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ABSTRACT

The development of cyanobacterial blooms in a small eutrophic pond was monitored along with the potential effect of
bioturbation by the red swamp crayfish Procambarus clarkii discussed as well with respect to the recruitment of cyanobacteria from
sediment. Cyanobacterial blooms were observed during the early spring and summer. The spring bloom was dominated by
Aphanizomenon flos-aquae. Its population density reached the maximum level in late March, thereafter decreasing rapidly and
becoming lower than the detection limit from May. When the water temperature exceeded 20 °C in late May, the population density
of Microcystis spp. began to increase, and a bloom was formed from July to early August. Anabaena spp. also contributed to the
Sformation of the summer bloom. The population densities of both Microcystis spp. and Anabaena spp. began to decline in mid
August. Crayfish were sampled using baited traps from April to November. No sample was obtained in April, whereas crayfish were
captured constantly from May to November. They were distributed widely throughout the pond from June, although a large number
of crayfish were captured most effectively at a particular point in the pond. The first captures in late May were dominated by males.
The sex ratio of the captures was almost 1:1 from June to September, and fell in favor of females from October. The sex ratio
reached a minimum (0.2:1) in mid November, when an extremely large number of crayfish were captured at a distinctly warm point.
Next, the potential ability of crayfish to promote the recruitment of cyanobacteria from the sediment was examined by performing an
incubation experiment. The presence of crayfish in containers of the pond sediment increased the densities of cyanobacteria such as
Microcystis spp. and Anabaena spp. However, population densities of cyanobacteria began to decline after the crayfish was
removed. Overall, bioturbation by crayfish seemed to be somewhat important in the dynamics of cyanobacterial blooms in the study
pond,; in addition, their effect varied with sex and season. Males may play an active role in the initiation of the bloom in late spring.
Conversely, females may contribute to the extension of bloom in late autumn. Both males and females contribute equally to the

maintenance of the bloom from summer to autumn.
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1. INTRODUCTION

Cyanobacterial bloom formation in eutrophic lakes
and ponds is a common phenomenon worldwide, and
mechanisms of initiation and maintenance of the bloom
have been extensively investigated. Cell division and
recruitment from the sediment are the major factors
contributing to the increase in cyanobacterial popula-
tions. As is well known, cell division or growth, is
regulated by various factors, including nutrient concen-
tration, irradiance and temperature. Laboratory studies
have demonstrated that the growth of cyanobacteria is
typically enhanced under a strong irradiance and at a
high temperature in nutrient-rich conditions (Tsujimura
& Okubo 2003; Yamamoto & Nakahara 2005a, b).
Above results partially explain the development of
cyanobacterial blooms in eutrophic environments from
spring to summer.

Interestingly, the recruitment of cyanobacteria from
sediment is also enhanced in analogous environments
that favor the growth of cyanobacteria or bloom forma-
tion, such as a low N:P ratio (Stahl-Delbanco et al.
2003), a strong irradiance (Barbiero 1993; Rengefors et

al. 2004) and high temperature (Brunberg & Blomqvist
2003; Karlsson-Elfgren & Brunberg 2004; Verspagen et
al. 2005). These findings may complicate the identifi-
cation of which factor, i.e. either growth or recruitment,
is more responsible for the increase in the planktonic
population of cyanobacteria. The extent to which
recruited cyanobacterial colonies or trichomes contrib-
utes to the increase in planktonic populations has often
been viewed as extremely minor (Reynolds ef al. 1981;
Trimbee & Harris 1984; Hansson ef al. 1994; Head et
al. 1999; Brunberg & Blomqvist 2003; Karlsson-EIf-
gren et al. 2003; Stahl-Delbanco et al. 2003; Karlsson-
Elfgren & Brunberg 2004). However, the recruited
cyanobacteria can contribute to the increase in plank-
tonic populations by not only recruitment per se, but
also following cell division. Once benthic populations
have been recruited to the water column, they cannot be
distinguished from that overwintered as plankton, unless
ex-benthic colonies are marked (Preston et al. 1980).
Furthermore, previous works have investigated the
recruitment of cyanobacteria from the sediment using
various traps (Tan et al. 2008), which apparently have
reduced the effect of the water current and prevented the
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Fig. 1. Map of Hirosawa-no-ike Pond showing sampling stations. Dotted area represents reed bed of Phragmites australis (Cav.)

Trin. ex. Steud. Arrows show the direction of water flow.

intrusion of zoobenthos; as is well known, wind-driven
current and bioturbation can enhance the resuspension
of benthic populations of microorganisms to the water
column (Schelske et al. 1995; Stdhl-Delbanco & Hans-
son 2002; Verspagen et al. 2004). Consequently, most
studies seem to have misunderstood the role of benthic
populations, thus likely underestimating the contribution
of benthic populations to bloom formation. Elucidating
the formation of cyanobacterial blooms warrants recon-
sidering the importance of benthic populations as
inocula for planktonic populations.

This study explores the possible effect of bioturba-
tion by crayfish on the recruitment of bloom-forming
cyanobacteria from sediment. Crayfish are representa-
tive macro zoobenthos in numerous freshwater ecosys-
tems globally, owing to both natural distribution and
artificial transplantation (Huner 2002; Taylor 2002).
Their main habitat is generally the sediment surface,
and so their activity, such as crawling and burrowing,
inevitably cause sediment resuspension. Therefore,
although these functions are reasonably assumed to
enhance the recruitment of cyanobacterial colonies or
trichomes from the sediment, the relationship between
crayfish-associated bioturbation and the formation of
cyanobacterial blooms has seldom been addressed. This
study thus attempts to elucidate this relationship by per-
forming a field survey and incubation experiment. In the
field survey, seasonal succession of cyanobacteria and
horizontal distribution of crayfish were investigated.
Moreover, whether crayfish can potentially enhance the
recruitment of cyanobacteria from the sediment was
examined by performing an incubation experiment.

2. METHODS
2.1. Study site

Hirosawa-no-ike Pond (surface area = 14 ha, mean
depth = 1 m) is an irrigational fish pond in Kyoto, Japan

(Fig. 1). This pond is classified as eutrophic with a peri-
odic outbreak of heavy cyanobacterial blooms annually.
The water is discharged from the pond in November to
harvest the cultivated fish (carp, crucian carp and gud-
geon). Nearly all of the sediment is exposed to air from
December to mid-February when the water is reintro-
duced for the new fish culture. In such a unique envi-
ronment, dormant cyanobacterial colonies or resting
spores are assumed to serve as inocula for the develop-
ment of the bloom (Yamamoto 2009b).

2.2. Water sampling

The Hirosawa-no-ike Pond was monitored almost
biweekly from 17 February to 24 November in 2007.
The surface water temperature was measured at the
wharf (Station F, 35°01'31.1"N, 135°41'28.4"E, see Fig.
1) at around 11:00. Each surface water sample was col-
lected using a 250 mL plastic bottle, and brought to the
laboratory within 1 hour. However, when crayfish sam-
pling, as described below, was performed on the same
day, the water sample was stored in a cool box. Popula-
tion densities of cyanobacteria were determined under
an inverted microscope (Nikon ECLIPSE TE300).

2.3. Crayfish in Hirosawa-no-ike Pond

The red swamp crayfish Procambarus clarkii
(Girard 1852) is native to North America and was intro-
duced in Japan in 1927. It subsequently spread rapidly
across the country and is now regarded as a common
zoobenthos, especially in small ponds and rivers.
Although exactly when the red swamp crayfish began to
inhabit Hirosawa-no-ike Pond is unknown, it has lived
in the pond for at least four decades (Matsui, personal
communication). In the pond, the red swamp crayfish is
the representative benthic macroinvertebrate along with
the freshwater shrimp Palaemon paucidens De Haan,
1844. The biomass of the red swamp crayfish likely
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exceeds that of freshwater shrimp, as inferred from very
few of the latter that entered baited traps (data not
shown). For convenience, the red swamp crayfish is
simply referred to below as crayfish since only one spe-
cies of crayfish lives in this pond.

2.4. Crayfish sampling

Crayfish were caught using a rectangular parallele-
piped-shaped trap (25 cm % 25 cm x 36 cm) that com-
prised a net (mesh size 2 mm) and wire. The trap con-
tains a small bag in which bait is put and two opposite
entrances (@ 6.5 cm). This trap was applied in this study
because it catches crayfish almost selectively without
injuring or weakening them. Dried squid (the traditional
diet in East Asia) was used as bait. Sampling was per-
formed once to four times monthly from April to
November 2007. The distribution pattern of the crayfish
was evaluated by setting six traps at the nearshore and
offshore stations (A—F, Fig. 1) between 12:00 and
13:00, and then raising them one hour later. However,
seven traps were used on 17 November, on which day
sampling was performed at seven stations (A—G). Sam-
pling positions were located using a portable global
positioning device FG-530 (Empex Instruments, Tokyo,
Japan). Supplementary samplings were performed sev-
eral times at station F after the regular sampling had
been completed, or on other days, to collect as many
samples as possible for statistical purposes. All captures
were brought alive to the laboratory, and the sex, body
length (from the back of the eye socket to the end of the
telson) and body weight of each were recorded. The sex
ratio of the captures was calculated when at least two
males and two females were captured in synchronous
samples.

2.5. Recruitment experiment

An incubation experiment was performed to exam-
ine the potential impact of crayfish-associated bioturba-
tion on the recruitment of cyanobacteria. Surface sedi-
ment was scooped with a dip net at the center of
Hirosawa-no-ike Pond on 18 August 2007, and brought
to the experimental farm (35°01'47"N, 135°47'03"E) in
the grounds of Kyoto University. Four plastic containers
(I, 1L, IIT and IV; 40 cm long x 35 cm wide % 25 cm
high) were placed next to each other. After 2 kg of
sediment was placed in each container, one-day-old tap
water was slowly poured into each container to a height
of approximately 3 cm below the top of the container.
To evaluate the effect of crayfish-associated bioturba-
tion on the community structure of cyanobacteria in the
water, four form I males captured on 18 August and
stocked in running water were used. One animal was
added or removed, according to the scheme in table 1.
Each container was covered with a wire sheet (mesh
size 1 cm) to prevent contamination by large foreign
substances and the escape of the crayfish. Surface water
temperatures in the containers were measured daily at
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noon from 19 August to 11 September using a mercury
thermometer. Surface water was collected in 100 mL
plastic bottles and brought to the laboratory within 5
min, where the population densities of Microcystis and
Anabaena were determined under an inverted micro-
scope. Crayfish were not fed throughout the experi-
mental period.

Tab. 1. Presence or absence of crayfish in containers.
Each circle represents the presence of a male crayfish.

container 19 Aug - 26 Aug 26 Aug-3Sep 3 Sep-11 Sep
1 o
11 o o)
I o o
v o o o
3. RESULTS

3.1. Field surveys

Surface water temperature tended upward from 31
March and exceeded 20 °C on 12 May (Fig. 2). After
peaking at 32.7 °C on 18 August, the temperature began
to drop sharply, falling below 20 °C after 20 October.
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Fig. 2. Change in water temperature in Hirosawa-no-ike Pond.

Aphanizomenon flos-aquae var. klebahnii Elenk.
was present in the water on 17 February and its popula-
tion density increased rapidly to the maximum (1.52 x
10* trichomes mL"') on 31 March, after which it
decreased rapidly (Fig. 3A). The net growth rates of Ap.
flos-aquae, as obtained by fitting a least-square linear
regression with the natural logarithm of trichome den-
sity from 17 February to 31 March was 0.16 d ' (Pear-
son's product moment correlation coefficient, =098,
n = 4, p <0.05). Three Microcystis species, i.e. M.
aeruginosa (Kiitz.) Kiitz., M. viridis (A.Br.) Lemm. and
M. wesenbergii (Kom.) Kom. in N. V. Kondr., were
detected already in February with relatively high densi-
ties (Fig. 3B). They started to increase from May. The
net growth rates of M. aeruginosa, M. viridis and M.
wesenbergii from 28 April (26 May for M. viridis) to 4
August were 0.075 d™' (/= 0.95, n = 8, p <0.01), 0.065
d' (¥=0.69,n=6, p<0.05)and 0.078 d* (Y =0.95, n
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= 8, p <0.01), respectively. All Microcystis species
reached their maximum on 4 August (M. aeruginosa:
4.50 x 10° colonies mL™", M. viridis: 1.67 x 10* colonies
mL™, M. wesenbergii: 2.50 x 10° colonies mL™"), and
then decreased sharply.
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Fig. 3. Changes in abundance of Aphanizomenon flos-aquae
(A), Microcystis spp. (B), Anabaena spp. (C) and Planktothrix
raciborskii (D) in Hirosawa-no-ike Pond.

The natural-logarithms of the population density of
Microcystis spp. were significantly correlated with
water temperature (¥ =046, n =21, p <0.001). Ana-
baena consisted of three representative species, i.e. An.
crassa (Lemm.) Kom.-Leg. & Cronb., An. flos-aquae
Bréb. ex Born. & Flah. and An. reniformis Lemm.
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emend. Aptekar (Fig. 3C). An. crassa increased in
March, and became undetectable during late May. It
reappeared in June, reaching an extremely high density
(1.6 x 10° trichomes mL") on 4 August, and then
sharply declined. A4n. flos-aquae and An. reniformis
appeared from mid-July. They reached maximum on 4
August and declined thereafter. Planktothrix raciborskii
(Wolosz.) Anagn. & Kom. appeared on 4 August and
peaked on 29 September (5.10 x 10* trichomes mL™),
thereafter falling rapidly (Fig. 3D). Raphidiopsis
mediterranea Skuja was present in the water only in
September with a very low population density (< 1.43 x
10* trichomes mL™") (data not shown).

Although the first attempt to sample crayfish was
made on 28 April, no crayfish were captured (Tab. 2).
The first crayfish were captured on the second attempts
on 23 May; at that time, seven males and one female
were captured. Subsequently, at least three crayfish
were captured in each trial until 17 November. They
were captured at stations A—F from June to November,
but the number of captures at station F greatly exceeded
those at other stations. Sampling at station G was per-
formed only on 17 November, and the highest number
of crayfish was captured at the time. The total number
of the captures reached 278 (101 males and 177
females). The body length and body weight of males
ranged from 41.4 to 82.4 mm with a mean of 64.2
(£7.72SD) mm and from 2.36 to 28.7 g with a mean of
12.1 (+4.87SD) g, respectively (data not shown). In
contrast, the body length and body weight of females
ranged from 49.7 to 89.5 mm with a mean of 68.2 (+
6.45SD) mm and from 4.54 to 32.1 g with a mean of
13.6 (#4.26SD) g, respectively. The sex ratio of the
captures varied with the season (Fig. 4). The captures on
23 May consisted of seven males and one female. The
sex ratio did not significantly differ from 1:1 from June
to September, but decreased significantly from 1:1 from
October, falling gradually to the minimum (0.20:1) on
17 November. No oviferous female was captured
throughout the study.
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Fig. 4. Change in percentage of male crayfish. Dashed line
represents percentage of males = 50% (sex ratio = 1:1). Error
bars indicate 95% confidence intervals. *: Significantly
different from 50% (p <0.05).




106

Y. Yamamoto

Tab. 2. Number of crayfish captured hourly at each sampling station. Asterisks
indicate supplementary samplings, using one trap (9 June and 23 June), three traps (22
September) and six traps (29 September, 20 October and 28 October). Numbers in
parentheses are numbers of crayfish captured in regular samplings.

A B C D E F G Total
28 Apr 0 0 0 0 0 0 . 0
23 May 0 4 0 0 0 4 - 8
9 Jun* - - - - - 4 - 4
16 Jun 1 1 . 0 2 4 y 8
20 Jun 1 1 6 1 2 8 § 19
23 Jun* - - - - - 3 - 3
20 Jul 0 2 3 3 3 10 . 21
18 Aug 5 0 4 0 1 1 . 11
22 Sep 2 1 0 2 3 8 - 16
22 Sep* . § : . § 16 . 16
29 Sep 2 5 6 2 4 7 - 26
29 Sep* - - - - - 30 - 30
20 Oct 0 4 1 1 6 5 . 17
20 Oct* - - - - - 31 - 3]
28 Oct 1 6 0 2 0 4 - 13
28 Oct* : : : : : 19 . 19
10 Nov 7 2 4 3 0 2 § 18
17 Nov 1 1 2 0 0 1 13 18
Total 20 27 26 14 21 157(34) 13 278(175)

3.2. Recruitment experiment

Four cyanobacteria species were detected in the
sediment sample. The population densities of M.
aeruginosa, M. viridis, M. wesenbergii and A. reni-
formis were 5220 colonies g, 430 colonies g, 3040
colonies g and 140 trichomes g, respectively. The
mean water temperature fluctuated between 24.7 and
28.9 °C from 19 August to 9 September, and decreased
rapidly from 10 September to 20.7 °C on 11 September
(Fig. 5A).

The representative recruited cyanobacteria genera
were Microcystis and Anabaena, which consisted of
three (M. aeruginosa, M. viridis and M. wesenbergii)
and two (An. crassa and An. reniformis) species,
respectively. The population density of Microcystis
ranged from 110 to 210 colonies mL™ on 19 August,
subsequently increasing to 960-1530 colonies mL™ on
20 August in the containers of crayfish (Fig. 5B). In
contrast, it remained low (<120 colonies mL™") in con-
tainers that had no crayfish. The mean colony densities
of Microcystis in containers with crayfish from 20 to 26
August significantly exceeded those in containers with-
out crayfish (paired #-test, n = 7, p <0.001). The same
tendency was observed for Anabaena: the trichome den-
sities of Anabaena in containers of crayfish from 20 to
26 August significantly exceeded those in containers
without crayfish (paired #-test, n = 7, p <0.001) (Fig.
5C). Newly adding crayfish to containers I and II on 26
August significantly increased the density of Micro-
cystis colonies on 27 August. From 27 August to 3
September, the colony density of Microcystis in con-
tainer II remained as high as those in containers III and
IV, whereas that in container I fell gradually to a mini-
mum (60 colonies mL™) on 2 September. The recruit-

ment of Anabaena was unremarkable and often below
the detection limit after 27 August. The removal of
crayfish on 3 September promoted the rate of drop in
the density of Microcystis colonies in container 1. In
contrast, the Microcystis colony density in container III
remained as high as that in container II until 8§ Septem-
ber, but declined rapidly from 9 September. In all con-
tainers, M. aeruginosa accounted for 49.8-71.0% of the
Microcystis population. The contribution of M. viridis
was almost negligible, as it represented only 0.7-1.0%.
An. reniformis represented 71.9-86.2% of the Anabaena
population.

4. DISCUSSION
4.1. Dynamics of cyanobacteria

Aphanizomenon flos-aquae was the only cyanobac-
teria species in the Hirosawa-no-ike Pond that grew in
March when the water temperature was below 15 °C,
implying that this species is adapted to low water tem-
peratures. Some investigators have reported the domi-
nance of Ap. flos-aquae during winter (Barbiero &
Welch 1992, Tsukada et al. 2006). However, according
to previous studies, it frequently appears as a compo-
nent of summer blooms (Pechar 1992; Takano & Hino
2000; Yamamoto & Nakahara 2005b, 2009a). Yama-
moto (2009a) has reported that natural populations of
Ap. flos-aquae can be divided into summer and winter
types, depending on their season of optimal growth. The
summer-type Ap. flos-aquae produces akinetes in
response to the drop in water temperature and overwin-
ters in the bottom sediment (Yamamoto & Nakahara
2009a). The winter-type 4. flos-aquae in Lake Yogo
(Shiga, Japan) is present in the water throughout the
year (Tsukada et al. 2006). Tsujimura et al. (2001)
demonstrated that the winter-type Ap. flos-aquae, as
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isolated from Lake Biwa, has an optimal range of water
temperature for growth between 23 and 29 °C, but it can
grow even at 8 °C, and can survive at 5 °C, although its
growth is suppressed. These results suggest that the
winter-type Ap. flos-aquae, including the population in
the study pond, can grow over a wide range of water
temperatures as well as during the winter due to its tol-
erance of low temperature, rather than a preference for it.
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Fig. 5. Changes in water temperature (A) and abundance of
Microcystis spp. (B) and Anabaena spp. (C) in each container.
Vertical dashed lines represent days when crayfish was either
added or removed (see Tab. 1).

Other cyanobacteria, such as Microcystis, Anabaena
and P. raciborskii, reached their maximum densities in
August or September when the water temperature
exceeded 23 °C, suggesting that they prefer high tem-
peratures. In recent years, the typical seasonal pattern of
cyanobacteria in Hirosawa-no-ike Pond has been the
exclusive dominance of Microcystis until the early
summer and the co-dominance of Microcystis and Ana-
baena during the summer, followed by the appearance
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of P. raciborskii (Yamamoto 2009a; Yamamoto &
Nakahara 2009b). The cyanobacteria in the water col-
umn are thought to originate in recruitment from the
sediment (Yamamoto 2009b). Since all of Hirosawa-no-
ike Pond is shallow, most of the pond sediment is a
favorable source of cyanobacteria (Hansson 1996;
Brunberg & Blomqvist 2003; Karlsson-Elfgren & Brun-
berg 2004). Temperature is an important factor that
regulates the recruitment of cyanobacteria from the
sediment (Tsujimura et al. 2000; Brunberg & Blomqvist
2003; Karlsson-Elfgren & Brunberg 2004; Ihle et al.
2005). Yamamoto (2009b) demonstrated that the
recruitment of Microcystis from the sediment increases
when the temperature exceeds 15 °C. However, the
population of Microcystis did not notably increase until
May, despite the fact that water temperature exceeded
15 °C from April. The threshold temperature for the
growth of Microcystis is around 15 °C (Robarts &
Zohary 1987; Tsukada 2006). Above results suggest that
neither recruitment from the sediment nor the growth of
Microcystis occurred, regardless of whether the tem-
perature in April was suitable, although the cause
remains uncertain. The population density of Micro-
cystis began to increase when the water temperature
exceeded 20 °C in May.

Nitrogen concentration has an important role in the
regulation of the cell buoyancy of cyanobacteria, and a
limited concentration of nitrogen reduces buoyancy
(Klemer et al. 1982; Spencer & King 1989; Brookes &
Ganf 2001). Although this study did not monitor the
seasonal change in nitrogen concentration, nitrogen
deficiency in the pond from late spring to autumn has
been typical in recent years, as the concentrations of
NH,'-N, NO,-N and NO;-N during this period often
decrease below or close to the detection limit (Tsukada
2006; Yamamoto 2009a; Yamamoto & Nakahara
2009b). Therefore, although temperature suffices for the
recruitment of cyanobacteria, continuous resuspension
of the sediment is assumed to be important not only in
supplying cyanobacterial colonies or trichomes to the
water column, but also in preventing them from sedi-
mentation due to nitrogen deficiency. One of the
important factors that contribute to sediment resuspen-
sion is the wind-driven water current, which promotes
the recruitment of cyanobacteria from the sediment
(Schelske et al. 1995). Another important factor is bio-
turbation by abundant animals, such as fish (Havens
1991; Matsuzaki et al. 2007) and benthic invertebrates
(Stahl-Delbanco & Hansson 2002). Although less well
studied, large zoobenthos, such as crayfish or crab may
have a particularly strong effect on the resuspension of
cyanobacteria and the sediment if they become domi-
nant. In the case of Hirosawa-no-ike Pond, crayfish P.
clarkii dominates the community of zoobenthos, and its
continuous activity at the sediment, such as crawling,
burrowing, feeding and fighting, may coincidentally
facilitate the recruitment of cyanobacteria.
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4.2. Behavior of crayfish

Hirakoso (2001) observed three types of burrow of
P. clarkii in a fallow rice field where the water man-
agement was analogous to that of Hirosawa-no-ike
Pond, and supposed that the length of a burrow reflects
the strategy of P. clarkii against sediment drying; they
start to burrow more deeply below or closer to the level
of groundwater in response to the drop in the water level
in autumn. Therefore, crayfish in the study pond are
assumed to remain in their burrows during winter when
the pond sediment is exposed to air, and then appear in
the water after the pond sediment has been covered with
water. Since the burrows of P. clarkii are normally sev-
eral tens of centimeters deep and occasionally over 1 m
long (Hirakoso 2001) and that they offer thermally sta-
ble environments (Payette & McGaw 2003), the tem-
perature inside the burrow may have remained low in
late April despite the fact that the temperature of the
water column had already increased sufficiently for the
crayfish to begin feeding (Croll & Watts 2004). There-
fore, the crayfish stayed in the bottom of their burrows
until late May when the temperature there seemed to
have increased sufficiently for them to become active
(Suko 1958; Nystrom 2002).

The captures were dominated by mature individuals,
based on body size (Suko 1958). Previous studies indi-
cated that adult crayfish are prone to be selectively
captured by baited traps, and thus the size structure of
captures may be biased toward large individuals with a
dominance of males (Gherardi & Barbaresi 2000; Dorn
et al. 2005; Faller et al. 2006). However, the results of
this study in terms of the sex ratio were not consistent
with this finding, since the number of females fre-
quently exceeded that of males and the sex ratio did not
significantly differ from 1:1 at least between June and
September. Notably, crayfish populations typically exist
with a sex ratio of 1:1 (Reynolds 2002), explaining why
information on the sex ratio of the captures is expected
to reflect that of the natural population in the pond. The
sex ratio of the captured crayfish varied with season;
males dominated the captures in late May, and females
dominated in October and November. These results may
suggest that the seasonal pattern of activity of crayfish
depends on sex, i.e. males are more active than females
in spring whereas females can remain highly active for
longer than the males in late autumn, and both males
and females are equally active from early summer to
autumn. However, the number of captures in August
when the water temperature approaches the annual
maximum was lower than those in the preceding or fol-
lowing month. This phenomenon appears to be owing to
that many crayfish had dug burrows and remained there
in August to avoid high temperatures (Nystrom 2002).

As is well known, juvenile and adult crayfish have
different habitat-use patterns; the former frequently
appear in shallow areas, while the latter prefer deeper
ones (Creed 1994; Englund & Krupa 2000). The depths
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of stations A-E and G ranged from 0.6 to 1.0 m and
these stations are relatively far from the shore; station F
has a depth of 0.8 m. These stations are assumed to be
relatively deep in the pond and may not be suitable
habitats for juveniles, possibly explaining the absence of
juveniles with body lengths below 41.4 mm in the cap-
tures. In the Hirosawa-no-ike Pond, cyanobacteria exist
in the sediment during the winter when the water is
drained; they can successfully survive there if the water
content of the sediment exceeds 40% (Yamamoto
2009b). The sediment in shallow areas is exposed to air
for longer than in deep areas. Shallow areas are thus not
conducive to the survival of cyanobacteria because they
dry easily. Therefore, the recruitment of cyanobacteria
in the study pond is inferred to occur primarily in deeper
areas of the pond (which is only 1.8 m deep at its deep-
est point), and bioturbation by adult crayfish in deeper
areas seems to be much more important than that by
juveniles in shallower areas.

4.3. Effect of bioturbation by crayfish on the
recruitment of cyanobacteria

The active feeding of crayfish from a wide range of
food sources can strongly affect the structure of food
webs (Nystrom 2002). In particular, the substantial
negative impact of P. clarkii on the diversity and struc-
ture of macrophytes has been well documented
(Feminella & Resh 1989; Anastacio ef al. 2000; Smart
et al. 2002; Rodriguez et al. 2003; Rodriguez et al.
2005). Rodriguez et al. (2003) noted that the propaga-
tion of P. clarkii caused the deterioration of the macro-
phytes in Lake Chozas in Spain, and that the main pri-
mary producers in the lake were replaced by Microcys-
tis. Previous studies explain this phenomenon in at least
two ways. First, the authors measured a high concentra-
tion of total phosphorus after the dominance of P.
clarkii, which favors the dominance of cyanobacteria
(Trimbee & Prepas 1987; Downing et al. 2001). Sec-
ond, the allelopathic influence of macrophytes no longer
suppressed the growth of cyanobacteria (Nakai et al.
1999; Korner & Nicklisch 2002). Additionally, the
direct impact of crayfish through bioturbation also
seems to be important. Crayfish can influence the
microalgal populations directly or indirectly through the
consumption of microalgae and invertebrate grazers, or
nutrient excretion, whereas these effects are generally
assumed to be insignificant (Nystrom 2002). However,
some investigators have reported the positive effect of
bioturbation by P. clarkii in supplying nutrients from
the sediment to the water column, which may promote
the growth of phytoplankters (Angeler et al. 2001;
Rodriguez et al. 2003). Moreover, the incubation
experiment in the present study showed that P. clarkii
can significantly promote the recruitment of cyanobac-
teria, and P. clarkii was extensively distributed in the
study pond from June to November. These results, com-
bined with the fact that P. clarkii can migrate a long
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distance within a short period (Gherardi & Barbaresi
2000; Gherardi et al. 2000) and can dig many burrows
by moving a large amount of sediment (Burras et al.
1995; Barbaresi et al. 2004), imply that bioturbation by
P. clarkii can influence the development of summer
blooms of cyanobacteria in waters in which P. clarkii is
abundant, such as the Hirosawa-no-ike Pond.
Recruitment and growth are the primary mecha-
nisms of the increase in the population densities of
cyanobacteria, and both are usually enhanced at high
temperatures. In Hirosawa-no-ike Pond, the seasonal
dynamics of Microcystis cannot be explained by only
growth, and the continuous recruitment of colonies from
the sediment may be importantly involved in maintain-
ing high densities of Microcystis during the summer and
autumn (Yamamoto & Tsukada 2009). Since the pond is
shallow, the wind-induced water current appears to sig-
nificantly impact the resuspension of sediment and
cyanobacteria, despite the lack of available data. Addi-
tionally, crayfish-associated bioturbation may also con-
tribute to the enhancement of the resuspension of ben-
thic cyanobacterial colonies, while considering the
effect of crayfish that facilitates the recruitment of
cyanobacteria and the wide distribution of crayfish in
the pond, as demonstrated in this study. Notably, the
first samples of crayfish were captured on 23 May when
the density of Microcystis began to increase. The num-
ber of captured crayfish on that day was small; however,
seven out of eight were males. This finding suggests the
possibility that males are generally more active than
females during this period; bioturbation by male cray-
fish enhances the recruitment of cyanobacteria and
thereby contributes to the initiation of the bloom. The
sex ratio was almost 1:1 from June to September.
Cyanobacterial bloom consisting of Microcystis, Ana-
baena and P. raciborskii occurred during this period,
hence both male and female crayfish seem to contribute
equally to the maintenance of the bloom by facilitating
the recruitment of cyanobacteria from the sediment.
However, the extent to which crayfish-associated bio-
turbation impacts the recruitment of cyanobacteria may
be significantly reduced during the mid summer owing
to the reduced activity of crayfish during this period.
The highest number of crayfish captured in this
study was at station G on 17 November when the water
temperature was rapidly declining. On that day, the
numbers of captures at other stations were far lower
than at station G. The water temperature at station G
from September to November 2006 was typically a few
degrees higher than at most of the other grid points set
across the pond, although the factors responsible for the
high temperature at this station have not been ascer-
tained (Yamamoto & Tsukada, unpublished data). Many
crayfish were reasonably assumed to have gathered
around this station owing to its warm environment. In
late autumn, when the water temperature is falling, the
recruitment of cyanobacteria from the sediment is
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assumed to occur locally at warmer points. The recruit-
ment of cyanobacteria at such points would be promoted
by bioturbation by accumulated animals. Since females
represented the larger part of the captures in November,
female crayfish can contribute to the extension of the
bloom by their intensive bioturbation at partially warm
points.

5. CONCLUSIONS

The wind-induced water current may be an impetus
for the recruitment of cyanobacteria from sediment in a
shallow pond. However, results of this study suggest the
potential influence of crayfish-associated bioturbation
on the dynamics of cyanobacteria in the Hirosawa-no-
ike Pond where the recruitment of cyanobacteria from
the sediment is assumed to be especially important in
the formation of cyanobacterial blooms. The seasonal
variation in the sex ratio of the captured crayfish has led
to the hypothesis that the relationship between crayfish-
associated bioturbation and the recruitment of cyano-
bacteria depends on crayfish sex and the season. Males
contribute the most to the initiation of the bloom in
spring. Conversely, females contribute to the extension
of the bloom in late autumn. Both males and females
contribute equally to the maintenance of the cyano-
bacerial bloom from the summer to autumn. The extent
to which such a relationship between crayfish-associ-
ated bioturbation and cyanobacterial recruitment hold in
other populations is unknown, since no analogous sea-
sonal variation in the sex ratio of P. clarkii has yet been
described. The extent to which crayfish-associated bio-
turbation contributes to the total recruitment of cyano-
bacteria warrants further study.
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