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Summary

Since its invasion of Europe in the early 1980s, the long-lasting periods of valve closure (more than 5-1)
Asian clam Corbicula flumineahas become very abundant did the clams become anaerobic and accumulate succinate
in nearly all western river systems. Today this species is within their tissues (2umol gfresh mass). Succinate is
one of the most important biomass producers in the River transported into the mantle cavity fluid, where it reaches
Rhine. Monitoring the valve movements ofC. fluminea concentrations of 4—@mmol |-l Because this succinate-
over a period of 2 years revealed a circadian rhythm in enriched fluid must pass the gills when the valves open
summer, with extended periods (10-1R) of valve closure, again, we suggest that this anaerobic end product is at
predominantly in the morning hours. Altogether valve least partly reabsorbed, thus reducing the loss of valuable
movements were very scarce, frequently fewer than four substrates during anaerobiosis. Propionate was also
movements per individual per day. produced, but only during experimental N-incubation,

Simultaneous measurements of heat dissipation and under near-anoxic conditions.
oxygen consumption (calorespirometry) revealed an The intermittent metabolism of C. flumineais discussed
intermittent metabolism in the clam. With the onset of as an adaption to efficiently exploit the rare food supply,
valve closure,C. flumineareduced its metabolic rate to  saving substrates by the pronounced metabolic depression
10% of the standard metabolic rate (SMR) measured during valve closure.
when the valves were open. Nevertheless, this depressed
metabolism remained aerobic for several hours, enabling Key words: anaerobiosis, bivalve, Asian cla@urbicula fluminea
the clam to save energy and substrates compared to the calorimetry, circadian rhythm, metabolic depression, energy
requirements of the tenfold higher SMR. Only during  metabolism.

Introduction

Originating in South-East Asia, the claorbicula fluminea Because of its economic impact on artificial water currents
Muller 1774 successfully invaded the North American continensuch as irrigation channels or cooling water systems of power
from east to west between 1924 and 1975, and is still considerstations, there have been many investigations into the clam’s
to be a ‘pest species’ (McMahon, 1983, 2000). It then crosse@éactions to abiotic parameters (for reviews, see Doherty and
the Atlantic, presumably within the ballast water of ships, an€herry, 1988; McMahon, 2000). However, although the clam’s
since the early 1980s has spread all over Europe (Mouthowmalve movements are used to monitor water-borne stressors
1981). TodayC. flumineais found throughout Southern and (Doherty et al., 1987; Allen et al., 1996), little is known about
Western Europe (Bij de Vaate and Greijdanus-Klaas, 199@he animal’s energy metabolism during periods when the shells
Araujo et al., 1993) and has recently been recorded in Greate closed, nor about the clams’ natural valve closure
Britain (Aldridge and Miller, 2001) as well as in the Romaniarbehaviour throughout the year.
part of the River Danube (Bij de Vaate and Hulea, 2000). It is generally thought that bivalves with opened valves rely

The life history ofC. flumineas characterized by typical r- on an aerobic metabolism, mostly fuelled by glycogen. After
strategic features such as high fecundity, along with shodlosing the valves, however, most authors suggest that the
generation times and high growth rates (McMahon, 1983nclosed oxygen is spent within a few minutes (Widdows,
Meister, 1997). ThusC. flumineaoccurs in high abundance 1987), since the partial pressure of oxygen seems to decrease
wherever it is found, frequently more than 19@dividualsm?  rapidly in the mantle cavity, as measuredhitica islandica
(McMahon, 2000). Meister (1997) reported mean densitiefTaylor, 1976) and Mytilus edulis (Davenport and
of 350-600individualsm? in the Rhine, corresponding to a Woolmington, 1982). Anaerobic energy provision commences
biomass of kgm2 Thus,C. flumineais one of the most as soon as the partial pressure of oxygen falls below between
important biomass producers of the Rhine (Kinzelbach, 199520 and 50nmHg (Poértner et al., 1985). As environmental
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anaerobiosis commences, ATP is replenished by degradati® mgl-t MgSQu.7H0; 8mgl-t MgCl2.6H0; 23mgl-1
of a phosphagen (usually phospharginine in molluscs) and NaCl; 28mgl-t NaHCQs; 15mgl-1 KHCOs; 147mgl-1
glycolytic substrate phosphorylations, with lactate and opine€aCQ. Once a week the water was changed and the clams fed
(guanidoamino acids) accumulating as electron-accepting endth stinging-nettle leaf powder.
products. Later on, mitochondrial fumarate reduction with
concomitant formation of succinate, and the subsequent Valve closure behaviour
synthesis of propionate and acetate, provides most of the ATP.From August 1997 until August 1999 we continuously
The anaerobic ATP yield, which comprises at most 20% of theecorded the valve movements Gf flumineain the Rhine
aerobic energy provision, is not compensated by a Pasteusing two different bivalve monitors. The Dreissena-Mofitor
effect; instead, the energy expenditure of anaerobic mollus¢gnvicontrol, Kdéln, Germany) at Bad Honnef (64@) was
is usually markedly reduced (Grieshaber et al., 1994). Aupplied with 34 specimens; the MosselmoffitaiDelta
functional anaerobiosis is only demonstrated by some mobilgonsult, Kapelle, Netherlands) at Koblenz (%&@) carried
species such as some Pectinidae and Cardiidae, which amely eight specimens. Both monitors were situated in a bypass
capable of vigorous swimming and jumping movements, anthat permanently received water directly pumped out of the
is characterized by rapid degradation of a phosphagen, and @ver. Specimens o€. flumineawere attached onto holders
increased glycolytic flux, i.e. a Pasteur effect, leading to theith one valve, so that the movement of the other valve could
accumulation of lactate and/or opines (Grieshaber et al., 1994)e recorded. Whereas the Dreissena-Mofitases the
If bivalves become anaerobic during valve closure, evemteraction of a Reed Switch and a small magnet, which is
without ambient stressors, as suggested by some authaisied onto the free moving valve, the Mosselmofitor
(Higgins, 1980; Williams et al.,, 1993; Holopainen andmeasures the distance between two electric coils that are also
Penttinen, 1993; Sobral and Widdows, 1997), then one mugtued onto the valves (Fid). The signals from each single
question how these animals fuel inefficient anaerobic pathwayspecimen were recorded using a PC with monitor-specific
with enough substrates to endure long-lasting periods withigoftware. Valve movement data were processed and illustrated
closed valves. Obviously rapid exhaustion of substrates camith Excel and SigmaPlot software. The use of both measuring
only be prevented if the metabolic rate is lowered duringystems is well established in water surveillance projects and
anaerobiosis. But even when reduced down to 10% of thexicological behaviour studies (Jenner et al., 1989; Hoffmann
standard metabolic rate (SMR), the amount of substratest al., 1994; Borcherding and Wolf, 2001). Another
required to sustain the metabolism anaerobically still equals tidosselmonitoP was used in a thermostatted chamber inside
amount used during aerobic conditions (Hand and Hardewidhe laboratory, operated with circulated AFW at 15+0.5°C.
1996). Thus, the following questions arise. D@edluminea  After various time intervals, specimens with known valve-
reduce its metabolism during valve closure and to what extentPosure periods were collected and analysed for anaerobic end
And does this species really become anaerobic during valywoducts (see below).
closure?
In an attempt to answer these questions we continuously Determination of metabolic rates
monitored the metabolic rate 6f flumineaby simultaneously Heat dissipation and oxygen consumption rates of u@fed
measuring heat dissipation and oxygen consumption of clanfsimineawere measured simultaneously between 3 and 27 days
maintained in well aerated as well as hypoxic conditionsin an open-flow system (Fig). A single clam was placed
including numerous consecutive periods of valve closuranside the reaction chamber of the perfusion systems (‘2250
Anaerobic end products such as acetate, propionate and thel: 4ml or ‘2254 001’: 20ml) within the microcalorimeter
transient intermediate succinate (Grieshaber et al., 1994) weffEhermal activity Monitor (TAM) LKB 2277, Thermometric,
analysed in specimens incubated in aerated artificial freshwatéérfalla, Sweden], which was kept at precisely 15°C
(therein retaining their natural valve-closing behaviour) and(x0.001°C) and perfused with AFW at flow speeds of
in addition, in specimens incubated irp-8hturated water. 14-2Cmlh=1 and 30-40mlh1 for the 4ml and 20ml
Finally, we recorded the valve movements @f fluminea chamber, respectively. The oxygen concentration of the
directlyin situin the Rhine over more than 2 years to comparénflowing and the outflowing water was determined using
its natural behaviour with that seen in the laboratory. polarographic oxygen sensors (POS: Orbisphere, Geneva,
Switzerland), which are part of a respirometer (Twin-Flow 2,
Cyclobios, Innsbruck, Austria) situated inside a water bath (at
Materials and methods 15+0.5°C). The oxygen concentration and heat signal were
Clams Corbicula flumineaMdiller 1774 (shell length: continuously recordedia the Twin-Flow-Monitor, which also
10-32mm) were collected at low water from the Rhine atcompressed and converted the analogue data. These data were
Dusseldorf (73%m from the river source) using a long- recorded and processed by Cyclobios Software (‘Datgraf
handled sieve. They were sorted from the dredged gravel ada¢quisition’ and ‘Datgraf 2.1 Analysis’ © 1993 Michael
taken into the laboratory, where the clams were kept on gravBleck). Prior to and following each experiment, baseline heat
sediment in 10 tanks (at 15+0.5°C) containing aerated dissipation and oxygen consumption were measured in a blank
artificial freshwater (AFW: Neumann, 1960) consisting ofrun without an animal and used to correct the experimental
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reservoir); TF, twin-flow-respirometer with two oxygen sensors and
a 500ml reservoir inside a waterbath (WB; 15°C); A/D, analogue-
digital converter inside TF-monitor; P, peristaltic pump; TAM,
calorimeter with reaction and reference chamber; W, waste.

B Mossemonitor

Electric _
coil nitrogen was bubbled continuously through the incubation
water until the clams were removed for preparation of their
tissues. To analyse the onset of anaerobic metabolism as well
as the occurrence of a prolonged anaerobiosis, incubations
lasted 1, 2 and B or 1, 2 and 3 days, respectively. When a
clam was removed from the flask, the water enclosed by the
i valves was collected first, and is referred to below as mantle
Signal to PC cavity fluid because it represents the greatest fraction of the
collected fluid. Then foot, adductor muscles and gills were
Fig. 1. Measuring principle of the bivalve monitors. (A) The gissected and freeze-clamped (Wollenberger et al., 1960). All
Drassena-l\_/lomt&‘ (Borchgrdlng,_1992) contained 34 and (B) the yioq,e5 and the mantle cavity fluid were quickly transferred into
MosselmonitoP 8 measuring units at the same time (Hoffmannl. id nit d stored therei il tracted with
et al., 1994). Both figs slightly modified and reproduced with lquid nitrogen  and. store eremn untit - extracted wi
permission. perchloric acid (PCA) (see b_elow). SpeC|me_ns in th_e Iabo_ratory
taken out of the Mosselmonifbafter known time periods with
closed valves under normoxic conditions were prepared in the
data. At the end of an experiment the clam’s soft body tissusame manner.
was removed and either used for extracting metabolites or Metabolites were extracted according to Beis and
dried at 80°C for 2 days. Newsholme (1975). Tissues were ground with a mortar and
Metabolic rate is expressed inh}gldrymass (heat pestle under liquid nitrogen and added to RD@foot) or
dissipation) angimol h-1 g~ dry mass (oxygen consumption). 150pl (adductors and gills) of 0s®oll-1 PCA, which was
Using an oxycaloric equivalent of 4&0 mol1 O, (Gnaiger et approximately three times the volume of the tissues. Mantle
al., 1983a), it is possible to compare both rates and thus decidavity fluid was diluted by a factor of two with ol I-1
whether anaerobic pathways contribute to the clams’ enerdyCA. Then the extracts were homogenized and centrifuged at
provision. If the heat dissipation exceeds the converted valulst 000y, and the supernatant neutralised witm@ |- KOH
of the oxygen consumption, the difference in energyand centrifuged again. The remaining supernatant was stored
expenditure can only be the result of anaerobiosis (Gnhaigeat —20°C until analysed.

1983b; Widdows, 1987). Succinate, which indicates the onset of anaerobiosis in
. . mitochondria (Portner et al., 1985), was determined
Analysis of anaerobic end products enzymatically according to Beutler (1985). Succinate-CoA-

Levels of the main anaerobic end products, acetatesynthetase (SCS), an enzyme needed for this assay, is no longer
propionate and succinate, were estimated in the adductavailable commercially, but can be purified according to
muscles, foot, gills and mantle cavity fluid 6f fluminea  methods described by Buck et al. (1985) and Wolodko et al.
During near-anoxic incubations, clams were transferred int¢1994). The SCS that we used in this study was generously
flasks containing water that had previously been bubbled witprovided by Dr William Wolodko (University of Alberta,
nitrogen to guarantee Bo, of less than 0.4Pa. Later the Edmonton, Canada).
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Acetate and propionate were measured by gaand one period of opened valves each day, each period lasting
chromatography using a WCOT-column heated at 100°@r about 10-12. If the clams were disturbed, for example
(fused silica, coating CP-wax 58, FFAP-CB,i8% 0.53mm  during the maintenance of the monitor (R34, a break in
i.d.; Varian, Darmstadt, Germany). To separate acetate aillis rhythm could occur. The clams did not always close their
propionate, the gas chromatograph (GC; CP-9001, Varianalves in such a synchronous pattern (B#), but for most of
was operated with a split-splitless injector (270°C) and @he clams monitored in the Rhine this rhythmic pattern
flame ionisation detector (FID, 300°C). Prior to thepersisted from the end of April until mid-October, with a daily
injections, the extracts were diluted with an equivalentminimum at night (most animals closed at around h:Q0
amount of 1% HCI to convert the acids into their4:00h) and a maximum at late afternoon (most animals open
undissociated form. Samples {i) were injected manually between 16:00 to 18:00h). Fig.3B shows the magnitude of
using a 1Qul gas-tight syringe (type #1801, RNE; Hamilton, valve opening of the eight clams at Koblenz during a week in

Bonaduz, Switzerland). June 1998. Each value is the mean of a total of 420 readings
o taken every minute during each hour for each of the eight
Statistics specimens for 7 successive days6({ readings per hour per

For normally distributed data \
used one-way analysis of varial
(ANOVA); otherwise we used ti
Kruskal-Wallis one-way ANOV/
on ranks, to identify significa
differences P<0.05) betwee
samples and controls, marked by
asterisk. Statistical analyses w
performed with SigmaStat 1
(Jandel Scientific, Erkrat
Germany).

Results
Valve closure behaviour

Whereas the Dreissena-Monf#
only distinguishes between the o _—_— " m e Y
and closed states of the clam, 11.06.98 2.06.98 B.06.98 4.06.98 5.06.98 16.06.98 7.06.98 18.06.9t
Mosselmonitd? also estimates tt Date
gape of the valves. However, ot

Magnitude of shell gape (arbitrary units)

than rare small-scale moveme B 120-

the Mosselmonitdt recordings o ¢ M1
the clams’ valve movemer  $qq0. * A M2
revealed hardly any positions ot g M; " M3
than wide open or complete & 804 K ¢ Q ° o M4
closed (Fig3A). At both measurin T ¢ Y Q&

sites, the monitors revealed tha g 604, . A Ao YR M5
fluminea rarely closed its shel g * $oad ’ o M6
more than twice a day, but tF = 40'& ¢ v M7
usually stayed closed for abi % =

5-1Ch. Longer closing times of 1 = 098vy * M8

to several days were a 0 O Overall
occasionally recorded, mainly 0 2 4 6 8 10 D 14 16 18 20 22 24 meantso.
cold water temperatures during Time of day (h)

winter.
During the warmer months, t
clams showed a circadian rhythmr

Fig. 3. Valve movements of the eight specimens (M1-M8) in Koblenz during 11-17 June 1998,
recorded by the Mosselmonifor Water temperature varied between 19.1°C and 22.4°C.

. . (A) Continuous recordings of individual magnitudes of shell gape, in arbitrary units. For each trace,
valve opening, with valves open closed is the baseline level. Dotted lines mark the change of datehj0:Bériods of monitor

the aﬁemOC?” and predomlr!ar maintenance are indicated. (B) Individual means of the magnitude of shell gape at hourly intervals
closed at night. Some specim  throughout the day, calculated from the maximum of arbitrary units (in A) set as 100%, minimum
exhibited a strikingly reguli as 0%. White diamonds are mean valuesp+of the eight clams at each hour. *Minimum values,
pattern with one period of clos from 2:0Ch to 3:00h (22%), and maximum, from 18:80to 19:00 (87%), differ significantly.
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specimen). This figure clearly demonstrates that despite sorsenditions without any light. But in contrast to the valve
differences in behaviour during the week (e.g. afterclosure behaviour recordéd situin the Rhine, clams inside
maintenance of the monitor) and between the specimens, ttiee laboratory did not move synchronously at all. Rather, each
mean magnitude of valve closure of these eight animalslam followed its own rhythm for up to several weeks, with
(white diamonds) followed an impressive circadian rhythmdifferent periods and phases, until the rhythm was completely

Moreover, C. fluminea also showed circadian valve lost.

movements in the laboratory, despite being held under constantDuring winter the valve movements 6f flumineaalmost

M8

M7

M6
M5

T T T T T T T T T T T T T T T T T T T T T

11.02.99 12.02.99 302.99 #.0299 5.02.99 5.02.99 17.02.99 18.02.99
Date

Magnitude of skell gape (arbitrary units)

ceased and the clams stood open for
much longer periods, frequently up
to several days. Nevertheless, the
periods during which the valves
remained closed lengthened too,
especially on very cold days. At
water temperatures below 5°C
some clams remained closed inside
their valves for more than a week
without any movement at all

(Fig. 4).

Energy metabolism @. fluminea
Heat dissipationQ and rate of
oxygen consumptiorMo, mirror
the valve closure behaviour of
C. fluminea Its intermittent
metabolism  changed  rapidly
between periods of high and
low metabolic rate (Figh).

Fig. 4. Valve movements of the eight specimens (M1-M8) in Koblenz during 11-17 Februddpfortunately, a visual control of
1999, recorded by the MosselmonftorWater temperature varied between 3.1°C and 4.3°Cvalve  opening inside  the
Continuous recordings of individual magnitudes of shell gape, in arbitrary units. For each trag@lorimeter was impossible, but

closed is the baseline level. Dotted lines mark the change of datdj0:00
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Fig. 5. Metabolic rates o€. fluminea(J h-1 g-1dry mass) over a time period of nearly 2 weeks,
measured as heat dissipatiOn(red) and rate of oxygen consumptibly, (transformedvia the
oxycaloric equivalent: 45RImol1 Op; black), recorded in artificial freshwater at 15°C. During
the eighth day the water was bubbled with nitrogen.

because of the great similarity in
the patterns of valve movement
recordings and metabolic rates, it
is highly likely that the two are
closely correlated. The valve
closing behaviour in  the
Mosselmonito?  (Fig.3) was
similar to that in the calorimeter
(Fig.5) with alternating periods of
about 10-1h. Also, a circadian
rhythm frequently occurred (e.g.
first 5 days in Fig5) in the
metabolic rates, with one period at
a high metabolic rate and one
period of depressed metabolism
within a 24h period. During such
periods the metabolic rate was
at least ten times higher
(8.74+0.44)h1gldrymass for
the specimen in Fidg) than
during the depressed periods
(0.78+0.121h~1 g1 dry mass).

The separate integration of
metabolic rates during periods with
open and closed valves (FB).
clearly demonstrates that during
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12 Fig.6. Comparison of metabolic rateshf} g-1 dry mass] ofC.
A — Mo, Valvesopen flumineameasured by direct (heat dissipation) and indirect (rate
104 == Q of oxygen consumption) calorimetry. Integration of periods with
open (A) and closed (B) valves in artificial freshwater at 15°C.

81 Heat dissipation(; dark grey bars), oxygen consumptidog;

light grey bars). Each pair of bars (meanstt) represents one

of the 18 specimens used for calorespirometry, with open
(A) and closed (B) valves. The oxycalorific equivalent =
450kJmol1 Oy

levels in both the foot (0.13+0.98nol g1 freshmass) and
the adductor muscles (0.25+0 ol g1 freshmass) were
already significantly increased afteih Iof Ny incubation

Metabolic rate (Jh g dry masg
w
o

B = Moz Valvesclosed compared to the controls (0.04+00@hol g1 freshmass

251 l®’ and 0.05+0.0fmol g1 freshmass, respectively). After
more than 24 of incubation the concentration in all tissues

2.0 as well as in the mantle cavity fluid was significantly
elevated, reaching a maximum plateau after the second day

151 of incubation of approximately dmol g-1freshmass for
the tissues and @dmol mil in the mantle cavity fluid

104 (Fig. 7A; foot, 1.19+0.87umol g-1freshmass; adductors,
1.07+0.66umol g~ freshmass; gills, 0.78+0.18mol g

0.51 freshmass; mantle cavity fluid, 0.97+0 %ol mi-Y).

Acetate, in contrast, did not accumulate in the tissues; after
1 2 3456 7 8 910111213 141516 17 18 at least 24 of Nz incubation only the concentrations inside
the mantle cavity fluid were significantly elevated (ah24
0.28+0.19umolmli~%; at 4eh, 0.55+0.43umol mi-%;
controls,  0.11+0.0amolml-1).  Concentrations  of

Specimenanalysed

valve closureC. flumineadepressed its energy metabolism to : o
. syccinate, on the other hand, reached a significantly elevated
less than 10% of the standard metabolic rate (SMR) measur . . . : . .
; . .~ level in all tissues within the first I2 of Nz incubation
when the valves are open. For the 18 specimens investigat 1 .
. : . oot, 1.13+0.5lumol g freshmass; adductors, 2.90+
by calorespirometry the mean metabolic rate with close

1 . i 1
valves accounted for 9.3£2.7% (measured as heat dissipati:')‘é)w“mOI gfreshmass; gills, = 0.75+0.2fmol g fresh

or 9.143.5% (measured as oxygen consumption) of the ra ass) and remained at this level during prolonged incubations

with opened valves. This relative reduction of metabolis antle cavity fluid, and this has not been previously

ig. 7B). However, succinate also accumulates inside the
during valve closure was independent of mass, whereas t €monstrated in clams. Durina the first hour of hvpoxic
dissipated heat at both levels followed an allometric ’ g yp

relationship and could be calculated as: incubation, SL_Jccinate concentrations in the mantle cayity fluid
’ had already increased to 1.19+0i8tol mi-1 and remained

MRopen= 13.8%0-52(r2=0.78) significantly increased thereafter. In fact, it appeared as if the

succinate concentration in the mantle cavity fluid had not

= 46 (2=
and MRiosed= 1.65¢4 (r2=0.56), reached maximum levels, even after the longesth)72
where MR = heat dissipation W andx = dry mass in mg. incubations (Fig7B).
Comparing heat dissipation and oxygen consumpfi@the Unlike the N-incubated animals, clams removed from the

oxycaloric equivalent (45RJ mol-1 Op; Gnaiger et al., 1989), Mosselmonitd? (laboratory constant conditions, see above)
there is no doubt that the clams’ metabolism was completelyithout hypoxic stress, did not produce propionate, even after
aerobic during periods when the valves were open &i§8).  prolonged periods of valve closure of up to several days. In
Although in most cases the differences were still very smaltontrast to propionate, during ‘voluntary’ valve closure the
during periods with closed valves, occasionally the heaamounts of succinate accumulatedtyfluminean its tissues
dissipated exceeded the corresponding value of oxygemere equal to those accumulated in the-iftubation
consumption (Fig$, 6B). Thus, it is likely that anaerobiosis experiments (Fig8), e.g. after 2-3 days of valve closure,
contributed to the clams’ metabolism during these periods. succinate levels were 1.85+0.4fhol g-1freshmass (foot),
2.26+0.58umol g freshmass  (adductors) and 1.18%
Anaerobic end products 0.53pmol gL freshmass (gills). But the onset was delayed;
When incubated in near-anoxic conditiorS, fluminea there were no elevated concentrations of succinate in the
expressed a kind of anaerobiosis frequently described for othiéssues after 2-B of ‘voluntary’ valve closure: 0.56+
bivalves (De Zwaan et al., 1976; Isani et al., 1995). Propiona&18umol g-1freshmass (foot), 1.48+0.4@mol g-1fresh
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mass (adductors) and 0.52+0y2%ol g-1freshmass (gills).

As for the hypoxic

incubated specimens,

(Fig. 3), accompanied by a 90% decrease in metabolic rate
clams withduring valve closure. Moreover, the almost exactly matching

Mantle cavity fluid (umol mi—1)

Fig.7. Concentrations of (A)
propionate and (B) succinate in
foot, adductor muscles and gills
(umol gl freshmass) and in the
mantle cavity fluid gmol mi-1) of
C. fluminean controls and after N
incubation. Values are means #*
s.D.; humbers above the bars
indicate the number of animals
analysed. *Significant difference
(P<0.05) compared to the controls;
Tsignificant difference R<0.05) of

a whole group of tissues from the
controls.

of C. fluminea (reviewed by
Doherty and Cherry, 1988). We
therefore wished to find out how
the clam’s energy metabolism
contributes to the high fecundity
of this animal and thus its wide
propagation.

Previous experiments
suggested that bivalves remain
predominantly open within a
suitable environment. However,
consistent with some earlier
studies orC. fluminea(Doherty
et al., 1987; Ham and Peterson,
1994; Allen et al., 1996; Tran et
al., 2003), this study clearly
confirms that extended periods
of valve closure, frequently up
to 10-12h, are part of the
natural behaviour pattern of this
clam (Fig.3A). Furthermore, in
the Rhine its valve movements
followed a circadian rhythm
from April until October

‘voluntarily’ closed valves transported succinate from therates of heat dissipation and oxygen consumption §yicas

mitochondria into the mantle cavity, where the concentrationgell as the integrated energy demands of the corresponding
steadily increased up to 5.a6nhol mI-1 after more than 4 days intervals (Fig6) suggested that the clams’ energy metabolism
of valve closure (Fig8). remained aerobic almost all the time. However, under near-
anoxic conditions, C. fluminea did accumulate typical
anaerobic end products such as succinate and propionate in its
Discussion tissues, as well as in the mantle cavity fluid, and the
The Asian clamCorbicula flumineais a conspicuous concentrations of these metabolites were already significantly
neozoan, which has invaded many freshwater habitats in tleevated within the first hours of incubation (Fig. 7). But, in
United States and in Europe. It is quite common in mangontrast to the nitrogen-incubated animals, aerobically
European rivers and in the River Rhine it occurs at densitiégacubated specimens removed from the Mosselm&hitdrile
of 350-600animalsm~2 (Meister, 1997). Due to this enormous their shells were closed did not produce propionate, and the
presence in natural freshwater habitats, but also because ofatsset of succinate accumulation was delayed for several
density in man-made water channels and water-supply pipdsours (Fig. 8). After more than 2 days of valve closure,
there is considerable interest in the behaviour and propagatiblowever, the concentrations of succinate in the tissues
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Tablel. Aerobic metabolism continues for hours instidluminawith closed valves (two examples)

C. flumineg(mass) 200ngDM=1.4gFM 100CmgDM=7 g FM
Volume (ml)

Mantle cavity fluid 0.5-1.0 1-2

Tissué 14 7
Normoxic G content at 15°Cy(mol O2)P 0.60-0.76 25-2.8
Oxycalorific equivalent (9) 0.27-0.34 1.1-1.3
Metabolic rate at 15°C 19uwW=0.07Jh1 40 pW=0.14Jh1
Duration until Q is depleted (h) 4-5 8-9

DM, dry mass; FM, fresh mass.

a1 g FM tissue=1ml.

b0, content is 0.31Hmol mi-L,

cOxycalorific equivalent=0.43 umol= Oy,

dFrom the equation MR=1.6%45 where MR=heat dissipatiop\\V) andx=dry mass (mg).

(2-3umol glfreshmass) and mantle cavity fluid The metabolic rate of. flumineadeclines to 10% during
(4-6pumol mI-1) in the specimens also reached similar valuesalve closure, which is similar to the 90% reduction in heat
to those measured under conditions of hypoxic stress, evelissipation observed foPisidium amnicumand Sphaerium
though the animals were still in aerobic water. corneumby Holopainen and Penttinen (1993). Because these
To confirm our assumption th&. flumineasaves energy authors could not demonstrate any significant difference in the
during valve closure in normoxic water, we calculated howmetabolic rates of specimens with closed valves under
long the enclosed oxygen could fuel energy metabolism duringormoxic and anoxic conditions, they concluded that these
voluntary valve closure. Assuming approximately normoxicPisiid clams quickly became anaerobic after valve closure. By
conditions at the moment of valve closure and knowing theontrast, our measurements f@r flumineaprovide clear
volume of the mantle cavity fluid as well as the fresh mass advidence that this clam is able to remain aerobic for several
the soft body, it is possible to estimate the amount of oxygelnours during valve closure. The tremendous reduction in the
trapped inside the closed valves. From the oxycaloriclams’ metabolism after closing the valves saves a great
equivalent and the known metabolic rate occurring duringgmount of energy and substrates compared to the tenfold
valve closure, it can be calculated tl@at fluminearemains  higher metabolic rate when the valves are open. Such a large
aerobic for approximately 4-¥9after valve closure, depending decrease in metabolic rate, down to 10% or less of the standard
on the size of the individual (Tablg. This result confirms our metabolic rate (SMR), which is defined as the metabolic rate
assumption that larger specimens hardly become anaerobicadt rest, constant temperature, normoxia and without food
all during the usual daily period of valve closure. (Grieshaber et al., 1994; Hulbert and Else, 2000), has
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— O Fig.9. O content (Q@-data from North
—— Flumel: N=14 Rhine—-Westphalia  State  Environment
—— Flume2: N=13— 85 Agency) and valve closure behaviour @f

: : fluminea (27 specimens in parallel) inside
the Rhine at Bad Honnef during July 23-31
1998, recorded by the Dreissena-Morfitor
lllustrated are the proportions of opened
clams inside the two parallel flumes of the
monitor. Dotted lines indicate the change of
date, 0:0th, water temperature varied
between 22°C and 24°C.
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L 70 out of the tissues, instead of processing
it further into propionate. Perhaps
protons are discharged by cotransport
with succinate into the mantle cavity.
I+t 65 Regardless of the mechanism, succinate
23.07 2407 .07 .07 27.07 307 207 3007 3107 levels accumulated in the mantle cavity
Datein 1998 fluid clearly exceed the concentration
inside the tissues (Figs and 8). We
frequently been described among invertebrates facing sevett@nk this is another strategy for saving valuable substrates
stress (for a review, see Guppy and Withers, 1999). A reducechder anaerobic conditions, because some of this succinate
metabolism needs less energy and fewer substrates, whichnigy be reabsorbed when the valves open again. The
especially important if an animal has to rely on inefficientmorphology ofC. flumineaensures that the succinate-enriched
anaerobic pathways (Hochachka and Guppy, 1987; Grieshalygallial water has to pass the gills before leaving the clam. Its
et al., 1994). However, the ability to close the valves and thusantle is closely connated, with only narrow slits for the foot
protect the animal from any major environmental stress, su@dnd the adductor muscles (Kraemer, 1979). In addition, the
as predators, water pollution or contamination of the gillstypical gill structure of the Eulamellibranchia ensures that the
along with the concomitant reduction in the metabolic rate invhole water current has to pass the gill tisstiashe mantle
an aerobically respiring animal, saves an enormous amount Cévity.
energy and can be particularly beneficial during periods of But what are these energy and substrate savings needed for?
starvation. So far all the data portend to some kinds of unfavourable
In addition toC. fluminea(Allen et al., 1996; Tran et al., conditions underlying these energy-saving strategies. First of
2003) and the Pisiid clanphaerium corneurandPisidium  all, the need to save energy depends on the energy balance of
amnicum(Holopainen and Penttinen, 1993), long periods othe metabolism, characterised by the available food and stored
valve closure in conditions that are not obviously stressfulsubstrates on the one hand and the costs of growth,
lasting at least several hours, have also been reported f@production and sustenance on the other. There is only one
several other bivalve species, eAgodonta cygneéSalanki, reason that could explain the need for saving substrates: the
1965), Crassostrea virginicgHiggins, 1980)Mytilus edulis  clams are unable to get enough food out of the water to fulfil
(Kramer et al., 1989) ardreissena polymorph@orcherding, their requirements. But how is this possible while they exhibit
1992). Unfortunately, continuous and simultaneous direcsuch high productivity? A closer look at their main food
recordings of heat dissipation, oxygen consumption andupply, the phytoplankton, reveals that it has declined during
biochemical studies during such ‘voluntary’ valve closures areecent years. Data from the North Rhine—Westphalia State
lacking in these species. Environment Agency reveal that chlorophgltoncentrations
As revealed by the analysis of anaerobic end prodGcts, at Bad Honnef were mostly less than i1 (Table2),
flumineanevertheless does become anaerobic during extendedpecially after the spring bloom had disappeared. According
periods of valve closure (Fig), presumably after the enclosed to Foe and Knight (1985F;. flumineais already food-limited
oxygen is depleted. To our surprise, however, succinatat chlorophylla concentrations below 2@y |-1. Since 1993,
produced anaerobically is only processed into propionate undsuch high amounts are only found during the annual algal
conditions of artificial hypoxia (Figl). The production of bloom in spring. However, these chlorophyll concentrations
propionate,via methylmalonyl-CoA, is the most efficient (Table2) derive from weekly samples taken around 1800
anaerobic pathway, yielding more ATP than during anerobieand they may be higher in the afternoon. In the absence of
glycolysis and removing most protons from the given storagbetter data on chlorophydlconcentration, the hourly available
substrate (Hochachka and Guppy, 1987; Grieshaber et abxygen concentration may be used to indicate the diurnal
1994). Moreover, during ‘voluntary’ valve closure of more character of the phytoplankton concentrations inside the river.
than a dayC. flumineatransports the accumulating succinateMoreover, the @maxima fit perfectly with the times thét

Fractionof opened clams (%)

N
o
I
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Table2. Chlorophylla concentration in the Rhine at Bad  rhythms of bivalves, as well as the mechanisms involved in
Honnef the control of endogenous, circadian rhythms.
_ But what is so expensive in the clam’s SMR that it is
Chlorophyll &] -1
[ phyllal (kg 1) worthwhile depressing metabolism and isolating itself from the
Year Whole year CW10-20 CW 25-35 environment instead of increasing the amount of food obtained

1990 20.7 371 35.7 from the water current? Without considering controversial
1991 22.8 32.8 34.9 opinions on bivalves’ ability to control their filtration rate or
1992 19.2 33.6 21.8 to sort food particles of different nutritional values (Jgrgensen,
iggi 1?; i'g'g 13'3 1996; Ward et al., 1997; Bayne, 1998), there is no doubt that
1995 7:0 14:2 9:4 the gills dissipate a great part of the metqbollc energy becggse
1996 9.1 333 57 they are extremely densely covered by different kinds of cilia
1997 6.4 18.7 28 (Clemmesen and Jgrgensen, 1987; Riisgard and Larsen, 2000).
1998 3.0 4.3 3.1 Thus, in addition to the most important energy consumers such
1999 8.4 15.1 12.0 as protein turnover, ion regulation and the proton leak over
2000 3.7 10.4 2.2 the inner mitochondrial membrane, each comprising

approximately 20% of the oxygen consumption of the SMR
Values are means of whole years and the algal blooms in spriqgdochachka and Guppy, 1987; Brand et al., 2000; Pakay et al.,
(calendar weeks CW 10-20) and summer (CW 25-35). Data from002), the gills are another important target for saving energy
North Rhine-Westphalia State Environment Agency. during a metabolic depression. Bivalve gills are highly
developed organs whose main function is the filtration of food
particles, with gas exchange now regarded as less important
flumineakept its valves opened, indicating that the clams only{Jgrgensen, 1990). Especially under conditions of low food
filter feed during those hours of a day where the highest amousaipply it seems reasonable to cut down the costs of filter
of food is available (Fig). Nevertheless, the diurnally feeding by valve closure, because inside closed valves the cilia
changing oxygen tension might be involved in sustaining theiare thought to cease beating (Newell and Branch, 1980;
circadian rhythm, although ambient oxygen concentrationdgrgensen, 1990). This is presumably relevant for every
seemed to be too high (always above 60%s@&iuration) to bivalve species, buE. flumineaseems to coordinate the times
impose any serious stress on the bivalves. of valve closure with those of low food availability avide
Further support for a feeding-dependent rhythm comesgersathrough its circadian rhythm, so that the concomitantly
from the work of Borcherding (1992) and Williams et al. depressed metabolism can be sustained aerobically for about
(1993), who reported similar circadian rhythms in anothed—9h (Tablel).
freshwater specie®reissena polymorphand an Australian We conclude that by adopting an intermittent metabolism,
intertidal clam, Austrovenus stutchburyi respectively. rhythmically coordinated during the summer and accompanied
Feeding experiments at a constant oxygen supply revealéy an approximately tenfold reduced aerobic metabolic rate
that both bivalves altered their rhythm of valve closureduring valve closure, efficient exploitation of the available
according to the shift of food supply (Borcherding, 1992;food resources is guaranteed. Thus, saving substrates during
Williams and Pilditch, 1997). So it seems that the availablperiods of low food supply and ongoing aerobic energy
food rather than the ambient oxygen tension controls thmetabolism during normal periods of valve closure may
rhythm. It is also well known that bivalves lengthen theirsupport C. flumine& high productivity, namely its rapid
periods of valve closure under poor nutritional conditionggrowth and high fecundity.
(Higgins, 1980; Williams et al., 1993). Finally, Borcherding
(1992) demonstrated that the rhythm iDreissena We thank Dr William Wolodko for the Succinyl-CoA-
polymorphavanished if sufficient food was supplied. Hence,synthetase, Dr Jost Borcherding for the Dreissena-Mé&hitor
the difference between the chlorophyl maxima in the and everyone in the North Rhine-Westphalia State
afternoon and minima during the nights seems to be higAnvironment Agency and the German Federal Institute of
enough to induce the circadian oscillation in the valve closurglydrology for their support in obtaining the valve closure
behaviour of C. fluminea Especially at relatively high recordings. Financial support by the Federal Ministry of
temperatures during the summer, the daily chlorophylEducation and Research, Konrad-Adenauer-Stiftung (KAS)
maxima alone deliver enough food for the clams to sustaiand Deutsche Forschungsgemeinschaft (DFG) is also
their expensive metabolism, and it seems to be morgcknowledged. Last but not least we thank Professor Alan
economic to shut it down at night. Nevertheless, there mugtaylor for critically reading the manuscript.
be components of endogenous rhythm as well, because those
rhythms persisted, for at least some days, under the constant
conditions in the laboratory (Williams and Pilditch, 1997; this ) References . _
. . Aldridge, D. C. and Miiller, S. J. (2001). The Asiatic clamCorbicula
StUdy)' However, further work is needed to confirm the fluminea in Britain: Current status and potential impadtsConchol.37,
influence of food and/or oxygen concentrations on circadian 177-183.




Clam metabolism and valve closudl77

Allen, H. J., Waller, W. T., Acevedo, M. F., Morgan, E. L., Dickson, K. feeding behaviour of juveniCrassostrea virginica(Gmelin) I. Valve
L. and Kennedy, J. H.(1996). A minimally invasive technique to monitor movements and periodic activity. Exp. Mar. Biol. Ecol45, 229-244.
valve-movement behaviour in bivalvésaviron. Technol17, 501-507. Hochachka, P. W. and Guppy, M.(1987).Metabolic Arrest and the Control
Araujo, R., Moreno, D. and Ramos, M. A.(1993). The Asiatic clam of Biological Time Cambridge: Harvard University Press.
Corbicula fluminegMdiller, 1774) (Bivalvia: Corbiculidae) in Europam. Hoffmann, M., Blubaum-Gronau, E. and Krebs, F. (1994). Die
Malacol. Bull. 10, 39-49. Schalenbewegung von Muscheln als Indikator von Schadstoffen in der
Bayne, B. L. (1998). The physiology of suspension feeding by bivalve Gewasseriberwachur@chriften. Ver. Wasser Boden Lufth98. 125-149.
molluscs: an introduction to the Plymouth ‘TROPHEE’ workshbExp. Holopainen, I. J. and Penttinen, O. P(1993). Normoxic and anoxic heat
Mar. Biol. Ecol.219, 1-19. output of the freshwater bivalvé&isidium and Sphaeriuml. Rhythms of

Beis, J. and Newsholme, E. A1975). The contents of adenine nucleotides, spontaneous quiescence and behavioecologia93, 215-223.
phosphagens and some glycolytic intermediates in resting muscles frohtulbert, A. J. and Else, P. L.(2000). Mechanisms underlying the cost of

vertebrates and invertebrat®ochem. J152 23-32. living in animals.Ann. Rev. Physiob2, 207-235.
Beutler, H. O. (1989). Succinate. IMethods of Enzymatic Analygisd. H. Isani, G., Cattani, O., Zurzolo, M., Pagnucco, C. and Cortesi, 1995).
U. Bergmeyer), pp. 25-33. Weinheim: VCH Verlagsgesellschaft. Energy metabolism of the mussklytilus galloprovincialis during long-
Bij de Vaate, A. and Greijdanus-Klaas, M. (1990). The Asiatic clam, term anoxiaComp. Biochem. Physidl10B, 103-113.
Corbicula fluminea(Muller, 1774) (Pelecypoda, Corbiculidae), a new Jenner, H. A., Noppert, F. and Sikking, T.(1989). A new system for the
immigrant in The NetherlandBull. Zo6l. Mus. Amsterdarh2, 173-177. detection of valve-movement response of bivalMéema Scientific &

Bij de Vaate, A. and Hulea, O.(2000). Range extension of the Asiatic clam  Technical Reportg, 91-98.
Corbicula flumineaMdller 1774) in the River Danube: first record from Jgrgensen, C. B(1990).Bivalve Filter Feeding: Hydrodynamics, Bioenergetics,
RumaniaLauterbornia38, 23-26. Physiology and Ecologyredensborg, Denmark: Olsen & Olsen.
Borcherding, J. (1992). Another early warning system for the detection of Jargensen, C. B(1996). Bivalve filter feeding revisited/ar. Ecol.-Prog.
toxic discharges in the aquatic environment based on valve movements ofSer.142, 287-302.
the freshwater musseDreissena polymorphaln The Zebra Mussel Kinzelbach, R. (1995). Neozoans in European waters — Exemplifying the
Dreissena polymorpha (ed. D. Neumann and H. A. Jenner), pp. 127-146. worldwide process of invasion and species mixibxgerientiabl, 526-538.
Stuttgart: Jena; New York: Gustav Fischer Verlag. Kraemer, L. R. (1979). Corbicula (Bivalvia: Sphaeriaceays. indigenous
Borcherding, J. and Wolf, J.(2001). The influence of suspended particles on mussels (Bivalvia: Unionacea) in U.S. rivers: A hard case for interspecific
the acute toxicity of 2-chloro-4-nitro-aniline, cadmium, and competition?Am. Zool.19, 1085-1096.
pentachlorophenol on the valve movement response of the zebra musseghmer, K. J. M., Jenner, H. A. and De Zwart, D. (1989). The valve
(Dreissena polymorphaArch. Environ. Con. Tox0, 497-504. movement response of mussels: a tool in biological monitoring.
Brand, M. D., Bishop, T., Boutilier, R. G. and St Pierre, J.(2000). Hydrobiologia188/189 433-443.
Mitochondrial proton conductance, standard metabolic rate and metabolldcMahon, R. F. (1983). Ecology of an invasive pest bival@grbicula In
depression. IrLife In The Cold(ed. G. Heldmaier), pp. 413-30. Berlin: The Mollusca: Ecologfed. W. D. Russel-Hunter), pp. 505-561. New York:

Springer-Verlag. Academic Press Inc.
Buck, D., Spencer, M. E. and Guest, J. R1985). Primary structure of the McMahon, R. F. (2000). Invasive characteristics of the freshwater bivalve
Succinyl-CoA Synthetase &scherichia coliBiochemistry24, 6245-6252. Corbicula fluminea In Nonindigenous Freshwater Organisms. Vectors,
Clemmesen, B. and Jgrgensen, C. BL987). Energetic costs and efficiencies  Biology and Impactged. R. Claudi), pp. 315-343. Boca Raton: Lewis
of ciliary filter feeding.Mar. Biol. 94, 445-449. Publishers.

Davenport, J. and Woolmington, A. D.(1982). A new method of monitoring Meister, A. (1997). Lebenszyklus, Autokologie und Populationsdkologie der
ventilatory activity in mussels and its use in a study of ventilatory patterns Kérbchenmuschel@orbicula flumineaund Corbicula fluminaligBivalvia,
of Mytilus edulisL. J. Exp. Mar. Biol. Ecol62, 55-67. Corbiculidae) im Inselrhein, pp. 1-170. PhD thesis: Technische Universitat
De Zwaan, A. and Wijsman, T. C. M. (1976). Review: Anaerobic Darmstadt.
metabolism in bivalvia (Mollucsa). Characteristics of anaerobic metabolismMouthon, J. (1981). Sur la presence en France et au Portug@odaicula

Comp. Biochem. Physid6B, 313-324. (Bivalvia, Corbiculidae) originaire d’AsieBasteria45, 109-116.
Doherty, F. G. and Cherry, D. S.(1988). Tolerance of the Asiatic clam Neumann, D. (1960). Osmotische Resistenz und Osmoregulation der
Corbiculassp. to lethal levels of toxic stressors — A reviEwiron. Polln. Flussdeckelschneckeneodoxus fluviatili&. Biol. Zentral.79, 585-605.
51, 269-313. Newell, R. C. and Branch, G. M.(1980). The influence of temperature on
Doherty, F. G., Cherry, D. S. and Cairns, J., Jr(1987). Valve closure the maintenance of metabolic energy balance in marine invertelkdtes.
response of the Asiatic cla@orbicula flumineaexposed to cadmium and Mar. Biol. 17, 329-396.
zinc. Hydrobiologial53 159-167. Pakay, J. L., Withers, P. C., Hobbs, A. A. and Guppy, M(2002). In vivo
Foe, C. and Knight, A.(1985). The effect of phytoplankton and suspended downregulation of protein synthesis in the srid#élix aspersaduring
sediment on the growth @orbicula fluminea(Bivalvia). Hydrobiologia estivation.Am. J. Physiol.-Reg. 283 R197-R204.
127, 105-115. Poértner, H. P., Heisler, N. and Grieshaber, M. K. (1985). Oxygen
Gnaiger, E.(1983a). Calculation of energetic and biochemical equivalents of consumption and mode of energy production in the intertidal worm
respirometry oxygen consumption. Rolarographic Oxygen Sensofsd. Sipunculus nuduk.: Definition and characterization of the critical £fOr
E. Gnaiger and H. Forstner), pp. 337-345. Berlin: Springer Verlag. an oxyconformerResp. Physiolb9, 361-377.
Gnaiger, E. (1983b). Heat dissipation and energetic efficiency in animalRiisgard, H. U. and Larsen, P. S(2000). Comparative ecophysiology of
anoxibiosis: Economy contra powat.Exp. Zool228 471-490. active zoobenthic filter feeding, essence of current knowleddgea Res.

Gnaiger, E., Shick, J. M. and Widdows, J.(1989). Metabolic 44, 169-193.
microcalorimetry and respirometry of aquatic animalsTéthniques in  Salanki, J.(1965). Oxygen level as a specific regulator in the rhythmic activity
Comparative Respiratory Physiologgd. C. R. Bridges and P. J. Butler), of freshwater musse”Afodonta Cygneh.). Acta Biol. Hung15, 299-310.

pp. 112-135. Cambridge: Cambridge University Press. Sobral, P. and Widdows, J(1997). Influence of hypoxia and anoxia on the
Grieshaber, M. K., Hardewig, |., Kreutzer, U. and Pdrtner, H. O.(1994). physiological responses of the cldRuditapes decussatdsom southern

Physiological and metabolic responses to hypoxia in invertebrates. Portugal.Mar. Biol. 127, 455-461.

Physiol. Biochem. Pharmacdl25 44-147. Taylor, A. C. (1976). The cardiac responses to shell opening and closure in

Guppy, M. and Withers, P. (1999). Metabolic depression in animals: the bivalveArctica islandica J. Exp. Biol.64, 751-759.
physiological perspectives and biochemical generalizatiBios. Rev.74, Tran, D., Ciret, P., Ciutat, A., Durrieu, G. and Massabuau, J.-C(2003).

1-40. Estimation of potential and limits of bivalve closure response to detect
Ham, K. D. and Peterson, M. J.(1994). Effect of fluctuating low-level contaminants: Application to Cadmiutfnviron. Toxicol. ChenR2, 914-

chlorine concentrations on valve-movement behaviour of the Asiatic clam 920.

(Corbicula fluminea Environ. Toxicol. Chenil3, 493-498. Ward, J. E., Levinton, J. S., Shumway, S. E. and Cucci, T1997). Site of

Hand, S. C. and Hardewig, 1.(1996). Downregulation of cellular metabolism particle selection in a bivalve mollugdature390, 131-132.
during environmental stress: mechanisms and implicatidnau. Rev.  Widdows, J. (1987). Application of calorimetric methods in ecological
Physiol.58, 539-563. studies. InThermal and Energetic Studies of Cellular Biological Systems
Higgins, P. J.(1980). Effects of food availability on the valve movements and (ed. A. M. James), pp. 182-215. Bristol: John Wright.



4178 C. Ortmann and M. K. Grieshaber

Williams, B. G., Palmer, J. D. and Hutchinson, D. N(1993). Comparative ~ Wollenberger, A. O., Ristan, O. and Schoffa, G(1960). Eine einfache
studies of tidal rhythms XllI: Is a clam clock similar to those of other Technik der extrem schnellen Abkihlung groRerer Gewebesttikgers
intertidal animalsMar. Behav. Physio24, 1-14. Arch. 270, 399-412.

Williams, B. G. and Pilditch, C. A. (1997). The entrainment of persistent Wolodko, W. T., Fraser, M. E., James, M. N. G. and Bridger, W. A(1994).
tidal rhythmicity in a filter- feeding bivalve using cycles of food availability. =~ The crystal structure of succinyl-CoA-synthetase fiBscherichia coliat
J. Biol. Rhythn12, 173-181. 2.5 A ResolutionJ. Biol. Chem269, 10883-10890.



