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    Chapter 7   
 Local Adaptations of Circalunar 
and Circadian Clocks: The Case 
of  Clunio marinus  

             Tobias     S.     Kaiser    

    Abstract     Biological clocks are considered to increase an organism’s fi tness in that 
they allow the synchronization of reproduction, physiology, and behavior with envi-
ronmental conditions. Indirect evidence for the biological fi tness value comes from 
the existence of local timing adaptations within a species. Some of the most clear 
cut examples of adaptations in circalunar and circadian clocks are found in the inter-
tidal midge  Clunio marinus . In adaptation to the local tidal regime, populations of 
this insect differ in the phase of the circadian clock, as well as in the phase, period, 
and zeitgeber sensitivity of the circalunar clock. These differences allow compara-
tive genetic and molecular studies that may both shed light on the evolutionary 
forces shaping biological clocks and unravel the fi rst known molecular components 
of a circalunar clock.  

  Keywords     Evolution   •   Fitness   •   Population genetics   •   Quantitative trait locus 
(QTL)   •   Temporal isolation  

7.1         Introduction: Selected Evolutionary Aspects 
of Circatidal and Circalunar Clocks 

7.1.1     The Adaptive Value of Circatidal and Circalunar Clocks 

 Biological clocks are at the core of some of the most fascinating phenomena in biol-
ogy, ranging from the time-compensated sun-compass orientation of the migratory 
monarch butterfl y to the swarming of the palolo worm during a few predictable 
nights a year. With astonishing precision, circatidal, circadian, circa(semi)lunar, and 
circannual clocks capture the environmental cycles that are driven by the earth’s 
rotation around its axis, the earth’s revolution around the sun, and the revolution of 
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the moon around the earth. It is reasonable to assume that biological clocks have 
evolved because they enhance an organism’s  fi tness , that is, its longevity and repro-
ductive success, by allowing the organism to coordinate its physiology or behavior 
with environmental cycles. However, experimental validation of this hypothesis has 
turned out to be challenging. Even for the adaptive value (i.e., the ‘fi tness advan-
tage’) of circadian clocks, convincing evidence has been presented in only a few 
tractable systems (O’Donnell et al.  2011 ; Saunders  1972 ; Ouyang et al.  1998 ; Dodd 
et al.  2005 ) (for a review of other evidence, see Yerushalmi and Green  2009 ). 

 Circatidal and circalunar clocks are primarily found in marine organisms, and 
two major hypotheses have been discussed with respect to their adaptive value 
(Christy  1978 ; Pearse  1990 ; Naylor  2001 ). 

 On the one hand, circatidal and circalunar clocks may time an organism’s activ-
ity or reproduction to the most suitable times of the tidal cycle. This capacity is most 
important in intertidal zones, which experience strong fl uctuations in physical con-
ditions. Circalunar clocks come into play here because the tidal cycle is modulated 
across the lunar cycle (see Chap.   1     by Neumann, this volume, Sect.   1.2.1    ). This 
hypothesis may hold true for many crustaceans (e.g.,  Eurydice pulchra : Reid and 
Naylor  1985 ; Zhang et al.  2013 ;  Excirolana chiltoni : Klapow  1972 ; Enright  1972 ; 
 Sesarma haematocheir : Saigusa  1986 ; Saigusa  1980 ), and the marine midge  Clunio 
marinus  (see Chap.   1     by Neumann, this volume, and this chapter). 

 On the other hand, circalunar clocks in particular may synchronize reproduction 
within a population, which may be especially important for organisms with external 
fertilization, such as corals (Harrison et al.  1984 ) and marine annelids ( Eunice viridis : 
Hauenschild et al.  1968 ;  Platynereis dumerilii : Hauenschild  1960 ; Zantke et al.  2013 ; 
 Typosyllis prolifera : Franke  1985 ). Lunar cues may also serve to synchronize repro-
duction in tropical regions where distinct seasonal cues are not available. A striking 
example may be the lunar-synchronized mass emergence of midges from tropical 
lakes (Corbet  1958 ; Hartland-Rowe  1955 ). There are many other ways in which lunar 
cycles can infl uence an organism’s fi tness (Kronfeld-Schor et al.  2013 ), but in most 
cases evidence for the involvement of an endogenous circalunar clock is lacking. 

 There has been very limited experimental testing of the adaptive value of circalu-
nar and circatidal clocks. For the marine midge  Pontomyia oceana , which times its 
reproduction to distinct tidal situations by combining circalunar and circadian 
clocks (similar to  C. marinus ; see Chap.   1     by Neumann, this volume, and the fol-
lowing sections of this chapter), it was tested whether there is a fi tness difference 
between the midges emerging in the full moon peak versus the new moon peak of a 
semilunar rhythm. The authors found no difference and concluded that emergence 
during both new moon and full moon spring tides is a  bet-hedging strategy , which 
allows the organism to cope better with stochastic variation in the tides (Soong and 
Leu  2005 ). The same insect served to test the two hypotheses on the adaptive value 
of tide-related clocks in terms of the synchronization of reproduction versus timing 
to the tides. As already mentioned,  P. oceana  does not have a circatidal clock but 
instead relies on a circadian clock in combination with a circasemilunar clock to 
time emergence to the tides. The precision of circadian reproductive timing within 
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the population was found to be higher than the accuracy of coordination with the 
tides (which also depends on the circalunar clock). This observation suggests that in 
 P. oceana  the adaptive value is rather synchronization of reproduction within the 
population (Soong et al.  2006 ).  

7.1.2     Local Adaptation 

 Indirect evidence for the adaptive value of circatidal and circalunar clocks comes 
from the existence of local adaptations in these clocks, that is, from clock-controlled 
differences in tidal and lunar rhythms within one species that correlate with differ-
ences in the environmental cycles which the species experiences across its geographic 
range. Generally,  adaptations  are defi ned in terms of fi tness, that is, as characteristics 
that enhance an organism’s survival or reproduction, relative to alternative character 
states. They are caused by natural selection and therefore must have a genetic basis 
(Futuyma  2009 ).  Phenotypic plasticity , an environmentally induced change of a 
character during an organism’s lifetime, also enhances an organism’s performance 
in a specifi c environment (cf. Naylor  1989  with respect to tidal and lunar clocks). 
These changes are not embraced by the term adaptation in its evolutionary sense.  

7.1.3     Temporal Isolation 

 Local adaptations in timing are particularly interesting if they affect reproduction. 
In these cases they may entail temporal isolation between populations, representing a 
prezygotic reproductive barrier (Dobzhansky  1937 ; Mayr  1942 ,  1970 ). Most studies 
on temporal isolation are concerned with seasonal differences in reproductive timing, 
be it in terrestrial (Alexander and Bigelow  1960 ; Tauber and Tauber  1977 ; Smith 
 1988 ; Filchak et al.  2000 ; Abbot and Withgott  2004 ; Levin  1978 ), riverine (Palstra 
et al.  2004 ), or marine habitats (Knowlton  1993 ; Palumbi  1994 ). There are some stud-
ies on diel differences in reproductive timing (Lloyd  1966 ), including in  Drosophila , 
where the isolating effect of different circadian timing of activity and reproduction 
has been shown in the laboratory and could in one case be attributed to a single gene 
(Tauber et al.  2003 ). Studies on temporal isolation in tidal or lunar rhythms are rare: 
differing lunar and diel rhythms of reproduction are reported in closely related dam-
selfi sh species (Foster  1987 ), and differing lunar rhythms of spawning were observed 
in sea urchins (Lessios  1984 ; Muthiga  2003 ). Organisms from the intertidal zone have 
hardly been studied with respect to local timing adaptations and temporal isolation, 
which is surprising because the fl uctuation of environmental conditions is strong in 
the intertidal zone and tidal regimes differ tremendously between different geographic 
locations (see Sect.   1.2.1     by Neumann, this volume). Hence, these organisms can be 
expected to have pronounced and site- specifi c tidal and lunar rhythms.  
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7.1.4     Examples of Local Adaptation in Circatidal 
and Circalunar Cocks 

 Local adaptation in a circatidal clock is reported for the sand beach isopod  Euridyce 
pulchra . This crustacean displays a tidal rhythm of swimming activity that is modu-
lated across the lunar cycle (Reid and Naylor  1986 ). Entrainment of the tidal rhythm 
by cycles of mechanical disturbance was found to be most effective when the 2-h 
mechanical stimulus was presented during the daytime of high tide on spring tide 
days. For isopods from two different geographic locations, the time of day when 
most effective mechanical entrainment occurred, was found to differ according to 
the tidal regimes at their place of origin (Fig.  7.1 ).  

 Local adaptations in a circalunar clock are found in the marine midge  Clunio 
marinus , for which the components of the circalunar and circadian timing system 
have been progressively characterized throughout the 1960–1990s (see Chap.   1     by 
Neumann, this volume). In the past years this species has become accessible to 

  Fig. 7.1    Mean total activity (±SD) over fi ve tidal cycles of the isopod  Eurydice pulchra  after 
exposure to a regime of 2-h agitation every 12 h for 4 days. The  x -axis gives the time of day of the 
entraining 2-h agitation pulse. Each point on the  x -axis is an independent experiment with 4–10 
groups of 20 specimens. The last two points are repetitions of the fi rst two for ease of comparison. 
The  y -axis gives mean total activity, which is an approximation for the quality of entrainment of 
the tidal rhythm by the 2-h agitation pulse, plotted for populations from Swansea ( black ) and 
Newborough ( grey ). Spring tide high tides occur around dusk and dawn in Swansea and around 
noon and midnight in Newborough. For both locations, entrainment is most effective around the 
time of local spring high tides. (Adapted from Reid and Naylor  1986 )          
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genetic and molecular studies. The remainder of this chapter focuses on the  timing 
adaptations of this re-emerging model system, which may inspire both 
 chronobiologists and evolutionary biologists.   

7.2      Local Timing Adaptations in  Clunio marinus  

7.2.1     Introduction to  C. marinus  

 An overview on the life cycle of  C. marinus , its endogenous clocks, and their experi-
mental corroboration is given in Chap.   1     by Neumann (for more details see Neumann 
 1966 ,  1986 ,  1995 ). Briefl y,  C. marinus  (Diptera, Chironomidae) is a marine midge 
that is found in the rocky intertidal zone along the European Atlantic Coast (Fig.  7.2 ). 
The larvae build their tubes in pads of small algae and sand, which are found in the 
lower midlittoral on protected rocks that are almost permanently submerged. 
However, the adults need these larval substrates to be dry for oviposition, as they 
literally “glue” the egg masses onto suitable sites. To overcome the problem,  Clunio  
has an extremely reduced adult lifespan of 1–2 h, and adult emergence is timed to 
coincide with the spring tide low tides, that is, the low tides on days around new 
moon and full moon, when the water levels are generally lowest. Upon emergence, 
the midges mate and oviposit immediately, then die in the rising tide. A circalunar 
clock controls development to ensure that pharate pupae, that is, pupae ready to 
emerge, are only present during spring tide days. A circadian clock controls the daily 
timing of adult emergence. Notably, in  C. marinus  there is no evidence for a circa-
tidal clock. The midge achieves synchronization of its life cycle with the tides only 
by the combination of the circadian clock with the circalunar clock. Both clocks 
have been shown to be free running and temperature compensated, and the entrain-
ing cues (‘zeitgebers’) are known: the circadian clock is entrained by the light–dark 
(LD) cycle, whereas the circalunar clock responds to moonlight, tidal turbulence, or 
tidal temperature fl uctuations. Along the European coastline,  Clunio  populations dif-
fer in at least four aspects of these timing systems: (1) phase of the diel emergence 
rhythm with respect to the zeitgeber cycle, (2) phase of the lunar emergence rhythm 
with respect to the zeitgeber cycle, (3) zeitgeber sensitivity of the circalunar clock, 
and (4) period of the circalunar clock. These aspects are discussed in detail below.   

7.2.2     Phase of the Diel Emergence Rhythm 

 Differences in diel emergence time were the fi rst variable clock properties to be 
observed in  C. marinus  (Neumann  1966 ). As delineated in Sect.   1.2.1     by Neumann 
(this volume), the daytime of low tide on spring tide days is close to constant for 
a given geographic location, but it varies tremendously between geographic 
 locations. Laboratory strains of  Clunio  from different geographic locations emerge 
at different times relative to the artifi cial LD cycle, and these differences correlate 
well with the time of low tide on spring tide days at their place of origin (Fig.  7.2 ). 
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There is no evidence for involvement of a circatidal clock, given there is no daily 
delay of emergence according to the tides, and in each strain adults emerge only 
during one of the two daily low tides. The adaptive value of these diel timing differ-
ences has not been tested experimentally. However, it is intuitively clear that, given 
the short lifespan of  Clunio  adults, individuals emerging only a few hours early or 
late will fi nd neither mating partners nor suitable substrates for oviposition, which 
must severely impair their fi tness. The genetic basis of these adaptations in the 
 circadian clock is discussed in Sect.  7.3 .  

7.2.3     Phase of the Lunar Emergence Rhythm 

 It was noticed early that  Clunio  laboratory strains of different geographic origin 
emerge at different times of the artifi cial moonlight cycle in the laboratory (Neumann 
 1966 ). This observation remained enigmatic for a long time, as  Clunio  populations in 

  Fig. 7.2    Geographic range and locally adapted diel emergence times of selected laboratory strains 
of  Clunio marinus . ( a ) Diel emergence peaks of males ( open circles ) and females ( fi lled circles ) are 
plotted against time in the artifi cial LD cycle in the laboratory.  Diamonds with whiskers  are mean 
emergence times ± SD.  Arrows with whiskers  are time of low tide on spring tide days ± SD at the 
place of origin of the respective laboratory strains. ( b ) The places of origin of the fi ve laboratory 
strains as indicated by  black circles  correspond to the fi ve regions analyzed in the population genetic 
study reviewed in Sect.  7.4 .  Grey shaded area  is the known distribution of  Clunio marinus. Black 
lines  along the coast indicate predominantly rocky coast;  grey lines  indicate sandy coast, which is 
generally not inhabited by  Clunio marinus. Numbers  indicate sampled subpopulations:  1  Punta 
Helena;  2  St. Jean-de-Luz;  3  Erromardie;  4  Guéthary;  5  Grandcamp;  6  Port-en-Bessin;  7  Westwatt, 
 8  Vorhafen;  9  Düne;  10  Kviturdvikpollen. Other samples ( 11  Greystones/Ireland;  12  Reykjavík/
Iceland) are only used in the haplotype network (Fig.  7.6 ). (Adapted from Kaiser et al.  2010 )       
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the fi eld emerge around the spring tide days, that is, at the same time of the lunar cycle, 
irrespective of geographic location. Only recently were the different lunar emergence 
times shown to represent local adaptations to the tidal regime (Kaiser et al.  2011 ). 

 The conceptual background to understanding these lunar timing adaptations was 
established in two experiments, which are described in detail in Sect.   1.5.4     by 
Neumann (this volume; see Figs.   1.6     and   1.7    ). Briefl y, one experiment showed that 
because of the circadian gating of  Clunio  moonlight sensitivity, moonlight is only an 
effective zeitgeber around midnight. The other experiment brought forth the idea that 
the tides may modulate the intensity of moonlight that reaches the submerged larval 
substrates of  Clunio . In the light of these fi ndings, it seems reasonable to assume that 
the time point of moonlight perception in the fi eld depends on three conditions 
(Fig.  7.3 ). (1)  Clunio  must be sensitive to moonlight, which is only the case around 
midnight. (2) The moon must be in the sky around midnight, which is true during the 
moonlit quarters of the lunar cycle from waxing half moon to waning half moon. 
(3) The larval habitat in the lower midlittoral must be effectively exposed to moon-
light by a low tide around midnight. The latter condition dramatically narrows the 
window for moonlight perception to a few days and is fulfi lled during specifi c days in 
the lunar cycle for each geographic location, depending on the local tidal regime 
(compare site 1 and site 2 in Fig.  7.3a ). Thus, the days of moonlight perception in the 
fi eld are site specifi c, whereas the days of  Clunio  emergence during the spring tides 
are the same for all populations; this may explain the strain-specifi c phase relationship 
between the artifi cial moonlight stimulus and the emergence peak in the laboratory.  

 The testable prediction resulting from this hypothesis is that, for each  Clunio  
population, the number of days between the artifi cial moonlight stimulus and the 
adult emergence peak in the laboratory should correspond to the number of days 
between the days with low tides around midnight and the spring tide days in the 
fi eld, as has been tested for 11 laboratory strains; the results depict a perfect correla-
tion (Fig.  7.3b ). This fi nding has two general implications for the study of moon-
light perception in circalunar clocks. First, it argues for caution when interpreting 
the artifi cial moonlight stimulus given in laboratory experiments; it may not neces-
sarily represent full moon. Second, the modulation of light intensity by the tides 
makes moonlight basically a ‘tidal stimulus.’ Its perception depends on a circadian 
modulation of receptor sensitivity, and the very same mechanism has been discussed 
for the perception of other tidal stimuli, such as tidal turbulence cycles or tidal tem-
perature cycles (see Sect.   1.5.5     by Neumann, this volume). 

 The genetic basis of the strain-specifi c phase relationship between moonlight 
zeitgeber and lunar emergence time is described in Sect.  7.3 .  

7.2.4     Zeitgeber Sensitivity of the Circalunar Clock 

 Three different stimuli have been shown to act as zeitgebers for entrainment of 
the circalunar clock in  C. marinus : moonlight, tidal cycles of water turbulence, and 
tidal cycles of water temperature (for details of the mechanisms, see Sect.   1.5.5    ). 
The geographic distribution of the sensitivity to these zeitgebers suggests a certain 
degree of local adaptation (Table  7.1 ). Whereas all laboratory strains from southern 
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  Fig. 7.3    Local adaptation in lunar emergence times of  Clunio marinus . ( a ) Schematic relationship 
of the moon phases, tides,  Clunio’s  moonlight sensitivity, and the locally adapted diel and lunar 
emergence times for two localities with differing tidal regimes (site 1, site 2). Time of day is  plotted 
against days of the lunar cycle.  Black area  represents dark phase;  grey shading  indicates when the 
moon is in the sky.  Red box  marks the circadian period of sensitivity of  Clunio  to moonlight. 
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regions respond to moonlight, the  Helgoland  strain from the North Sea does not; 
similar to other strains from northern regions, it responds strongly to tidal cycles of 
water turbulence or temperature. The suggested adaptive value of the lack of moon-
light sensitivity in the  Helgoland  strain is that moonlight may not be a reliable time 
cue at northern latitudes, where the moon is low above the horizon and nights are 
short or even bright in summer may thus not penetrate the water surface effectively. 
The  Bergen  strain, which comes from a sheltered fjord location, responds much 
more strongly to temperature cycles than to turbulence cycles, which may correlate 
to the general lack of surf or waves that characterizes its habitat.

   Notably, most populations responded to all tested zeitgebers (compare Table  7.1 ), 
suggesting that  Clunio  generally relies on the combination of several time cues to assure 
entrainment of the circalunar clock. In this sense, local adaptation may not involve the 
acquisition of habitat-specifi c zeitgeber sensitivities, but rather the loss of sensitivity to 
zeitgebers that are unreliable or absent or not required in a particular habitat. 

 The genetic basis of zeitgeber sensitivity has so far not been investigated.  

Fig. 7.3 (continued) Hypothetically, moonlight is best perceived when the time of low tide ( blue 
dotted lines ) falls to midnight ( yellow box ). As tidal regimes differ for other places along the coast 
(compare  blue dotted lines  in site  1  and site  2 ), the time when moonlight is best perceived differs. 
Nevertheless, all known  Clunio  populations emerge during the spring tides (around new moon and/
or full moon). Thus, they must respond to the moonlight stimulus with a different delay of their 
emergence peak ( yellow bars below the graph ). Note that the required strain-specifi c phase of 
circalunar emergence time ( yellow bars ) is correlated with the required strain-specifi c phase of 
circadian emergence time relative to LD ( green bars ) because both are adaptations to the tidal 
regime. ( b ) Lunar emergence times of  Clunio  laboratory strains relative to the artifi cial moonlight 
stimulus, plotted against the time between the  days with low tide at midnight  and  spring tide days  
in the fi eld (according to the model in  a ).  Error bars  are standard deviations.  Squares  mark emer-
gence peaks that fall to full moon,  circles  mark emergence peaks that fall to new moon in the fi eld. 
Correlation coeffi cient and  p  value of the correlation are given in the graph (Pearson’s product–
moment correlation). Strain identities:  1  Vigo;  2  Santander;  3  St. Jean-de-Luz;  4  Port-en-Bessin;  5  
Lulworth;  6  Studland;  7  Bembridge;  8  Roscoff;  9  Concarneau;  10  Camaret-sur-Mer;  11  St. Briac-
sur-Mer. (Adapted from Kaiser et al.  2011 )          

    Table 7.1    Zeitgeber sensitivity of selected laboratory strains of  Clunio marinus    

 Strain  Origin 

 Effective entrainment by zeitgeber 

 Moonlight  Turbulence  Temperature 

 Vigo  Vigo, Spain  +  +  Not tested 
 Jean  St. Jean-de-Luz, Basque Coast/France  +  −  Not tested 
 Qui  Quiberon, Bretagne/France  +  +  Not tested 
 Ros  Roscoff, Bretagne/France  +  −  Not tested 
 Por  Port-en-Bessin, Normandie/France  +  +  Not tested 
 Stud  Studland, UK  +  +  + 
 He  Helgoland, Germany  −  +  + 
 Ber  Bergen, Norway  −  o  + 

  + strong response; o intermediate response; − very weak, irregular, or no response 
 Data from Neumann ( 1989 ), Neumann and Heimbach ( 1979 ,  1984 ), Neumann ( 1966 ), Heimbach ( 1976 )  
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7.2.5     Period of the Circalunar Clock and Emergence During 
New Moon Versus Full Moon 

 With respect to the period of the circalunar clock, two classes have been described 
in  C. marinus . There are strains with a  semilunar rhythm  that emerge during both 
full moon and new moon spring tides in the fi eld. Two of these strains were tested 
in the laboratory and showed a free-running period of the circasemilunar clock of 
11 days ( He  strain from Helgoland, Germany) or 13–14 days ( Por  strain, from Port-
en- Bessin, Normandie/France), corresponding closely to half a lunar cycle of 
14.77 days (Neumann  1966 ). There are also strains that have a  lunar rhythm . Most 
of these strains emerge during new moon spring tides only (e.g.,  Jean  strain, from 
St. Jean-de-Luz, Basque Coast/France), but one of them was found to emerge dur-
ing full moon spring tides only ( Ros  strain, from Roscoff, Bretagne/France; see 
Neumann  1989 ). The free-running period of the circalunar clock in the  Jean  strain 
was measured to be 26–27 days (Neumann  1966 ). 

 It is unclear whether these differences represent local adaptations. The level of 
new moon versus full moon low tides can differ by 1–2 m along the European 
Atlantic Coast. However, magnitude and direction of the effect change gradually 
and are not consistent throughout the years. In some years full moon low tides are 
lower during  Clunio  emergence season in summer, and in other years new moon low 
tides are lower. In this respect, emergence in a semilunar rhythm may represent a 
bet-hedging strategy, as is reported for  Pontomyia oceana  (Soong and Leu  2005 ). 
Most strains with a lunar rhythm emerge during dark phase, and an explanation for 
emergence during new moon versus full moon in strains with a lunar rhythm might 
be found in factors associated with the increased nightly illumination during full 
moon nights, for example, an increased risk of predation. 

 There are hints to a genetic basis for the differences in the period of the lunar 
rhythm (see Sect.  7.3 ).  

7.2.6     Adaptive Loss of the Lunar Rhythm 

 In two geographic areas,  C. marinus  is reported to have lost the lunar rhythm. The 
arctic population of Tromsø in northern Norway has completely abandoned both the 
circalunar and the circadian rhythm of adult emergence and instead relies on a tidal 
hourglass mechanism (see Sect.   1.4.4     by Neumann, this volume). These changes 
can be considered an adaptation to arctic summer with more than 2 months of per-
manent daylight, which precludes entrainment of the circadian clock and thereby 
also zeitgeber perception for the circalunar clock. 

  Clunio  midges from the Baltic Sea were fi rst recorded as  C. marinus , but were 
later described as an independent species,  C. balticus  (Heimbach  1978 ). It is likely 
that  C. balticus  was derived from  C. marinus  within the past 10,000 years, as sub-
fossil  Clunio  head capsules can be found in Baltic Sea sediments only within the 
past 8,000–10,000 years (Hofmann and Winn  2000 ). The two species can still be 
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interbred in the laboratory (Heimbach  1978 ) and cannot be distinguished by 
standard phylogenetic markers (T. Kaiser, unpublished data). Supposedly, in adap-
tation to the virtual absence of tides in the Baltic Sea,  C. balticus  has lost the lunar 
rhythm of emergence. In contrast to  C. marinus , the adults of  C. balticus  do not rely 
on exposure of the larval habitat but instead swarm and lay their egg masses on the 
open water surface, sometimes far offshore. Unlike the egg masses of  C. marinus , 
egg masses of  C. balticus  penetrate the water surface and sink to the larval substrates 
(Endraß  1976 ), which are red algae at a depth of 2–20 m. Presumably to ensure suf-
fi cient aggregation of mating partners in the open sea, the diel emergence window of 
 C. balticus  is extremely narrow (30–60 min); it is timed to and  modulated by dusk. 
While these adaptations make  C. balticus  independent from the tides, they do not 
impede the species from settling in places with tides, beyond the Baltic Sea. Indeed, 
sympatric populations of  C. marinus  and  C. balticus  are described from Bergen in 
Norway, where heterospecifi c matings are prevented by their differing circadian emer-
gence times (Heimbach  1978 ). The stable co- occurrence of both species in this site as 
a consequence of temporal isolation was the basis for giving species status to  C. bal-
ticus . This interesting evolutionary scenario may represent a case of ongoing ecologi-
cal speciation and certainly deserves further investigation. 

 In summary, local adaptations in circalunar and circadian timing occur at a 
 multitude of levels in  C. marinus . Two of them—namely, phase of the lunar rhythm 
and phase of the diel rhythm relative to the respective zeitgeber cycles—have been 
studied at the genetic and molecular level. These experiments are described in the 
following sections.   

7.3        The Genetic Basis of Circalunar and Circadian 
Emergence Times of  Clunio marinus  

7.3.1     Crossing Experiments 

 As early as 1967 Dietrich Neumann reported genetic control of the strain-specifi c 
diel emergence times in  C. marinus  (Neumann  1967 ). Recently, these results were 
confi rmed, and beyond that, genetic control of the strain-specifi c lunar emergence 
times was discovered (Kaiser et al.  2011 ). Both studies relied on crossing experi-
ments between two specifi c laboratory strains, which differ considerably in lunar 
and diel emergence time (Fig.  7.4a, b ; panels 1 and 2). The two strains originate 
from the shores of St. Jean-de-Luz (Basque Coast, France) and Port-en-Bessin 
(Normandie, France) and are therefore referred to as  Jean  and  Por  strains (see 
Fig.  7.2 ). F 1  hybrids of these two strains emerge at intermediate times between the 
parents with respect to both the lunar and the diel emergence time; the backcross 
progeny are intermediate between the backcross parents (Fig.  7.4a, b ; panels 3 and 
4), which documents a genetic basis to both strain-specifi c diel and lunar emergence 
times. The lack of 1:1 segregation in the backcross progeny indicates that each trait 
is controlled by two or more independent genetic factors (Kaiser et al.  2011 ).   
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7.3.2     Linkage Mapping and QTL Analysis 

 One family of the backcross progeny from the aforementioned crosses served to 
construct a linkage map of the  C. marinus  genome (Kaiser and Heckel  2012 ). The 
map has three linkage groups (Fig.  7.5 ), corresponding to the three chromosomes 
known from light microscopy (Michailova  1980 ). It has a genetic length of 
167–193 cM (centimorgans) and the genome has a physical size of 95–140 million 
base pairs (Mb), as estimated by fl ow cytometry. The map also contains the 

  Fig. 7.4    Emergence patterns of parental strains, hybrids, and backcrosses of two populations of 
 Clunio marinus  under light-dark cycles (LD 14:10) and artifi cial moonlight entrainment. ( a ) Diel 
rhythm plotted as the fraction of individuals that emerged during 30-min intervals, for the parental 
strains of Port-en-Bessin ( Por ) and St. Jean-de-Luz ( Jean ), the  F   1   generation, and the backcross gen-
eration ( BC ). Daytime is given in hours after the middle of dark phase (“hour 0”), which necessarily 
makes the middle of the light phase “hour 12.”  Hatched area  marks dark phase. ( b ) Lunar rhythm 
plotted as the fraction of individuals that emerged during each day of the artifi cial moonlight cycle. 
 Arrows  mark days with artifi cial moonlight. Additive data of two lunar cycles are shown. (From 
Kaiser et al.  2011 )       
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locations of most circadian clock genes known from insects, as well as a number of 
light receptor genes, which are considered candidates for being involved in the tim-
ing differences between the strains.  

 Quantitative trait locus (QTL) analysis, a statistical method testing the associa-
tion of the patterns of inheritance of genetic markers with the pattern of inheritance 
of a given trait of interest, identifi ed two QTLs controlling lunar emergence time, 
one on linkage group 1 and one on linkage group 2 (Fig.  7.5 ). For diel emergence 
time, two QTLs were identifi ed, both on linkage group 1. The lunar QTL on linkage 
group 1 overlaps with one of the circadian QTLs. The estimated additive effects of 
these loci account for 85 % of the difference in diel emergence time and the full 
difference in lunar emergence time between the strains, indicating that these loci are 
the only major-effect loci for the two traits. The QTLs overlap with the location of 
the clock gene  timeout / timeless 2  as well as the locations of the light receptors 
( insect type )  cryptochrome 1  and  ciliary opsin 2 . These genes remain candidates for 
being involved in the timing differences. All other mapped candidate genes, includ-
ing the well-studied circadian clock genes  period ,  cycle/bmal ,  clock ,  timeless , and 
( mammalian type )  cryptochrome 2 , are not in the QTLs. For these genes, a major 
effect on strain-specifi c timing can be excluded.  
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  Fig. 7.5    Linkage map of the  Clunio marinus  genome including the quantitative trait loci ( QTL s) 
for diel and lunar emergence times. There are three linkage groups corresponding to the three 
chromosomes. Map length in centimorgans ( cM ) is given to the  left , marker names to the  right . 
Locations of a number of light receptor and clock genes are given. For  period ,  vrille ,  casein kinase 
1a ,  cryptochrome 1 ,  lark , and  cycle  only approximate positions are known. The QTLs for the dif-
ferences in diel emergence time are  light grey ; QTLs for differences in lunar emergence time are 
 dark grey . They overlap with the loci of  cOpsin2 ,  timeout , and  cryptochrome 1  respectively. 
(Adapted from Kaiser and Heckel  2012 )       

 

7 Local Adaptations of Circalunar and Circadian Clocks…



134

7.3.3     Genetic Nonindependence of Diel and Lunar 
Emergence Times  

 In the backcross progeny of the crossing experiment, diel and lunar emergence 
times were correlated. Individuals emerging early in the artifi cial moonlight cycle 
also emerged early in the LD cycle, and individuals emerging late in the artifi cial 
moonlight cycle also emerged late in the LD cycle, suggesting a genetic noninde-
pendence of both traits (Kaiser et al.  2011 ). This fi nding was underscored by QTL 
mapping, which showed that the QTLs with the largest effect on diel or lunar emer-
gence time, respectively, are overlapping (Fig.  7.5 ). The resolution of the genetic 
map does not allow one to conclude whether the correlation is the result of indepen-
dent but close-by circadian and circalunar genes ( genetic linkage ) or is caused by a 
single gene affecting both timing traits ( pleiotropy ). In the latter case we may fur-
ther distinguish an effect of the circadian clock as a whole on the lunar rhythm 
( modular pleiotropy ; e.g., the known involvement of the circadian clock in moon-
light perception in  C. marinus ), from the effect of a single gene being involved in 
both circalunar and circadian clocks ( gene pleiotropy ). Deciding between these pos-
sible explanations will likely require the identifi cation of the underlying genes. 

 Irrespective of the mechanism, the correlation of lunar and diel emergence times 
can itself be considered adaptive in the intertidal zone, as it stabilizes well-adapted 
combinations of diel and lunar emergence times. This correlation is benefi cial, as 
each geographic location requires a specifi c combination of adaptations in lunar 
and diel emergence time to ensure emergence during the low tide of spring tide 
days. As both diel and lunar adaptations are adaptations to the tidal regime, they 
change in a correlated manner along the coastline (compare Fig.  7.3a ). If lunar and 
diel timing are found to be controlled by independent but linked genes, it is con-
ceivable that selection may have shaped genome architecture toward genetic link-
age of those genes.  

7.3.4     A Genetic Basis of the Period of a Lunar Rhythm? 

 The crossing experiment is in principle also informative on the nature of a lunar 
rhythm ( Jean  strain) versus a semilunar rhythm ( Por  strain). However, it is not clear 
whether the minor second peaks in the lunar rhythm of the F 1  and the backcross 
progeny (see Fig.  7.4 ) represent a genetic infl uence of the  Por  strain or an artefact 
of artifi cial moonlight entrainment (which sometimes produces small second peaks 
in the  Jean  strain as well). All individuals in the minor peak in the mapping family 
of the backcross progeny inherited a region of linkage group 2, ranging from marker 
groups 2-M16 to 2-M22, from the  Por  grandparent. If genetic control of the minor 
peak were to be confi rmed, the genetic factors controlling the trait are expected to 
be in this genomic region.  
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7.3.5     Future Prospects 

 The reference genome sequence of  Clunio marinus  is close to completion, and pop-
ulation samples of the  Por  and  Jean  strains have been resequenced to identify which 
genes within the QTLs show strain-specifi c genetic variation (Kaiser, von Haeseler, 
Tessmar-Raible, unpublished). This step will reduce the number of candidate genes 
to a manageable level for analysis. The required molecular tools are currently being 
established for  C. marinus . 

 The availability of a reference genome will not only facilitate molecular studies 
of  Clunio’s  complex timing systems but also boost studies investigating the evolu-
tionary causes and consequences of these timing adaptations. These topics are the 
subject of the following section.   

7.4      The Evolutionary Background of Timing Adaptations 
in  Clunio marinus  

  C. marinus  has been be found at basically all rocky sites along the European main-
land coast, on the British Isles, and in Iceland. At each geographic location, the 
populations are adapted to the local tidal regime in various aspects of the circadian 
and circalunar clocks (see Sect.  7.2  and Fig.  7.2 ). In the light of these fi ndings, sev-
eral questions must be raised with respect to the evolutionary history and population 
genetics of these populations: (1) When were the European coasts colonized? 
Namely, in which timeframe did the timing differences evolve? (2) Were the 
European coasts colonized from a single source or from several sources? 
Colonization from a single source would imply that the timing adaptations evolved 
after colonization. (3) Are these populations genetically isolated today? (4) If so, is 
genetic isolation the result of temporal isolation? And do the local timing adapta-
tions drive genetic divergence between the populations? Answering these questions 
may also allow indirect conclusions to be drawn on the evolutionary mechanisms 
that shaped the timing adaptations. These issues were addressed in a recent study 
(Kaiser et al.  2010 ) that included a hierarchical sampling of ten populations from 
fi ve regions along the European mainland coast (see Fig.  7.2b ), at two very different 
scales of geographic separation.  Regions  were separated by 650–1,150 km. Within 
regions,  populations  were separated by 2–20 km only. From each population, 18 
males were analyzed with nuclear and mitochondrial genetic markers: microsatel-
lites, amplifi ed fragment length polymorphisms (AFLPs), and mitochondrial DNA 
sequences (cytochrome oxidase I). The following conclusions could be drawn with 
respect to the afore-mentioned questions:

    1.     Timeframe of colonization : The haplotype network of COI sequences showed 
one major haplotype for each region, with a star-like expansion of minor 
 haplotypes derived from the major haplotypes (Fig.  7.6 ). This is a signal of 
recent colonization, likely after the last Ice Age, within the last 20,000 years. 
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The nuclear AFLP markers support this view, in that more than 80 % of the 
markers lack polymorphism all across Europe.    

   2.     Colonization sources : The colonization source does not seem to be contained 
within the sampled regions, as all of them seem to be of recent origin. With 
respect to the number of colonization sources, the data are contradictory. 
Mitochondrial markers suggest colonization from fi ve different sources (Fig.  7.6 ), 
but polymorphism in nuclear markers—if present—is shared and suggests a 
common source of all populations. As the identity and number of the coloniza-
tion sources is unresolved, it remains unclear which of the timing adaptations 
were already present before colonization.   

   3.     Genetic isolation : Within regions at a scale of 2–20 km, genetic differentiation 
is very low, indicating that these populations admix freely (Table  7.3 ). Between 
regions, on a scale of 650–1,150 km, mitochondrial haplotypes are perfectly 
private (Fig.  7.6 ). Genetic polymorphism in nuclear markers is shared, but allele 
frequencies differ tremendously, supporting strong genetic isolation (Table  7.2 ). 
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  Fig. 7.6    Haplotype network for COI sequences. Each  circle  represents a haplotype; size of the circle 
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Most likely these regions have not had much genetic exchange since they were 
fi rst colonized. Long stretches of sandy coast (which are not habitable for  Clunio ) 
seem to represent particularly strong barriers to gene fl ow:  Vigo  and  Basque 
Coast , which are the only regions situated within the same stretch of continuous 
rocky coast, are less differentiated than the other regions (Table  7.2 ).

        4.     Temporal isolation : A test for temporal isolation was done at the scale of regions. 
If temporal isolation matters, genetic differentiation between the regions should 
be correlated to the timing difference between the regions. At the time of the 
study, local adaptation in the lunar rhythm was not yet fully understood, so that 
only the overlap of the diel emergence peaks (compare Fig.  7.2a ) served as an 
approximation of timing differences. The diel timing differences show no cor-
relation to the genetic differentiation, indicating that at the scale of regions tem-
poral isolation does not matter. Geographic isolation seems to be the major 
isolating force at this scale.    

    Table 7.2    Genetic differentiation in nuclear markers as measured by pairwise  F  ST  between regions      

 Region  Vigo  Basque coast  Normandie  Helgoland  Bergen 

 Vigo  –  0.225  0.332  0.438  0.393 
 Basque coast  0.060  –  0.276  0.387  0.349 
 Normandie  0.135  0.199  –  0.309  0.315 
 Helgoland  0.179  0.256  0.129  –  0.329 
 Bergen  0.144  0.137  0.085  0.226  – 

   Table 7.3    Genetic differentiation in nuclear markers as measured by pairwise  F  ST  between 
populations within regions   

 Basque coast  2  3  4 

 2  –  (0.008)  0.017 
 3  0.028  –  (0.011) 
 4  (0.002)  (0.013)  – 
 Normandie  5  6 
 5  –  0.038 
 6  0.022  – 
 Helgoland  7  8  9 
 7  –  0.042  0.044 
 8  (0.004)  –  0.019 
 9  (0.005)  (−0.005)  – 

  Numbers correspond to population identities as given in Fig.  7.2 ; values for amplifi ed fragment 
length polymorphism (AFLP) markers above the diagonal and for microsatellite markers below the 
diagonal; values in brackets are not signifi cant  Source:  Data from Kaiser et al. ( 2010 )  
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  In the light of the foregoing, the evolutionary background of the timing adaptations 
seems to differ depending on the geographic scales. At the scale of regions, the most 
likely scenario is that discrete stretches of rocky coast were colonized in rare and sepa-
rate events. Strong geographic isolation between the regions likely facilitated the sub-
sequent evolution of timing adaptations. 

 At the scale of populations within the same stretch of continuous rocky coast, 
geographic isolation is not very effective. If these populations have local adapta-
tions in their circadian and circalunar clocks, these must have evolved or are being 
maintained, despite gene fl ow, only as a result of strong local selection. This idea 
represents a very different evolutionary mechanism compared to the one found at 
the scale of regions and deserves further investigation.  

    Concluding Remarks 

 The local timing adaptations of  C. marinus  in its circalunar and circadian clocks 
offer the unique opportunity to access and investigate the yet unknown circalunar 
clock and its interaction with the circadian clock by means of experimental and 
genetic dissection. At the same time,  C. marinus  provides a natural setup to study a 
multitude of evolutionary processes associated with biological clocks, ranging from 
the selective forces that act on biological clocks, to the temporal isolation that these 
clocks may impose on a species. In a very fruitful way, functional and evolutionary 
studies can shed light on each other in  C. marinus . Evolutionary genomic scans for 
patterns of selection or differentiation between the locally adapted  Clunio  strains 
may help to identify genes that are involved in determining the local timing adapta-
tions, possibly including the fi rst genetic components of circalunar clocks known in 
any species. Conversely, knowing which genes are involved in circadian and cir-
calunar clocks and determining their molecular interactions may foster our under-
standing of the evolutionary history of  Clunio  populations and of the evolutionary 
forces that shape local timing adaptations and temporal isolation. 

 Beyond this, the genus  Clunio  comprises a few dozens of species worldwide, and 
there are many more timing adaptations to be studied that may allow further experi-
mental analysis of circadian and circalunar clocks, and perhaps circatidal and circ-
annual clocks as well. Notably, the species  Clunio tsushimensis  from the seas of 
Japan was reported to display a tidal modulation in its diel emergence time (Saigusa 
and Akiyama  1995 ; Oka and Hashimoto  1959 ). As yet, it has not been tested whether 
this is a direct response to the tides, or whether there is an underlying circatidal 
clock. Furthermore,  C. tsushimensis  emerges year round and the tidal regime in 
its habitat is characterized by a distinct inequality between the levels of the two 
daily low tides. In summer, the morning low tides are lower, whereas in winter the 
evening low tides are lower. Consequently,  C. tsushimensis  was found to emerge 
during the morning low tides in summer and during the evening low tides in winter 
(Saigusa and Akiyama  1995 ; Oka and Hashimoto  1959 ). A preliminary laboratory 

T.S. Kaiser



139

study suggested that the seasonal switch in diel emergence times is directly 
 controlled by photoperiod (Neumann  1983 ). 

 Clearly, there are many more enigmatic clocks to be unraveled in the unique 
model system  Clunio .     
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