rapid and cheaper than traditional PCR sequencing 
protocols.

Lake Biwa in Japan is recognized as one of the most 
ancient lakes in the world (Hampton et al. 2018), which has 
experienced certain anthropogenic effects over the past cen-
tury such as eutrophication and warming that have resulted 
in changes in the lake’s Daphnia community (Hsieh et al. 
2011; Tsugeki et al. 2003). Between the 1960s and 1990s, 
Daphnia galeata Sars, belonging to subgenus Hyalodaphnia, 
was initially believed to be the only Daphnia species inhab-
iting the lake (Miura and Cai 1990; Tsugeki et al. 2003). 
However subsequent investigations have indicated that other 
Daphnia species of similar size appeared to have existed for 
limited periods of time during the 1970s (Liu et al. 2020). 
Moreover, a further large species, Daphnia pulicaria Forbes, 
belonging to the Daphnia subgenus, suddenly appeared in 
the lake in 1999 (Urabe et al. 2003). Although ephippia 
derived from D. galeata and D. pulicaria have been respec-
tively found in sediments obtained from this lake (Urabe 
et al. 2003; Tsugeki et al. 2009), there have to date been no 
reports describing morphological differences between the 
ephippia of these two species, and consequently variations 
in the production of resting eggs during the period of their 
coexistence in the lake remain unclear.

In this study, we retrieved Daphnia ephippia from sur-
face sediments in Lake Biwa and examined the interspe-
cific differences (in terms of ephippial size) as a potential 

tool to distinguish between species based on ephippium 
morphology. To identify Daphnia ephippia, we sequenced 
mitochondrial ribosomal DNA and applied a newly devel-
oped inexpensive and rapid PCR–RFLP method. Owing to 
its predominance in freshwater environments, the D. pulex 
species complex, including D. pulicaria, has been exten-
sively studied for several decades (Benzie 2005). However, 
as it is difficult to definitively resolve the taxonomy of this 
complex, owing to a lack of diagnostic morphological char-
acteristics and the tendency of species to undergo hybridi-
zation, the mitochondrial NADH dehydrogenase subunit 
5 (ND5) has been used to elucidate relationships among 
groups (Colbourne et al. 1998; Crease et al. 2012; Cristescu 
et al. 2012). Thus, in the present study, we analyzed DNA 
sequence variation of the mitochondrial ND5 gene to clarify 
the phylogenetic lineages of D. pulicaria present in Lake 
Biwa. Furthermore, to evaluate the inference accuracy of 
ephippial morphological differences between species from 
a long-term perspective, we investigated historical variation 
in the size of ephippia preserved in sediment cores covering 
the past century, over which time there have been changes 
in the Daphnia community of this lake.

Materials and methods

Sampling and microscope observation

Lake Biwa has a maximum depth of 104 m and a surface 
area of 674 km2. It consists of a small shallow southern 
basin (surface area = 58 km2; mean depth = 3.5 m) and a 
large deep northern basin (surface area = 616 km2; mean 
depth = 45.5 m). Ephippium samples were collected from 
the surface sediment in August 2017 using an Ekman Bot-
tom Grab at a pelagic site in the northern basin (35° 15′ 017″ 
N, 136° 04′ 008″ E; water depth = 71 m) onboard the CER 
research boat Hasu. Surface sediment samples were sealed 
in bags and stored at − 80 °C until used for analysis.

Daphnia ephippia were sieved from the 500-g wet sur-
face sediment through a 100-μm mesh and measured under 
a dissecting microscope at × 20 to × 40 magnification. Three-
hundred and thirty ephippia were collected from the surface 
sediment samples. All ephippia were photographed using 
a digital camera and the size (length and height) of each 
ephippium was measured (Fig. 1). Some samples are not 
presented in figures owing to incomplete formation of the 
ephippium. After microscopic observation, individual ephip-
pia were placed in 0.2-mL tubes and stored at − 80 °C until 
further genetic analysis. Genetic analysis was performed 
on a random sample of 237 of the 330 observed ephippia, 
among which, we did not check for the presence/absence of 
resting eggs.
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Core sampling and chronology

We subsequently examined whether the size distribution of 
Daphnia ephippia in the sediment core fluctuated concomi-
tantly with fluctuations in the Daphnia community in the 
past to evaluate the validity of using ephippial size differ-
ences to differentiate between species. For this investigation, 
we collected three sediment cores (LB1, LB4, and LB7) 
at a pelagic site (35° 15′ 017″ N, 136° 04′ 013″ E; water 
depth = 71 m) in the northern basin of Lake Biwa using a 
gravity corer (inner diameter = 10.9 cm) in August 2017. 
These cores were carefully sliced at 1-cm intervals from 
the surface to the bottom and each sliced sample stored at 
− 80 °C prior to further analyses.

Sediment chronology analysis was performed for the 
LB7 core. Chronology was determined based on the con-
stant rate of supply (CRS) method of 210Pb dating (Appleby 
and Oldfield 1978) and verified using the 137Cs peak traced 
in the period 1962–1963 (Appleby 2001). Details of the 
chronological method have been reported elsewhere (Hyodo 
et al. 2017). Briefly, dried samples were sealed in holders 
for a month to allow 222Rn and its short-lived decay prod-
uct (214Pb) to equilibrate. The activity of supported 210Pb 
was estimated by measuring the activity of 214Pb, whereas 
that of 210Pbexcess was determined according to the differ-
ence between the total and the supported 210Pb (210Pbexcess 
= 210Pbtotal–214Pb). 137Cs, 210Pb, and 214Pb activities were 
determined by gamma counting using a germanium detec-
tor (GXM25P; EG & G ORTEC, Tokyo, Japan) equipped 
with a multi-channel analyzer (MCA7700; SEIKO EG & 
G, Tokyo, Japan) at the Center for Marine Environmental 
Studies, Ehime University. The age of a given sample mass 
depth was calculated using the 210Pbexcess inventory, which 
was obtained by numerical integration of the radioactivity 
of 210Pbexcess versus the mass depth profile (Appleby 2001). 
The chronology of the other cores (LB1 and LB4) was esti-
mated indirectly by comparison with the profiles of proxies 
such as chlorophyll pigments and magnetic susceptibilities 
in the LB7 core. To compare the proxies, the marked peak 
or trough layers were used as reference layers. Magnetic sus-
ceptibility and chlorophyll pigments were measured using 

an SM-30 m (ZH instruments, Brno, Czech Republic) and 
a UV–Vis mini 1240 spectrophotometer (Shimadzu, Kyoto, 
Japan), respectively. The concentrations of chlorophyll-a and 
phaeopigments were calculated according to the method of 
Lorenzen (1967). Ephippia were extracted from the LB1 and 
LB4 sediment cores as described above, after sieving the 
sediment through a 100-μm-mesh sieve and observing under 
a dissecting microscope at × 20 to × 40 magnification. After 
retrieval, at least 10 ephippia in each sliced sample were 
photographed using a digital camera. Thereafter, ephippial 
size was measured, excluding those from the samples in 
which fewer than 10 ephippia were detected (Tsugeki et al. 
in preparation). Prior to the 1980s, D. galeata was the pre-
dominant species of Daphnia in Lake Biwa, (Miura and Cai 
1990; Tsugeki et al. 2009), whereas D. pulicaria appeared 
after 1999 (Urabe et al. 2003). Accordingly, we separated 
and compiled the ephippial data from the sediment cores 
(LB1 and LB4) into two periods, i.e., prior to the early 1980s 
and after 2000, corresponding to differences in the Daphnia 
community structure.

Genetic analysis

DNA extraction and PCR amplification

DNA extraction and PCR amplification from ephippial cara-
paces were performed according to the methods described 
by Ishida et al. (2012), which have been specifically devel-
oped for the ephippium of Daphnia. Briefly, 235 ephippial 
carapaces were individually transferred into 200-μL PCR 
tubes, to which 50 μL of alkaline lysis buffer (100 mM 
NaOH and 50 mM of disodium EDTA, pH 12) was added. 
The samples were then subjected to five cycles of thermal 
shock, consisting of 5 min at − 80 °C and 20 s at 70 °C. 
Thereafter, the samples were vortexed and sonicated for at 
least 1 min using an HD 2070-U ultrasonic homogenizer 
(BANDELIN Electronic, Berlin, Germany). The samples 
were then incubated at 95 °C for 30 min and immediately 
thereafter stored on ice for > 3 min, after which a further 
50 μL of neutralizing buffer (Tris–HCl, pH 5) was added to 
each tube. The samples were again briefly vortexed prior to 
storing at − 80 °C. In addition, 10 ephippial carapaces, the 
lengths and heights of which were greater than 1.0 mm and 
0.61 mm, respectively, were mixed as a single sample (sam-
ple ID: LB-RE1), and then DNA was extracted as described 
above (Table S1). DNA was also extracted from two single 
ephippial carapaces, sample IDs: LB-RE2 and LB-RE3, 
whose lengths and heights were 0.765 and 0.471 mm, and 
0.941 and 0.618 mm, respectively (Tables S1 and S2).

PCR amplification of 12S rRNA gene fragments was car-
ried out using a Type-it Microsatellite PCR Kit (Qiagen) 
for the initial PCR, as described by Ishida et al. (2012). For 
those samples for which no target amplicons were obtained 

length of ephippium

height

Fig. 1   A Daphnia ephippium showing the dimensions measured in 
the present study
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using the initial PCR, additional PCRs were performed using 
the initial PCR products with Ex Taq Hot Start (Takara) 
(Ishida et al. 2012). Amplifications were performed using 
the primers, 5′-ATG​CAC​TTT​CCA​GTA​CAT​CTAC-3′ and 
5′-AAA​TCG​TGC​CAG​CCG​TCG​C-3′, designed by Col-
bourne and Hebert (1996). Negative PCR controls (con-
taining no template DNA) were run for each PCR and no 
contamination was detected.

PCR restriction fragment length polymorphism (RFLP) 
analysis and sequences

We developed a rapid and reliable RFLP marker to distin-
guish between D. galeata and D. pulicaria using PCR prod-
ucts from the 12S rRNA gene region. This PCR–RFLP anal-
ysis was performed on the randomly selected 235 ephippia, 
among which, we did not verify the presence or absence of 
resting eggs. PCR products were digested with the restriction 
enzymes HindIII HF (New England Biolab., Beverly, MA, 
USA) and incubated for 2 h at the enzyme-specific optimal 
temperature (37 °C), after which the digestion products were 
electrophoresed on agarose gels for 30 min, stained with 
GelGreen (Biotium, Hayward, CA, USA), visualized using a 
UV transilluminator, and photographed. As a marker, Daph-
nia species were differentiated based on digestion patterns 
using HindIII HF, which has two and one restriction site(s) 
for the target sequences of D. galeata and D. pulicaria, 
respectively, and is expected to give three (135, 145, and 
323 bp) and two (289 and 326 bp) fragments, respectively.

For D. pulicaria, a fragment (877 bp) including part 
of the gene coding was amplified by PCR using a Type-it 
Microsatellite PCR Kit (Qiagen) (Ishida et al. 2012) with 
the DpuND5a forward primer (5′-ATA​AAA​CTC​CAA​TCA​
ACC​TTG-3′) and the DpuND5b reverse primer (5′-GGG​
GTG​TAT​CTA​TTA​ATT​CG-3′) (Colbourne et al. 1998). The 
PCR thermal cycling conditions were as follows: one cycle 
of initial denaturation at 94 °C for 1 min, followed by 35 
cycles at 94 °C for 1 min, annealing at 50 °C for 1 min, and 
extension for 1 min at 72 °C (Ishida et al. 2012).

To sequence the 12S rRNA gene, one PCR product 
was used for each D. galeata (LB-RE2) and D. pulicaria 
(LB-RE1) sample (Table S1). To sequence the ND5 gene, 
two PCR products were used for D. pulicaria (LB-RE1 
and LB-RE3) (Table S2). Each PCR product was purified 
using ExoSAP-IT Express (Thermo Fisher Scientific), and 
sequencing was performed commercially. The 12S rRNA 
gene sequences of D. pulicaria and D. galeata from Lake 
Biwa have been deposited in the DDBJ/GenBank data-
base under the accession IDs LC534941 (LB-RE1) and 
LC534942 (LB-RE2), respectively (Table S1). Similarly, 
the ND5 gene sequences of D. pulicaria from Lake Biwa 
have been deposited in the DDBJ/GenBank database under 

accession IDs LC534943 (LB-RE1) and LC534944 (LB-
RE3), respectively (Table S2).

Phylogenetic and statistical analysis

To analyze the phylogenetic relationship between the two 
Daphnia species from Lake Biwa studied here and related 
taxa, previously reported DNA sequences of 12S rRNA 
genes were obtained from the GenBank database (Table S1). 
To determine the potential origin of D. pulicaria in Lake 
Biwa, we also conducted phylogenetic analyses on partial 
sequences of the ND5 gene using reported sequences of 
accessions from different geographical regions, including 
those of related species (Table S2). Multiple sequence align-
ment was performed using CLUSTALW (Thompson et al. 
1994) with standard parameters in MEGA 6.06 (Tamura 
et  al. 2013). Phylogenetic trees were constructed using 
neighbor-joining methods implemented in MEGA 6.06 
(Tamura et al. 2013). Evolutionary distances were com-
puted using the maximum composite likelihood method 
(Tamura et al. 2004) and are presented in terms of the num-
ber of base substitutions per site. Codon positions included 
were 1st + 2nd + 3rd + noncoding. All positions containing 
gaps and missing data were eliminated (complete deletion 
option). Bootstrap percentages were computed using 1000 
pseudo-replications.

Student’s t test analyses were performed following an 
equal variance test to compare ephippial lengths of the 
Daphnia species, using R version 3.6 (Comprehensive R 
Archive Network [CRAN] at https​://CRAN.R-proje​ct.org/) 
with minimal significance designated at p < 0.05.

Results

Genetic analysis

Over 600 bp of 12S rRNA gene fragments were detected 
from ephippia of each of the two target Daphnia species. 
Using BLAST sequence comparison, the identities of the 
analyzed sequences were confirmed as D. galeata (100%) 
and D. pulicaria (greater than 99%) for single (LB-RE2) 
and mixed (10) (LB-RE1) ephippial samples, respectively. 
The lengths of the aligned sequences for D. galeata and 
D. pulicaria in Lake Biwa were 603 and 605 bp, respec-
tively. Phylogenetic analysis based on the 12S rRNA gene 
sequence indicated occurrence of D. galeata and D. puli-
caria ephippia in the lake sediments (Fig.  2). Further 
analyses using PCR–RFLP for the sequenced samples 
yielded specific bands for D. galeata (LB-RE2) and D. 
pulicaria (LB-RE1,3), confirming that bands correspond-
ing to these two organisms could be differentiated clearly 
in agarose gel using HindIII restriction (Fig. 3). Based on 

https://CRAN.R-project.org/
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the location of HindIII digestion sites in the D. galeata 12S 
rRNA gene sequence, we expected to obtain three (135, 
145, and 323 bp) fragments. However, because of the very 

small difference in size of 135 and 145 bp fragments of 
the D. galeata 12S rRNA gene, these bands could not be 
resolved by electrophoresis. Consequently, only two bands 

D. pulex a

D. pulex b

D. pulicaria LB-RE1

D. pulicaria a

 D. middendorffiana a

D. obtusa a

D. magna a

D. longispina c

D. galeata d

D. galeata LB-RE2 97

100

96

70

98

0.02

Fig. 2   Neighbor-joining phylogenetic tree of two Daphnia species 
(D. pulicaria and D. galeata) based on partial sequences of the 12S 
rRNA gene. We used nucleotide substitutions, treating transitions 
and transversions equally, and conducted multiple sequence align-
ment using CLUSTALW (Thompson et  al. 1994). Support values 
greater than 70% are shown above branches. Bold letters indicate 

sequences obtained from the present study. Superscript letters indi-
cate sequences obtained from the following studies: a: Lehman et al. 
1995, b: Crease 1999, c: Gieβler and Englbrecht 2009 and d: Tok-
ishita et al. 2017. Detailed information on the sequences used, such as 
accession number, is shown in Table S1. The scale bars indicate the 
mean number of nucleotide substitutions per site

 62  3  4 5  7  8

No digestion  hind  digestion

300bp

500bp

D. pulicaria D. galeata airacilup .D ataelag .Dairacilup .D D. pulicaria

200bp

100bp

600bp

1

No digestion  hind  digestion

Fig. 3   Restriction fragment length polymorphism (RFLP) validation. 
Agarose gels showing the results of digestion with HindIII. Lanes 1 
and 6 show standard DNA size markers. Lanes 2, 3, and 7 show undi-
gested bands of the PCR products obtained for the 12S rRNA gene. 
Lanes 4, 5, and 8 show the specific band patterns for each species fol-
lowing digestion with HindIII. The yellow arrowheads indicate the 
bands of the digested PCR products. Specific bands for D. galeata 

and D. pulicaria were detected at 140 and 323  bp, and 289 and 
326 bp, respectively. The 140-bp band of D. galeata was expected to 
contain the 135 and 145 bp DNA fragments (based on the location of 
HindIII digestion sites in the 12S rRNA gene sequence) as the resolu-
tion of the gel was not sufficient to allow us to distinguish between 
these two bands
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(approximately 140 and 323 bp) were detected (yellow 
arrowheads in lane 5 of Fig. 3). In case of D. pulicaria, 
specific bands were also detected at 289 and 326 bp (yel-
low arrowheads in lane 4: LB-RE1 and lane 8: LB-RE3 
of Fig. 3) using two different samples, which confirmed 
the reproducibility of species discrimination. Thus, RFLP 
patterns were well defined and enabled the identification 
of 30 ephippia as either D. galeata (n = 12) or D. pulicaria 
(n = 18). We also performed phylogenetic analysis for ND5 
mtDNA at 877-bp length using mixed (10) (LB-RE1) and 
single (LB-RE3) ephippial samples, and were accordingly 
able to identify both ephippial samples as D. pulicaria, 
and revealed that the Lake Biwa population of D. pulicaria 
is genetically more closely related to populations distrib-
uted across the western regions of North America than 
to those distributed in Europe (Fig. 4). Consequently, by 
using a combination of sequencing and RFLP methods, we 
were able to obtain a dataset of 32 ephippia for D. galeata 
(n = 13) and D. pulicaria (n = 19), with individually 

measured ephippial sizes and a percentage identification 
of 13.5% (32 identified among 237 ephippia).

Morphological variation in ephippial size 
and statistical analysis

On the basis of our analysis of surface sediments, we 
detected 330 Daphnia ephippia, which had lengths 
and heights ranging from 0.47 to 1.30  mm and 0.36 
to 0.82  mm, respectively (Fig.  5). Sequencing and 
PCR–RFLP analyses of Daphnia ephippia revealed that 
the length and height of ephippia identified as D. galeata 
(n = 13) were smaller than 0.82 and 0.50 mm, respectively, 
whereas those of D. pulicaria (n = 19) were larger than 
0.87 and 0.53 mm, respectively (Fig. 5). Moreover, we 
detected a significant difference between the length of the 
ephippia of these two species (unpaired sample Student’s 
t test, t30 = 9.868, p < 0.001).

Fig. 4   Neighbor-joining phy-
logenetic tree of two Daph-
nia species based on partial 
sequences of the ND5 gene. We 
used nucleotide substitutions, 
treating transitions and transver-
sions equally, and conducted 
multiple sequence alignment 
using CLUSTALW (Thompson 
et al. 1994). Support values 
greater than 80% are shown 
above branches. Bold letters 
indicate sequences obtained 
in the present study. Detailed 
information on the sequences 
used, such as accession number, 
are shown in Table S2. The 
scale bars indicate the mean 
number of nucleotide substitu-
tions per site
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 D. pulicaria IN-16
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Radioactivity of 210Pb, 214Pb, and 137Cs CRS‑based 
chronology and historical variation in ephippial size

210Pb radioactivity in Lake Biwa sediments declines non-
exponentially with depth (Supplementary Fig. S1), thereby 
implying that sediment accumulation rates are not constant, 
and that the CRS model was the most appropriate for deter-
mining sediment age (Appleby and Oldfield 1978). The 210Pb 
chronologies revealed that the calendar year corresponding 
to a core depth of 28.5 cm (layer of 28–29 cm depth) was 
1924 (Supplementary Fig. S2). Although it was possible to 
estimate ages below a depth of 28.5 cm based on the CRS 
model, the calendar year estimates had considerably large 
errors (> 100 years), indicating that the chronology below 
the depth was not well defined. Above the 28.5-cm depth, 
such calendar age errors were estimated to be < 2 years after 
the 1980s, < 10 years after the 1950s, and < 25 years in the 
1930s. We expected the peak of 137Cs radioactivity (Sup-
plementary Fig. S1) to be detected at a depth of between 
20.5 cm (layer of 20–21 cm depth) and 18.5 cm (layer of 
18–19 cm depth), which is assigned to the fallout maxima 
around 1963 (Appleby 2001). The depth–age model esti-
mated by 210Pb dating was consistent with the depth/age of 
the 137Cs fallout maxima (Supplementary Fig. S2).

Profiles for magnetic susceptibilities and pigments were 
compared between the cores to estimate the chronology of 
the LB1 and LB4 cores according to that of the LB7 core. 
On the basis of a comparison of chlorophyll pigments, we 
identified two peaks and an inflection point as reference lay-
ers (Supplementary Fig. S3a). The first peak of the 13.5 cm 
layer (each layer was expressed as mid-depth; e.g., 13.5 cm 
for the 13–14 cm depth layer) in LB7 was comparable to 

that of the 12.5 and 14.5 cm layers in LB1 and LB4, respec-
tively. Simultaneously, the second peak of the 5.5 cm layer 
in LB7 was comparable to that of the 4.5 and 5.5 cm layers 
in LB1 and LB4, respectively. In all cores, an inflection layer 
indicating the start of an increasing trend was commonly 
detected at the 20.5 cm depth layer. Similarly, we detected 
two reference layers for the comparison of magnetic suscep-
tibilities (Supplementary Fig. S3b). The first reference layer 
was at the 17.5 cm depth layer in LB7 and was comparable 
to that of the 16.5 cm depth layer in LB1 and LB4. The sec-
ond layer was at a depth of 9.5 cm in LB1 and LB7 and was 
comparable to that at 8.5 cm in LB4. Therefore, the depth 
differences between the LB7 chronological core and those 
of LB1 and LB4 were at most 1 cm, indicating that the esti-
mated age difference between cores were less than 3 years 
after 2000, and throughout most of the core were even less 
than 5 years prior to the 1980s.

We separated and compiled the ephippial data from the 
sediment cores (LB1 and LB4) into two periods, i.e., prior 
to the 1980s (13.5–27.5 cm depth layers), during which D. 
galeata predominated, and after 2000 (0.5–7.5 cm depth lay-
ers), during which D. galeata and D. pulicaria coexisted 
(Liu et al. 2020). Figure 6a shows the difference in ephip-
pial length between D. galeata and D. pulicaria identified 
from DNA analysis as shown in Fig. 5. Figure 6b, c shows 
the compiled data of the lengths ephippia recovered from 
the sediment cores after around 2000 and before the 1980s 
(n = 126 and 213, respectively; LB1: 55 and 110, LB4: 71 
and 103, respectively). We found that prior to the 1980s, 
ephippial length showed a peak at approximately 0.6 mm 
and did not exceed 0.85 mm (Fig. 6c), and its distribution 
was almost concordant with that of identified D. galeata 

Fig. 5   Relationship between the 
length and height of Daph-
nia ephippia collected from 
the sediments of Lake Biwa 
(open circle). Some ephippia 
were identified as D. pulicaria 
(n = 19, filled squares) and D. 
galeata (n = 13, filled triangles) 
based on mitochondrial 12S 
rRNA gene and PCR–RFLP 
(restriction fragment length 
polymorphism) analyses
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(Fig. 6a). After 2000, ephippial length showed bimodal 
peaks at approximately 0.6 and 1.0 mm, with a wide range 
from 0.5 to 1.3 mm (Fig. 6b), and its distribution was con-
sistent with those of identified D. galeata and D. pulicaria 
in Fig. 6a.

Discussion

In this study, we examined the ephippia of Daphnia that have 
accumulated in the sediments of Lake Biwa over recent and 
historical periods. We successfully collected 330 ephippia 
from the surface sediments, among which 32 were identified 
as D. galeata (n = 13) or D. pulicaria (n = 19). PCR–RFLP 
analysis of Daphnia ephippia revealed different restriction 
patterns for D. galeata and D. pulicaria, which is consistent 
with the findings of previous studies that have distinguished 
Daphnia species based on ephippial carapace and resting 
eggs using RFLP analysis (Alric et al. 2016; Brede et al. 
2009; Ohtsuki et al. 2015; Petrusek et al. 2007). In the pre-
sent study, we also found that ephippia of both D. galeata 
and D. pulicaria were abundant in surface sediments, which 
is consistent with the findings of previous studies that have 
reported on the presence of ephippia of D. galeata in sedi-
ments over the past century (Tsugeki et al. 2009) and the 
relatively sudden appearance of ephippia of D. pulicaria 
after 1999 (Urabe et al. 2003). Our simultaneous detection of 
ephippia of these two species imply that they have been co-
existing in recent years and respectively producing resting 
eggs. Under favorable conditions, Daphnia typically repro-
duce parthenogenetically, but produce resting eggs to sur-
vive unfavorable conditions. Although species of Daphnia 
are among the major types of zooplankton present in Lake 
Biwa, they are virtually undetectable during some seasons 
(Liu et al. 2020; Yoshida et al. 2001). Therefore, it is highly 
probable that resting eggs enable each Daphnia species to 
maintain their populations under severe conditions.

In the present study, the length of Daphnia ephippia 
collected from recent surface sediments differed signifi-
cantly between the two assessed species, with the ephippia 
of D. pulicaria in the D. pulex group (subgenus Daphnia) 
being larger than those of D. galeata in the D. longispina 
group (subgenus Hyalodaphnia). Moreover, we estimated 
the boundary length differentiating the two species to be 
approximately 0.86 mm. These findings tend to be consist-
ent with the sedimentary records. We found that historical 
variations in the length of ephippia recovered from sediment 
cores were less than 0.85 mm between the 1980s and the 
early twentieth century during which time D. galeata was 
the predominant species in Lake Biwa (Miura and Cai 1990; 
Tsugeki et al. 2009). Conversely, in the years subsequent to 
2000, during which these species have coexisted (Liu et al. 
2020; Urabe et al. 2003), the maximum length of ephippia 
exceeded 0.85, reaching up to 1.3 mm. Similarly, a previous 
study has also shown that the ephippial length of Daphnia, 
mainly from D. galeata, in Lake Constance (Germany) has 
never exceeded 0.86 mm (Table 1; Jankowski and Straile 
2003). Furthermore, the lengths of the ephippia of D. long-
ispina (subgenus Hyalodaphnia) in Lake Fogo, Portugal 
(Skov et al. 2010), and lake Mamasin, Turkey (Kaya and 
Erdoğan 2014), have been found to be considerably smaller 
than 0.86 mm. Moreover, the minimum length of the ephip-
pia of D. pulex (subgenus Daphnia) collected from a per-
manent pool in Belgium is approximately 0.91 mm (Pinceel 
et al. 2016), which is notably larger than 0.86 mm. Such 
evidence indicates that as a morphological characteristic, 
ephippial length has potential utility with respect to distin-
guishing Daphnia species belonging to different subgenera, 
although further analyses are required to evaluate the poten-
tial application of ephippia in this regard. 

It has previously been established that there is a large 
genetic divergence between North America and Europe 
populations of D. pulicaria (Černý and Hebert 1999; Col-
bourne et al. 1998; Weider et al. 1999), which is reflected 
in larger differences in sequences of the ND5 mitochondrial 

Table 1   Variation in ephippia size for species of the subgenera, Hyalodaphnia and Daphnia species

The ephippia size such as average (SD), minimum, maximum and location, reference are specified

Ephippia length (μm)

Species Subgenus Average(SD) Min Max Sampling lakes References

Daphnia galeata Hyalodaphnia 651(71) 578 824 Lake Biwa, Japan This study
Daphnia hyalina, 

Daphnia galeata and its 
hybrid

Hyalodaphnia – 717 857 Lake Constance, Geramny Jankowski and Straile (2003)

Daphnia longispina Hyalodaphnia – 440 740 Lake Fogo, Portugal Skov et al. (2010)
Daphnia longispina Hyalodaphnia 405(45) 310 539 Lake Mamasın Dam, Turkey Kaya and Erdoğan (2014)
Daphnia pulicaria Daphnia 1017(114) 867 1294 Lake Biwa, Japan This study
Daphnia pulex Daphnia 1074(74) 908 1250 Permanent pool, Belgium Pinceel et al. (2016)
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gene across large geographical scales (Colbourne et al. 
1998). In the present study, the ND5 gene of D. pulicaria is 
phylogenetically more closely related to that of populations 
distributed across the western regions of North America than 
to those in Europe, corroborating a previous report regarding 
the sudden appearance of D. pulicaria in Lake Biwa (Urabe 
et al. 2003). Accordingly, it is reasonable to deduce that the 
phylogeny of D. pulicaria has remained unchanged since its 
appearance in this lake.

Conclusion

In the present study, ephippia of two Daphnia species, D. 
galeata and D. pulicaria, which inhabit Lake Biwa, were 
abundant in recent surface sediments. Considering the fact 
that Daphnia are almost undetectable in the water col-
umn during certain seasons (Liu et al. 2020; Yoshida et al. 
2001), the existence of ephippia in the sediments indicates 
that resting eggs have facilitated population survival and 
reestablishment of the two Daphnia species over the years. 
Furthermore, the length of Daphnia ephippia could be used 
to discriminate between D. galeata and D. pulicaria in Lake 
Biwa. In the lake, populations of the two Daphnia species 
have fluctuated substantially over the past several decades 
(Liu et al. 2020; Tsugeki et al. in preparation). As ephippial 
production is closely related to Daphnia population growth 
(McCauley et al. 1999), further investigations on the produc-
tion of different sizes of resting eggs could shed light on the 
factors influencing Daphnia population dynamics. Although 
the data obtained in the present study are admittedly limited, 
the information presented here could stimulate additional 
resurrection and reconstruction studies using ephippia, and 
could enhance our understanding of the biological and evo-
lutionary responses of Daphnia to environmental change.
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