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Habitat Characteristics Influencing Distribution of the Freshwater 

Mussel Pronodularia japanensis and Potential Impact

on the Tokyo Bitterling, Tanakia tanago

Yoshihiro B. Akiyama* and Takashi Maruyama

Department of Aquatic Bioscience, Tokyo University of Fisheries,

4-5-7, Konan, Minato-ku, Tokyo 108-8477, Japan

The physical habitat characteristics associated with spatial distribution patterns of the freshwater 

mussel Pronodularia japanensis, which is used for oviposition by the Tokyo bitterling Tanakia 

tanago, were investigated in a small stream within a Tokyo bitterling protected area. The distribution 

of the mussels was found to be in an under-dispersed, non-random spatial pattern. Mussel occur-

rence correlated negatively with sediment softness, and positively with flow velocity, while mussel 

abundance was associated negatively with sediment softness and positively with sediment type 

(particle size). Furthermore, mussels were scarce in riverbed areas with a lack of sediment. These 

correlations suggest that the population dynamics of mussels and Tokyo bitterling may be influ-

enced by changes in stream sediment conditions. To conserve the symbiosis between Tokyo 

bitterlings and mussels, a suitable benthic environment is required.
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INTRODUCTION

The Tokyo bitterling Tanakia tanago (Tanaka), a cyprinid 

that lives only in the Kanto district of Japan (Nakamura, 

1969; Taki et al., 1994), uses freshwater mussels of the order 

Unionoida, such as Pronodularia japanensis (Lea), for their 

oviposition sites (Toida, 1988; Suguro, 1998 ; Hatakeyama 

and Akiyama, 2007). Accordingly, Tokyo bitterlings cannot 

reproduce in areas without unionid mussels, leading to pop-

ulation declines. Tokyo bitterlings were once widely distrib-

uted in the Kanto district; however, many populations were 

lost in the latter half of the 20th century. The cause of these 

extirpations is poorly understood, as the occurrences were 

not investigated at the time. In other bitterling species, how-

ever, the causes for their decline is reported to be the 

decreased abundance of mussels for oviposition (Reichard 

et al., 2004). The number of mussels available for oviposi-

tion constrains the total number of eggs spawned by 

females. Therefore, factors affecting mussel population 

dynamics are thought to influence the bitterling population. 

It has been reproted that the distribution of freshwater mus-

sels, which depends on landscape attributes (Vaughn and 

Taylor, 2000), is influenced by physical environmental fac-

tors (Negus, 1966; Way et al., 1989), and that such factors 

may also result in a decrease of bitterling populations. In the 

present study, environmental factors affecting the population 

of P. japanensis were determined.

MATERIALS AND METHODS

Study area

Sampling was performed in a protected area for T. tanago and 

P. japanensis in Ohtawara City, Tochigi Prefecture, central Japan. 

The protected area consists of a 4 ha pond and a small stream (Fig. 

1). The pond is surrounded by deciduous broad-leaved forest. The 

pond water flows into the stream, which flows through rice paddies, 

coniferous and broad-leaved forests, and into a marsh. The stream 

is 750 m long with a 0.84 m mean wetted width (range 0.3−1.6 m). 

Part of the upper portions of the stream banks is protected with 

bamboo logs.

T. tanago, and bivalves including P. japanensis, Corbicula sp. 

(probably C. leana (Prime): Komaru A. 2004, personal communica-

tion) and Anodonta sp. were observed in the stream on October 

24th, 2001. Although annual investigations have been performed, T. 

tanago has not been found in the stream since 2002 (Kaga and 

Oda, 2005, 2006; Oda, 2005; Sakai and Doi, 2007; Sakai et al., 

2008, 2009). Meanwhile, P. japanensis has been observed in later 

years, but the rate of juvenile mussels has gradually decreased 

(Kaga and Oda, 2006; Sakai and Doi, 2007). The presence of T. 

tanago and P. japanensis was restricted to the stream. Corbiculids 

are not used as an oviposition site for bitterlings in Japan (Kihira, 

1977; Fukumoto et al., 2008). Anodonta sp. was mainly present in 

the pond, and rarely observed in the stream. Periodically, within the 

protected area, accumulated mud on the streambed is removed and 

weeds on the banks are cut for agricultural purposes. P. japanensis

dug up with the mud were released into the sampling location. The 

removal of accumulated mud was carried out for agricultural man-

agement only in March every year.

Field data collection

Our research was carried out from 4 to 21 October 2001, seven 

months after the removal of accumulated mud from the streambed. 

The short-term effects of removal of accumulated mud on mussel 

distribution and mussel habitats were not considered major, given 

the length of time between mud removal and our research. Seventy-
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five sampling stations (total area 

3 m2) were established in the 

stream at 10 m intervals except 

for the location 370 m down-

stream from the uppermost 

research station, indicated by 

the arrow in the right-hand map 

in Fig. 1, which is a narrow closed

conduit. A small iron frame (0.2 

m × 0.2 m × 0.3 m) was placed 

on the stream substrate at a ran-

domly selected point from the 

right, center, and left side of 

each station.

To account for environmen-

tal factors affecting mussel dis-

tribution, the type of terrestrial 

landscape surrounding mussel 

habitat needs to be considered, 

as the landscape exerts a large 

influence on stream structure 

and function, and thus the distri-

bution of stream organisms 

(Allan, 1995) including freshwa-

ter mussels (Vaughn and Taylor, 

2000) as well. The longitudinal 

characters of the stream were 

divided into upper, middle, and 

lower reaches based on river-

bank landscape. The range of the upper reach was between 0 to 

210 m from the uppermost station, located along the edge of the for-

est. The middle reach ranges between 220 and 570 m from the 

uppermost station. This section is surrounded by paddy fields. The 

lower reach is located between 580 and 750 m, along the edge of 

the forest as in the upper reach, but in this section sluggish flow is 

dominant. These reach types were qualitatively coded, i.e. upper 

reach (1), middle reach (2) and lower reach (3), and were used for 

statistical analyses described below. The average water depth from 

four measurements at four corners of a quadrate, flow velocity just 

above the riverbed, sediment softness, and sediment type were 

measured at the center of each quadrate. Flow velocity was mea-

sured five times with a current meter (Kosumo-Rikken, Osaka, 

Japan) and averaged. Sediment softness was determined by 

immersing an aluminum bar (ϕ 8.5 mm) into the sediment with a 

downward pressure of 1 kg at the top of the bar. This method is very 

similar to the method in Kakino and Mizutani (2008) for evaluating 

the benthic habitats of the unionid mussel, Inversiunio jokohamensis

(Kobelt). Although the diameter of the bar in our method is different 

from that of Kakino and Mizutani (2008) using a bar (ϕ 7.4 mm), our 

method is effective for measuring the benthic habitat for mussels. 

Riverbed surface sediment type was visually observed and qualita-

tively coded into three categories, i.e. mud (1), sand (2), and pebble 

(3). To collect mussels, the iron frame was inserted into sediment 

and all substrates to a 10 cm depth inside the frame were collected 

and sieved with a 1 cm mesh size strainer, as P. japanensis can be 

found in depths of up to 5 cm of sediment (Onitsuka T, 2000, 

unpublished data). The number of mussels in the sample was 

counted, and shell lengths were measured with a vernier caliper. 

Sampling was performed from downstream to upstream stations, 

consecutively. Water temperature varied from 14.6 to 17.6°C during 

the research period, and no marked environmental changes within 

the protective area were observed.

Statistical analyses

Morisita’s index of dispersion (Iδ) was used to determine the 

spatial pattern of mussel distribution (Morisita, 1959). If individuals 

are randomly distributed within the plot, Iδ = 1; however, if individu-

als are distributed in clumps or patches (under-dispersed), Iδ > 1, 

while if individuals are uniformly distributed (hyper-dispersed), Iδ < 1.

The significance of bias from distribution randomness was tested by 

F-test (Morisita, 1959), with p < 0.05 considered to be statistically 

significant. Generalized linear mixed models (GLMMs, McCullagh 

and Nelder, 1989) were used to assess environmental variables 

affecting mussel distribution. GLMMs are an extension to general-

ized linear models (GLMs) in which the linear predictor accounts for 

random effect in addition to the usual fixed effects. The code of lon-

gitudinal reach type was used as random effect parameter in 

GLMMs. To analyse the relationship between mussel occurrence 

and environmental variables, GLMMs with binomial error distribu-

tion assumption and a logit-link function were used, whereas for the 

relationship between mussel abundance and environmental 

variables, GLMMs with a Poisson error assumption and a log-link 

function were used. Variance inflation factors (VIFs) were deter-

mined to check the presence of multicollinearity. High VIF values (> 

10) indicate multicollinearity between variables (Quinn and Keough, 

2002), and these were removed from the list of explanatory 

variables. A dispersion parameter, which was available residual 

deviance divided by the residual degrees of freedom, was used for 

detecting the presence of overdispersion (Crawley, 2007). Values of 

the dispersion parameters for GLMMs were 1.050 for the binomial 

error model, and 2.378 for the Poisson error model. Although the 

former was nearly 1, the latter was much greater than 1, which 

shows overdispersion of residual deviance. Accordingly, we chose 

variables based on Akaike’s information criterion (AIC, Akaike, 

1974) for GLMMs with binomial error and the quasi-Akaike’s 

information criterion (QAIC; Lebreton et al., 1992), which is a 

modification of AIC for model selection when residual deviance is 

over-dispersed (Burnham and Anderson, 2002; Richards, 2008), 

was used for GLMMs with Poisson error. The model with the lowest 

AIC or QAIC score is most likely to best represent the data. AIC or 

QAIC of models were calculated and models with ΔAIC or ΔQAIC < 2

were selected. We used the R.2.5.1 (R Development Core Team, 

2007) and glmmML package for R (Brostrom, 2006) for the 

analyses.

Fig. 1. Study site in the northern region of Tochigi Prefecture in central Japan. Seventy-five open circles 

and an arrow in the right figure indicate sampling stations, and the location of a narrow closed conduit, 

respectively.



Y. B. Akiyama and T. Maruyama914

RESULTS

P. japanensis was observed at 27 of the 75 stations, 

and 79 individuals were collected. Mussels were mainly dis-

tributed in upstream and downstream portions of the stream. 

The mean density was 26.3 individuals m–2 (0−525). 

Morisita’s index was 6.96; the mussels were therefore con-

sidered to be distributed in patches (F = 7.28, p < 0.01). The 

mussels were principally clumped the transitional area 

between riffle and pool. The shell length of the collected 

mussels ranged from 10 to 74 mm (Fig. 2).

Median and ranges of water depth and velocity, as well 

as sediment softness within the stream for all stations and 

for stations in which P. japanensis was found are presented 

in Table 1. Mud, sand, and pebble substrata were observed 

at 15, 42, and 18 stations, respectively. The range of sedi-

ment softness in which P. japanensis were observed was 

more restricted than that in all sites (Table 1). Suitable hard 

sediment for mussels (≤ 12.4 cm) was more dominant in the 

upper stream and accounted for 100%, 72%, and 65% in 

upper, middle and lower reaches. The VIFs of all measured 

variables were < 10, i.e. water velocity, 1.290; water depth, 

1.138; sediment softness, 1.238; sediment type, 1.159, and 

thus all these variables were included as explanatory vari-

ables in model selection. Four models for the occurrence of 

mussels and three models for their abundance of were 

selected (Tables 2, 3). Sediment softness was the best pre-

dictor in the variables applied to GLMMs for the occurrence 

of the mussels because it was selected only in all models 

(Table 2). Flow velocity, which remained in three of four fit-

ting models, represented the second best predictor. Sedi-

ment softness negatively correlated with the occurrence of 

the mussels. In contrast, flow velocity positively correlated 

with mussel occurrence. In other words, the probability of 

the mussel occurrence was low in areas with slower water 

flow and thickly accumulated sediments on the bottom of the 

stream. In fact, the mussels were not observed in areas 

where the thickness of accumulated sediments on the bot-

tom of the stream was > 13 cm (Fig. 3A). However, mussels 

were scarce in areas where accumulated sediment layer on 

the streambed was very thin or absent (Fig. 3A). In terms of 

flow velocity, a positive relationship to mussel occurrence 

could be found, but was weak (Fig. 3B). Meanwhile, sedi-

ment type and sediment softness were the best and the sec-

ond-best predictors in the fitting models for the abundance 

of the mussels, as the former was selected in all fitting mod-

els and the latter was selected in two of three (Table 3). 

Sediment type correlated positively with the abundance of 

the mussels, while sediment softness correlated negatively. 

Mussels were scarce in areas with small particle size sedi-

ments, or thickly accumulated sediments on the stream bot-

tom (Fig. 3A, C).

DISCUSSION

Various sizes of mussels, including 

small juveniles, were collected in the study 

area. This suggests that the mussels had 

reproduced in previous years and that mus-

sels of various ages survived, indicating that 

the stream is a suitable habitat for the mus-

sels. P. japanensis were found in clumped 

or under-dispersed distributions. In a previ-

ous study, mussels were also reported to be 

unevenly distributed (Kitamura, 2007). One 

of the causes of the patchy distribution of 

mussels is the condition of the streambed 

sediment. The distribution of freshwater 

mussels has been reported to be influenced 

by sediment condition, flow velocity, water 

depth, wetted riverbed width, and canopy 

(Neves and Widlak, 1987; Hastie et al., 

2000; Johnson and Brown, 2000; Stone et 

al., 2004). In our study, canopy was not 

Fig. 2. Size frequency of Pronodularia japanensis in the study 

area.

Table 1. Observed ranges of physical environmental variables.

All sites Sites with P. japanensis

Median 95% CI Range Median 95% CI Range

Water depth (cm) 11 5−22 5−28 12 6−18 5−19

Velocity (cm/s) 16 7−28 4−36 17 8−31 6−36

Sediment softness (cm)  7.6 1.1−30.8 0−40.9  4.9 1.3−11.6 0−12.4

 

Table 2. Regression coefficients ± SE for the fitted models with ΔAIC < 2 predicting the 

occurrence of Pronodularia japanensis based on flow velocity, water depth, sediment 

softness, and sediment type (particle size of sediment) using GLMMs with a binomial 

error and logit link.

ΔAIC Velocity Water depth Sediment softness Sediment type Intercept

0 0.085 ± 0.054 −0.131 ± 0.065 −1.082 ± 1.268

0.667 −0.159 ± 0.063  0.578 ± 0.618

1.429 0.100 ± 0.059 0.062 ± 0.083 −0.127 ± 0.064 −2.117 ± 1.893

1.986 0.086 ± 0.056 −0.134 ± 0.067 −0.061 ± 0.512 −0.968 ± 1.583

Table 3. Regression coefficients ± SE for the fitted models with ΔQAIC < 2 predicting 

the abundance of Pronodularia japanensis based on flow velocity, water depth, 

sediment softness, and sediment type (particle size of sediment) using GLMMs with a 

Poisson error and log link.

ΔQAIC Velocity Water depth Sediment softness Sediment type Intercept

0 −0.055 ± 0.027 0.821 ± 0.212 −1.514 ± 0.680

1.365 0.051 ± 0.037 −0.054 ± 0.027 0.822 ± 0.213 −2.126 ± 0.852

1.816 0.970 ± 0.203 −2.238 ± 0.613
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evaluated as most trees were defoliating during the research 

period, and we could not discriminate between the presence 

and absence of canopy. In these factors, sediment condition 

has been reported to significantly influence the distribution 

of many mussel species (Harman, 1972; Box and Mossa, 

1999; Hastie et al., 2000). In our study area, the range of the 

habitat occupied by P. japanensis was limited by sediment 

softness rather than flow velocity. Accordingly, the abun-

dance of the mussels decreased with the increasing soft-

ness of the riverbed substrate, and with the accumulation of 

fine or sediment, or the lack of sedimentation. These results 

suggest that sediment condition is one of the significant fac-

tors for the habitat of the mussels and that the preferable 

sediment condition for the mussels, i.e., hard pebbly sedi-

ment, could be often found in the area with narrow stream 

width and rapid flow over hard sediment. This concurs with 

other studies reporting that sediment type affects the abun-

dance of mussels. Kondo (1998) showed that the density of 

P. japanensis decreased with a reduction of sediment parti-

cle size similar to the results of the present study, but that 

study does not clarify the relationship between thickness of 

accumulated fine sediment and mussel abundance. Fine 

substrate sediments have been reported to increase the 

mortality rate in some freshwater mussel species (Ellis, 

1936). The mortality rates of four freshwater mussel spe-

cies, Lampsilis teres (Rafinesque), Obliquaria reflexa

(Rafinesque), Quadrula quadrula (Rafinesque) and Q. 

metanevra (Rafinesque), are reported to be very low for 

those that live in areas with little silt, but their mortality rate 

is ≥ 90% when a silt layer permanently covers the sand or 

gravel (Ellis, 1936). The result of this experiment demon-

strates that mortality is influenced by not only sediment par-

ticle size but also sediment softness, as substrate covered 

with silt could be assumed to be softer than substrate with 

little silt. Moreover, sediment condition may also influence 

the population dynamics of T. tanago, as the rate of bitter-

ling reproductive success depends on the number of 

mussels. The total number of eggs spawned by female 

bitterlings has shown to be constrained by the number of 

mussels available for oviposition (Reichard et al., 2004). 

Furthermore, fine sediments can clog the gills of mussels 

(Ellis, 1936) and interfere with filter feeding (Kat, 1982; 

Aldridge et al., 1987), thereby decreasing the flow rate of 

water through the mussels and 

affecting the embryonic develop-

ment of bitterlings due to a lack of 

oxygen (Kamler, 1992; Aldridge, 

1999). For the preservation of sym-

biosis between bitterlings and mus-

sels, a suitable benthic environment 

as well as adequate water quality 

and food resources for both ani-

mals, and the presence of host fish 

for mussels, are all required. How-

ever, the method by which sediment 

condition influences P. japanensis

was not clear in the present study. 

Hence, a laboratory experiment 

regarding the effects of sediment on 

mussels, i.e. an experiment on the 

relationship between sediment size 

and abundance and the physiological responses of mussels 

is required to assist in the conservation and restoration of T. 

tanago.
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