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Abstract 
The role of allochronic speciation has long time been controversial.  Yet divergence of timing in 

yearly, seasonal and daily routines of organisms can have great impact on reproductive timing and 

therefore finding a suitable partner. In this thesis the basic forms of speciation will be further 

outlined before reviewing literature on allochronic speciation in plants, allochronic speciation in 

animals and the involvement of circadian rhythms in allochronic speciation. Furthermore, the overall 

plausibility of allochrony and its prerequisites will be discussed. The review of literature indicates 

allochronic speciation is an overlooked form of speciation with a lot of potential, yet unfortunately 

the exact mechanisms behind driven allochrony remain unclear. Therefore, future research should 

focus towards getting a better understanding of those mechanisms behind driving allochrony.   
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Introduction 
The mechanisms that drive the evolution of 

species have been extensively studied in the 

past and still are. The core aspects of evolution 

are ‘change’ and the role of history, meaning 

that past events influences what occurs 

subsequently. There are many definitions of 

evolution in biology, in this thesis I will refer to 

the most common one: changes in the genetic 

composition of a population during successive 

generations, which could result in the 

development of a new species.   The existence 

of speciation, the creation of two species from 

one, has been a puzzle for long time dating back 

to 1831 When Darwin sailed his ship the Beagle. 

Charles Darwin’s theory of evolution focuses on 

adaptations of species by means of natural 

selection. Adaptations help organisms to perform 

certain tasks better giving them an edge over competitors and therefore diverge (Darwin 1859).  This 

leads to the topic of this thesis, which is speciation or more specifically allochronic speciation. In 

order to say something about speciation, we first need to define what a species exactly is. Despite 

the large amounts of studies and an ever increasing understanding of the finest details of organisms, 

there is still an ongoing discussion about what constitutes a species. There are two main groups, the 

morphological and the biological species concept. In this thesis, the biological species concept that 

was first stated by Ernst Mayr is used, which puts more emphasis on the biological differences of 

species (Mayr 1963). This concept states that ‘a species is a group of actually or potentially 

interbreeding individuals who are reproductively isolated from other such groups.’  Thus in order for 

speciation to happen, evolutionary mechanisms need to occur at three different levels: the gene, the 

local population and the species. First of all, the introduction of genetic variation into a population. 

Secondly, responses or activities at the population level like: selection, migration and genetic drift to 

shape the genetic composition of the population over time. And last, in order to be stable fixation of 

the variation into discrete arrays of diversity by means of reproductive isolation that prevent 

interbreeding between different species. Dobzhansky described two types of reproductive isolation, 

geographic and physiological. According to Dobzhansky only physiological isolating mechanisms 

resulted in speciation. He divided the mechanisms into two categories: prezygotic and postzygotic. 

The prezygotic include: ecological isolation, seasonal or temporal isolation, sexual or psychological 

isolation, mechanical isolation, germ cell incompatibility and inviability of hybrids. Postzygotic 

mechanisms are hybrid sterility (Dobzhansky 1951). Speciation is divided into four main categories 

based on the extent to which populations are isolated from each other: allopatric, peripratic, 

parapratic and sympratic. Allopatric is the classic form of speciation by means of splitting a 

population into two geographically isolated populations for example through the rise of a mountain 

Figure 1 Krempels, D. 2006. Lecture notes for Evolution and 
Biodiversity. Miami dot education. 
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chain. The separated populations each will undergo different genotypic and/or phenotypic 

divergence because they are exposed to different selective pressures or because of genetic drift. 

Even if they populations come back into contact again they will have evolved in such a way that they 

are reproductively isolated and therefore no longer capable interbreeding (Baker 2005).  Peripatric 

speciation is a subform of allopatric speciation were a part a small part of the population splits of and 

is prevented from exchanging genes with the main population. Most likely by means of the founder 

effect and genetic drift (Sobel 2010).  In parapatric speciation, two diverging populations have partial 

separation but can interact with each other in some sort of middle ground. Individuals of both 

populations may interact and even reproduce, but reduced fitness of the heterozygote leads to 

selection against interbreeding. Even with gene flow between two populations, strong differential 

selection may inhibit assimilation and two completely separate species may eventually develop 

(Turelli et al. 2001).  The last main group is sympatric speciation, we speak of sympatric speciation 

when a new species evolve from another while inhabiting the same area, the complete opposite of 

allopatric speciation, in multicellular eukaryotic organisms this is thought to be the least common 

form of speciation but proven plausible by means of reproductive isolation (Turelli et al. 2001; Via 

2009). The most straightforward scenario for sympatric speciation requires disruptive selection 

favouring two substantially different phenotypes, and consists of the evolution of reproductive 

isolation between them followed by the elimination of all intermediate phenotypes. The first 

phenotype that comes to mind was time, or more specifically timing which brings us back to 

allochrony. Allochronic speciation refers to a mode of sympatric speciation in which the 

differentiation of populations is primarily due to a phenological shift without habitat or host change. 

Thus, allochrony refers to a situation where speciation happens because two populations inhabit the 

same area, and therefore are sympatric, but they never or rarely meet because of their timing. The 

most apparent form is seasonal timing as a result of which the two populations share the same 

resource and avoid competition (Coyne and Orr 2004), yet a lot more research has been done on this 

topic. In this thesis we will take a look at possible cases of allochrony and try to determine whether 

or not allochronic speciation is at all possible and if so what drives this form of speciation.  

 

 

Allochrony  in plants 
We went through the basics of speciation and from 

here on out we will focus on allochronic speciation. 

First, we will take a more in depth look at allochrony 

be reviewing the most prominent articles on the 

subject to date. In allochronic isolation, gene flow is 

restricted because members of different populations 

breed at different times. The timing of reproduction 

is a critical component of any organism’s life cycle, in 

nature this almost always is one of the primary 

determinants of an individual’s lifetime fitness. In 

plants, the timing of reproduction depends mostly on 

Figure 2 Frequency distribution of date of first flowering for four 
different genotypic classes of Mimilus guttatus at (A) the Cascades 
site and (B) the Dunes site. Mean flowering date for each genotypic 
class is indicated with arrows. The y-axis is scaled to the maximum 
count in both graphs. IM genotypes are dark gray, BC-IM genotypes 
are light gray, BC-DUN genotypes are hatched, and DUN genotypes 
are black. (Hall & Willis 2006) 
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the timing of flowering, because assortative mating (non-random mating) is induced by flowering 

time since mating can only occur among simultaneously open flowers (Devaux & Lande 2008). The 

timing of flowering is a result of an interaction between specific environmental cues (e. g. day length, 

light level and temperature) and a complex network of genes (Simpson & Dean 2002). It is 

reasonable to suspect that populations and closely related species are genetically divergent in their 

flowering response to environmental cues, because the optimal flowering time varies tremendously 

across different habitats. This phenomenon is confirmed by many studies indeed (Stanton et al. 

1997; review see Coyne & Orr 2004) but nevertheless it remains unclear to which extent such 

differentiation contributes to local adaptation. The difficulty in testing whether flowering time 

promotes local adaptation, is that populations typically differ in many other traits aside from 

reproductive timing. The classic approach used, is a reciprocal transplant or the common garden 

experiment. This is an experiment where one or more organisms are moved from one environment 

to another environment to test if there is a genetic component to differences in populations, this 

approach may be confounded by selection operating on multiple correlated traits (Hall & Willis 

2006). Hall and Willis used the reciprocal approach to test that divergent selection on the timing of 

flowering contributes to local adaptation in the common yellow monkeyflower, Mimilus guttatus. 

The difference in this experiment is the addition of genetically variable hybrids and the analysis of 

the resulting variation in fitness and traits. When flowering time and all other traits are under 

separate control, segregation and independent assortment in the hybrids will break the confounding 

factors among traits present in the parental populations (Hall & Willis 2006). M. guttatus occur along 

a large latitudinal range with many different environmental factors: elevation, soil, temperature and 

water availability. The contrasting habitats cause different growing seasons which seems likely to 

induce divergent selection on flowering time. But the M. guttatus populations also differ in many 

other floral, vegative and life-history traits to such degree that it has been suggested to divide M. 

guttatus into more than 20 morphological species. Hall and Willis focussed on one annual population 

from Oregon's western Cascades and one coastal perennial population from sand dunes along 

Oregon's Pacific coast. Both populations are at approximately the same latitude and thus 

experienced the same photoperiod. The plants in the Cascade experience extreme fluctuations in 

temperature and precipitation ranging from below 0⁰C in the winter  up to 40⁰C in mid-summer with 

1592mm of annual precipitation. The dune population experienced temperate environment with 

temperatures between winter and summer varying less than 20⁰C and an annual precipitation of 

1930mm. Inbred lines from a cross between the two population to create four genotypic 

classes,were planted back at the two sites and measured for 15 months. Their study revealed 

extreme local adaptation: both parental populations showed high fitness in their native site but zero 

relative fitness in their non-native habitat. The Cascade site favours plants with an accelerated life 
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cycle because of the short growing season and the 

lack of water availability in July which result in 

strong truncation selection for rapid development. 

At the dune site exactly the opposite happened, 

selection strongly favours late to intermediate 

flowering time (see Figure 2). They suggest this is 

because rapid reproductive development results in 

reduced growth of vegetative and floral traits 

needed for continuous flowering and seep 

production throughout the long growing season. 

This study shows that genetic divergence in 

flowering time contributes to local adaptation. If 

populations of M. guttatus are adapted to their 

local growing seasons, genetic differentiation of 

flowering time could lead to ecological reproductive 

isolation (Hall & Willis 2006).   Devaux and 

Lande used a multilocus quantitative genetic model 

with non-selective assortative mating and mutation to 

investigate incipient allochronic speciation. In their 

model, ecological and mating strategies where 

determined solely by the flowering date of individuals. They defined incipient allochronic speciation 

as follows: starting from a monomorphic, with only one phenotype, population with no genetic 

variance till the emergence of incipient species that was quantified when disjunctive clusters in the 

population phenology lasted for at least 100 generations (see figure 3). They found weak stabilizing 

selection, in the form of inbreeding depression, over the flowering season which prevented but did 

not eliminate incipient allochronic speciation nevertheless with this stabilizing selection, large 

pollinator abundance among days within flowering season can facilitate incipient allochronic 

speciation. The cluster observed cannot be considered true species because they are potentially 

interbreeding entities (Dobzhansky 1951). They concluded that the complex processes of disruptive 

selection are not necessary for the origin of species in sympatry and indicates that the following 

factors may be associated with allochronic speciation in plants: short individual flowering phenology, 

a long flowering season, absence of pollinator and limited population size (Devaux & Lande 2008). 

Another study done on the subject of allochrony in plants was done by Ellis et al. on the factors 

involved in the large diversification of Argyroderma, a genus within the extraordinary diversity of the 

Cape Floristic Kingdom in South Africa,  that of the Ruschioid subfamily of the Aizoaceae (Ellis et al. 

2006). Amplified fragment length polymorphisms and a series of morphological traits were used to 

explain patterns of differentiation within and between species of Argyroderma across the range of 

the genus. With the usage of a matrix correlation they found evidence for strong spatial genetic 

isolation based on geographical variables (The matrices of geographical distance, differences in 

drainage basin occupancy, edaphic differentiation, and divergence in peak flowering time between 

populations served as the independent variables in both multiple regression models). Genetic 

differentiation occurred along a temporal axis, between sympatric species with divergent flowering 

times. Morphological differentiation occurred along a habitat axis. The morphological differentiation 

in turn is significantly associated with flowering time shifts. They proposed a process of adaptive 

speciation in allopatry has led to the diversification within Argyroderma. Spatially isolated 

Figure 3 (a) Computer simulated population flowering 
phenology as a function of flowering season and generation, 
with grey representing days with open flowers and white 
representing days without flowers. (b) Full distributions of the 
population flowering phenology are plotted at generations 1, 
2500, 5500 and 8000.The simulation illustrated here contained 
the longest lived cluster among the 20 replicate simulations 
with the baseline parameter values. (Devaux & Lande 2008) 
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populations undergo phenotypical divergence in response to the different habitats (Ellis et al. 2006). 

Because flowering-time divergence is associated with morphological differentiation this provides a 

mechanism whereby temporal reproductive isolation between populations can evolve as a result of 

divergence of morphologies in response to habitat selecting. Therefore loss of accumulated 

phenotypic differences on secondary contact between spatially isolated populations can be 

prevented.  We already mentioned that pollinator abundance can influence flowering 

phenology. In general the role of biotic interactions in shaping plant flowering phenology has been 

largely neglected while a part of the variation is heritable and selection analyses show that biotic 

interactions can modulate selection on flowering phenology (Elzinga et al. 2007). Mutualist 

(pollinators and seed dispensers) and antagonist (floral pathogens and pre-dispersal seed predators) 

can influence the reproductive timing of plants. As evidenced by the previous mentioned studies 

flowering phenology can diverge between populations, all populations adapt to their local conditions. 

Thus plant have enough genetic variance to be able  to respond to different selection pressures in 

the form of shift in flowering phenology. This is supported by reports of significant heritability for 

traits like: first flowering and duration of the flowering period (Elzinga et al. 2007). Phenological 

variation can induce assortative mating, if early plants pollinate other early plants and late plants 

pollinate other late plants any underlying genetic variance in the assortative trait, in this case 

flowering schedule, diverges even further. Most plants rely completely or partially on animal 

pollinators for successful reproduction, many correlational studies have shown the relationship 

between temporal patterns of plant with pollinator visitation and plant reproductive success. When 

pollination is density dependent, selection on flowering time depends on the synchrony between a 

plant its neighbours. But even if a plant gets pollinated after which it can disperse seeds, many plants 

are attacked by herbivores whom eat and destroy flowers, seeds or fruits. The comparison, temporal 

variation in flowering phenology of plants and the intensity of flower and seed predation shows that 

predation acts on phenology. Flowering off-peak, either early or late, is associated with reduced seed 

predation, most likely because a lower amount of herbivores are present at those times (Elzinga et al. 

2007). This very well could impose disruptive selection on the date of first flowering or directional 

selection driving plants into different flowering regimes. We already established plants probably 

want to synchronize their flowering peak with pollinators, but pollinator visitation might not only 

promote reproduction and outcrossing. Pollinators could also promote the spread of pollinator-

transmitted diseases. This causes a trade-off for flowering phenology. On one side plants want to 

increase pollinator attraction on the other hand this might increase the probability of disease 

transmission. An example of this in the wild is  the Baptisia australis, multiple insect exert differential 

selection on phenology. The relative abundances of those insects change each year, every time 

changing the optimal optimal flowering period (Elzinga et al. 2007).  In conclusion, both abiotic 

and biotic interactions with plants can influence flowering phenology and therefor cause divergent 

selection causing temporal/allochronic isolation which is the first step, one of many, in the speciation 

process. Climatic variation can modify selection on flowering phenology as growing seasons expand 

or contract which could cause a uneven temporal shift between insects and plants. Even with  

differential/opposing effects of multiple plant-insect interactions preventing a consistent selection 

pressure response (e.g. pollinator abundance causing both fitness advantages and disadvantages 

depending on insects abundance). The massive amount of support for involvement of allochronic 

shifts, in the form of flower phenology adaptation, in causing isolation of plant populations can’t be 

denied.  
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Allochrony in animals  
In the previous part of this thesis 

we discussed how insect can 

influence the flowering 

phenology of plants and therefor 

cause temporal isolation. But 

plants might also influence the 

life-cycle of insects. An example 

of life-cycle change, in the 

absence of a host or habitat or 

host shift,  is found in the North 

American gall-forming aphids. 

Aphids are small phytophagous 

insects (Abbot & Withgott 2004). 

They found Pemphigus aphids 

represent a relatively recent 

radiation. An average sequence 

divergence of only about 4%, within the 

assemblage, Pemphigus populi-transversus 

Riley and P. obesinymphae Aoki form a 

monophyletic clade within the North 

American Pemphigus group. They have a 

sympatric habitat on the eastern cottonwood, 

Populus deltoids. By comparing gene trees with species phenotypes they found no gene flow 

between both species also field evidence indicates intermediate phenotypes do not commonly occur, 

despite they inhabit the same host plant. This is most likely induced because they have very different 

life cycles with a six month difference in sexual stages (figure 4). Their interpretation was that an 

ancestral population had a life cycle shift which correlated with an underlying phenological 

complexity in the host plant, driving divergence between the incipient species. The next plausible 

case of allochronic speciation is about the pine processionary moth (PPM), Thaumetopoea 

pityocampa. Normally the PPM is a Mediterranean insect with winter larval development. 10 years 

ago a sympatric and phenologically different population was observed in Portugal, this population 

had early adult activity and summer larval development (Santos et al. 2007). The phenological shift 

was not correlated with a change of host species, habitat or resource. Based on mitochondrial and 

nuclear sequencing can be said that summer and winter populations are closely related. After 

monitoring adult flights they conclude reproductive activity does overlap between both populations. 

They suggest that in the winter population some individuals underwent a sudden phenological shift 

leading to a founder effect and immediately complete reproductive isolation (Santos et al. 2007). 

Because of this shift the new population is exposed to different selection pressures which could lead 

to rapid further divergence.  Another  study, this time on the winter moth Inurois punctigera 

showed climatic disruption under harsh midwinter conditions has led to two genetically diverged 

allochronic populations without habitat or host plant shift (Yamamoto & Sota 2009). The genus 

Inurois occurs in East Asia. Larvae feed on various deciduous trees leaves in the spring and by early 

summer pupate in the soil, adults emerge and reproduce in the winter period. In habitats with severe 

midwinter, two sympatric populations of moth reproduce temporally isolated in early and late 

Figure 4 Simplified depiction of the life cycles of Pemphigus populi-
transversus and P. obesinymphae, with the major events represented. 
Pemphigus populi-transversus has a life cycle typical of aphids in the genus 
Pemphigus. Pemphigus obesinymphae has a derived lifecycle, in which the 
sexual stage occurs in the spring, a diapausing egg is omitted, and 
overwintering occurs on the roots of a secondary host.  
(Abbot & Withgott 2004) 
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winter, while in habitats with 

milder midwinter these 

populations have a 

continuous adult period 

inducing gene flow (figure 5). 

The winter harshness in 

habitats with severe winters 

results in disruptive selection 

on the flight period. Thus, 

continuous flight periods are 

exhibited in areas with milder 

winters, whereas disrupted flight 

periods have been maintained in 

areas with colder winters. These 

results in combination with the fact 

that no host or habitat shift has taken place indicate that temporal isolation has been the sole 

mechanism for allochronic isolation in colder habitat and not as a by-product of other adaptations. 

This data was obtained by collecting adult I. punctigera from 34 locations in Japan and analysed using 

DNA sequencing and amplified fragment length polymorphism (AFLP). A follow up study in 2011 

showed that adaptive divergence of temporally isolated reproducing populations has occurred 

independently in different regions in Japan. Based on analysis of molecular variance and comparison 

of genetic differentiations. This implies the importance of the role of temporal isolation incipient 

speciation (Yamamoto & Sota 2011).  These studies show  how complicated it is to determine the 

source and the overall amount sources that play a part in temporal isolation of animal populations. 

We showed how host interactions can play a part in timing of reproduction since the animal is 

dependent on its host a sudden change can simply cause two populations to never meet again from 

one day to another. Also again environmental factors, like shown by Yamamoto & Sota, determines 

whether animals are able to meet at a certain moment of a year which could drive populations apart 

by forcing them to choose. Or temporal isolation can frankly happen without interference of 

anything and therefore kickstart speciation by immediate reproductive isolation due to temporal 

isolation which seems to be the case in the pine processionary moth (Santos et al. 2007). 

 

The involvement of the circadian clocks in allochronic speciation  
Now we move on to clock genes. One condition promoting sympatric speciation is time lag in 

reproduction between populations. Clock genes play a role in controlling the circadian rhythm and 

therefor they can cause a difference in  time of mating within a day. Thus, cause allochronic 

reproductive mating, simply because animals with different circadian rhythms will never meet. We 

start of by looking at a study done by Miyatake, they looked at the melonfly Bactrocera cucurbitae 

(Miyatake et al. 2002). The B. cucurbitae provides a good system for unravelling the link between 

mating time and pre-mating isolation because they only mate once a day.  Flies with a circadian 

period of 22 hours (S-population) mated 5 hours earlier in the day than flies with a circadian period 

of 30 hours (L-population)(figure 6; figure 7). With the help of mate-choice test they demonstrated 

significant pre-mating isolation between 22h and 30h populations. When flies were treated by 

Figure 5 Flight season and life cycle of I. puncitgera along the climatic gradient. (A) 
Collection dates (x-axis) of male moths are plotted with mean temperatures of the 
coldest month at collection localities (y-axis). (B, C) Life cycle in mild-winter (B) and 
cold-winter (C) habitats. Developmental stages: A, adult; P, pupa; E, egg; L, larva. 
Arrows indicate reproductive periods. (Yamamoto & Sota 2009) 
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photoperiodic control to synchronize their mating time they didn’t show any pre-mating isolation. 

Thus, reproductive isolation is most likely due to variation in mating time and not because of any 

unidentified ethological difference between both populations. Moreover they cloned period (per) 

gene of the B. cucurbitae which is homologous to the per gene in Drosophila. The results showed the 

fluctuations of per expression under dark:dark light regimes is closely correlated to the locomotor 

rhythm in B. cucurbitae. Suggesting that clock genes might pleiotropically cause reproductive 

isolation by a change of mating time (Miyatake et al. 2002). 

 
 

 
Figure 7 Frequency distributions of mating times for S- 
and L-populations. 

 

The Drosophila melanogaster and D. pseudoobscura also show different temporal patterns of 

circadian locomotor activity determined by the circadian clock gene period (per). Genes controlling 

behavioural aspects relevant to courtship or mating like locomotor patterns are obvious candidates 

for playing a role in speciation. To prove the role of per in the mechanisms of mate choice this study 

used transgenic flies carrying the natural per genes from these two species to prove per might 

accommodate the conditions needed for speciation, by affecting species-specific timing of mating 

(Tauber et al. 2003). Results of the ANOVA show clearly that the per transgenes carry species-specific 

information concerning the phases of both circadian locomotor and mating activity. Results of an 

assortative mating experiment also show a preference of individuals to mate with flies that carry the 

same per genotype, most likely due to the fact they mate at different times. Drosophila melanogaster 

and D. pseudoobscura coexist in sympatry in the wild, yet heterospecific matings have not been 

reported probably because D. pseudoobscura mating peak is just before darkness while D. 

melanogaster shows a mating peak in the hours before dusk (Tauber et al. 2003). Thus, the 

experimental setup corresponds with field observations. This research shows how a single behaviour 

gene seems to control the locomotor activity pattern and therefore mating timing which induces 

temporal isolation.  In the next article, the mating behaviour of a population of the cockroach 

Leucophaea maderae is examined.  Mating behaviour of multiple small populations of virgin males 

and females of the cockroach were monitored in controlled laboratory conditions continuously by 

time-lapse video recording. They found that in a 12:12 hours light-dark cycle the time onset of 

copulation was rhythmic with the peak of mating occurring at dusk. In dim red the rhythm persisted 

while in constant conditions the period of the rhythm was slightly less than 24 hours. Thus, the 

Figure 6 Protocols of photoperiodic controls for the mate 
choice tests. Horizontal open bar indicates the photophase; 
closed bar indicates the scotophase. 
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rhythm is gated by the circadian clock. When the cockroaches were taken from a light-dark cycle that 

was 12 hours out of phase a bimodal rhythm was observed for both females and males suggesting 

that both contribute to the circadian rhythm of copulation. With the help of bilateral section of the 

optic tracts they showed that the pacemaker in the optic lobes of both sexes contribute to mating 

rhythms (Rymer et al. 2007).  The last subject we are going to look at is the noctuid moth 

Spodoptera frugiperda, the moth consist of the strains that live in sympatry. The strains differ in their 

larval host plants, on is found mainly on rice and various pasture grasses (referred to as the rice 

strain) and on maize, sorghum and cotton (referred to as the corn strain). No morphological features 

have been described to distinguish these two strains (Schöfl et al. 2009). Yet both strains exhibit 

different temporal patterns of female calling and copulation during scotophase, the corn strain is 

active earlier in the night (see figure 8). To investigate this phenomenon they looked at strain-specific 

constraints vs. plasticity in reproductive timing, the consequences on interbreeding between both 

strains and the mode of inheritance of mating interactions. In total 480 pure strain pairs, 200 

between-strain pairs and 320 pairs involving hybrids for three consecutive nights were observed.  An 

allochronic shift of all reproductive behaviours of 3 hours was found (corn strain was  3hours earlier 

than the rice strain), also a parallel shift in locomotor activity was found suggesting involvement of 

the circadian clock (Schöfl et al. 2009; Rymer et al. 2007; Tauber et al. 2003).  A follow up study in 

2012 showed that the allochronic separation is not as clear as previously thought because of the 

flexibility in mating.  This study investigated whether mating is enhanced mainly by allochronic shift 

or also by time-independent intrinsic mating preferences (Schöfl et al. 2011). The patterns they 

observed suggest that both factors played a role in mating, but mating preference was dominant 

during the first encounter while on subsequent night mating preference becomes weaker. Also males 

were less restricted than females in 

their mating pattern suggesting 

females contribute more to 

reproductive isolation than males. 

This is a frequently described pattern 

in nature probably due to the higher 

relative mating cost of females.  

 In summary the initiation of a 

mating sequence is a fairly complex 

process dependent on many factors, 

obviously both temporal and spatial 

coordination has to be precise but we 

also saw how mate preference also 

contributes to mating patterns. This 

shows how difficult it is to prove 

allochronic speciation in general and 

more specifically the involvement of 

the circadian system. However 

restriction of mating behaviour to a 

specific time of day might induce 

selective advantages as a result of 

evolutionary pressures to reduce 

predation and to limit the amount of 

Figure 8 Temporal distribution of onset times of (a) female calling, (b) male calling, (c) 
copulation and (d) oviposition during scotophase for corn and rice strain individuals of 
Spodoptera frugiperda. Histograms and box plots indicating median, interquartile 
range, and range, present data on initiation times from observations on 158 corn strain 
pairs and 162 rice strain pairs pooled over three consecutive nights. (Schöfl et al. 2011) 
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time (energy) expended in searching for a mate. The huge role the circadian clock could potentially 

play in this added the many convincing studies showing promising results suggest allochronic 

speciation is a very real thing. 

Prerequisites 
Thus far we looked at the basics of the four main forms of speciation (parapatric, allopatric, 

peripatric and sympatric) and we took a closer look at what exactly is allochronic speciation and its 

plausibility. But how do we get full speciation or cladogenesis, the splitting of one lineage into two? 

In this section we will discuss the prerequisites of speciation. The most common way of speciation is 

as discussed when a single population gets separated into two populations by geographical isolation. 

Because geographic isolation leads to reproductive isolation furthermore different geographic 

regions most likely have differential selective pressures due to for example difference in 

temperature, rainfall, predators and competitors (Coyne & Orr 2004; Via 2009). And even if this is 

not the case and the regions are similar, genetic recombination or mutations might happen there for 

creation a difference in genetic composition of both populations(Turelli et al. 2001). So if given 

enough time and selection, two populations will become two separate species. But at some later 

time, the two populations might get back into contact. Now comes the real test because if there is 

not enough difference the two populations might simply merge back together like nothing ever 

happened. To prevent this natural selection should act on reinforcing pre-zygotic barriers, so the two 

populations cant reproduce in the first place or create post-zygotic barriers.  There are a number of 

mechanisms which act after fertilisation to prevent successful inter-population crossing: zygote 

mortality, non-viability of hybrids and hybrid sterility. They basically all do the same thing, making 

sure that the hybrid can’t exist in the the first place or make sure they can’t create offspring 

themselves.  Now we will try to fit this format for allochronic speciation. Alexander and Bigelow 

proposed that, for a pair a field cricket, disruptive selection for alternative cold-resistant 

overwintering stages resulted in segregation of the reproductive period, thus speciation followed due 

to different seasonal life cycles within sympatric speciation (Alexander & Bigelow 1960). This was the 

first ever proposal of allochronic speciation, later this research was invalidated because both cricket 

species weren’t sister species. Nevertheless the idea was born, and to borrow a statement made by 

Turelli:’All that is required for allochrony is temporal isolation and time’(Turreli et al. 2001). 

Allochronic speciation involves three patterns: segregation between years, as in periodical cicadas 

(Coyne & Orr 2004); seasonal segregation and allochronic divergence by circadian timing. Disruptive 

selection of life-cycle timing may cause temporal isolation. We discussed many cases across different 

taxa where segregation of the reproductive period among populations or related species. For me this 

raises three questions in regards to ‘normal’ allopatric speciation like we discussed above. First: the 

strength of divergent selection necessary. Second: can temporal isolation function as the primary 

process of speciation. And third: is post-zygotic isolation always a necessity for allochronic speciation. 

We start with the strength of divergent selection that is necessary to cause temporal isolation within 

a population. The forms of divergent selection we reviewed in this thesis are: environmental factors 

and biotic factors. But what is exactly meant by the strength of divergent selection? A lot of articles 

refer to disruptive selection instead of referring to divergent selection, according to the literature 

(Coyne & Orr 2004) the difference between to two is this: disruptive selection is a more extreme 

subform of divergent, for example Yamamoto and Sota referred to extreme midwinter conditions as 

a form of disruptive selection (Yamamoto & Sota 2009; Yamamoto & Sota 2012). In this example 
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because of the harsh midwinter winter moth where prohibited form dispersing during this midwinter 

forcing them to either reproduce before or after this midwinter period. Probably the most well-

known example of ‘ordinary’ divergent selection is the Darwin Finch, here one ancestral species 

radiates into a number of descendant species due to difference in food availability (Coyne & Orr 

2004). Even though Devaux and Lande suggested in their model that disruptive selection might not 

be necessary under very precise circumstances (Devaux & Lande 2008), after reviewing to literature  I 

personally am tempted to say disruptive selection is necessary in order to create enough temporal 

isolation between populations to induce reproductive isolation as a primary process of speciation. 

Which immediately brings up the next point of attention: allochronic speciation as primary process of 

speciation or pleiotropy? For the difference between both I will use the Darwin Finch as an example 

again. Let’s say that there was one starting population and as time went one they started using 

different food resources to escape competition from each other. To do this they started adopting 

different traits like beak size and shape but also different digestive systems and as they get more and 

more specialized they start to synchronize their reproductive efforts to the food availability peak. At 

this point temporal isolation might start to occur and therefore incipient allochronic isolation. In this 

case, which is an thought experiment so not really how speciation went for Darwin Finches, 

allochronic speciation would occur as an by product, pleiotropically, of other adaptations. Answering 

both questions at the same time, I think allochronic speciation happens both as primary process of 

speciation in disruptive selection conditions as well as a by-product, reinforcing reproductive 

selection as shown by Ellis et al. (Ellis et al. 2006) in cases of divergent selection. I want to add two 

remarks to this conclusion. First, the problem with disruptive selection is that as the name suggest it 

isn’t stable, so in order to create two fully separated species the disruptive selection pressure might 

disappear causing to merge the two not yet fully separated populations back together. This is 

supported in the case of the winter moth where mild midwinters interrupt the speciation process. 

Elzinga et al. showed similar result for biotic factors influencing plants, yearly fluctuations of insect 

density created difference in optimal flower phenology every year (Elzinga et al. 2007).  The last 

remaining question being is post-zygotic isolation always necessary for allochronic, this question is 

fairly straight forward in that the necessity depends on the stability of temporal isolation. A great 

example for this are big felines, in captivity lions and tigers can interbreed, yet in the wild they are 

geographically isolated so a so called liger will never occur. The same principle stands for allochronic 

speciation, as long as the temporal isolation is robust enough that organisms will not meet, post-

zygotic isolation is not a must. That being said if temporal isolation is that robust, organisms will most 

likely have picked up so many different adaptations causing post-zygotic isolation anyway. 

Discussion 
Summary and conclusion  
There are  four basic forms of speciation. Allopatric speciation which occurs when a population 
becomes separated into two entirely isolated subpopulations. Peripatric speciation which happens 
when a small subpopulation becomes isolated from the large main population, because of the small 
size of the subpopulation divergence can easily occur due to the founder effect. Parapatric speciation 
which occurs when a small subpopulation enters a new niche. And the fourth form sympatric 
speciation where speciation occurs with no form of physical isolation between populations. 
 Furthermore,  allochronic speciation was introduced as a subform of sympatric speciation. 
Allochronic speciation was defined as the process of developing different species as a result of 
different breeding seasons or patterns, or difference in locomotor activity within a population. 
Supported by a literature review on cases of presumably allochronic speciation.  This review of the 
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literature indicates environmental cues (e.g. temperature, day length, light level, nutrient level and 
soil moisture) can affect flowering phenology in plants causing a difference in date-onset of breeding 
season and length of the breeding season in plants therefore possibly inducing temporal isolation 
between different populations which in term could lead  to reproductive isolation (Hall & Willis 2006; 
Ellis et al. 2006). Likewise also biotic interactions can affect flowering phenology in plants, both 
mutualistic and antagonistic insect influences to flowering phenology which can cause assortative 
mating between different populations of plants as a result (Elzinga et al. 2007). For animals both 
host-plant interaction and environmental factors have been mentioned to cause a change in seasonal 
timing inducing temporal isolation (Abbot & Withgott 2004; Yamamoto & Sota 2009).  Concluding 
that adaptation to different environmental, both abiotic and biotic, cues very likely is a powerful 
source of genetic differentiation between populations and often times the best form of adaptation 
seems to be a time related shift as individuals who breed at unfavourable times may experience 
lower relative fitness, as evidenced by differential success of parents breeding within a given season 
(Quinn 2000; Hall & Willis 2006).  Biological traits selected under each circumstance can 
pleiotropically induce timing differentiation and therefore assortative mating between individuals of 
differentiated/differentiating populations. Which may induce allochronic, sympatric, speciation. 
Another component most likely playing an influential role in allochronic speciation is the circadian 
clock, a mechanisms essential for filling in our daily schedule. Differentiation in components of this 
clock results in completely different rhythms and therefore also in the timing of reproductive 
behaviour inducing temporal isolation within a daily cycle (Miyatake et al. 2002; Rymer et al. 2007).  
Future directions  
Thus far the circadian clock  and more specifically the per gene has been the only concrete 
mechanism suggested behind producing allochronic shifts where all the other studies propose factors 
that might, could or should induce allochronic shifts there has not yet been proposed another 
mechanism to bestow such shifts. In summary, undoubtedly temporal isolation can cause difference 
in timing of reproductive efforts in populations of organisms whether this difference is on a seasonal 
or daily scale. Also the factors influencing these timing differences either directly or as a by-product 
seem straight forward. Yet the absolute mechanisms causing this difference in timing remain largely 
unknown. In my view the most promising avenue to follow is the circadian clock. Because it allows 
organisms to coordinate their behaviour with regards to daily environmental changes. This opens 
opportunities for exploration of a largely undiscovered discipline within chronobiology.  Circadian 
clocks allow animals to optimize physiology and behaviour to specific times of day, this results in 
organisms being mainly diurnal, (active during the day) nocturnal (night active) or crepuscular (active 
around dawn and dusk). A recent study shows typically nocturnal mice can become diurnal of 
challenged by cold or hunger, this study shows that daily energy expenditure of energetically 
challenged mice is reduced by 6-10% when they become diurnal instead of nocturnal (Van der Vinne 
et al. 2015). This could provide a basis for further research as mice forced in an temporal niche 
probably experience fitness loss due to higher predation risk, yet they seem perfectly able to do so if 
necessary. In a scenario where predation is lacking and the diurnality of mice cause a competition 
advantage over nocturnal mice. Experiments could be done with two lineages of mice differentiating 
in their free-running period (tau), one short and one long version, similar to work done by Miyatake 
et al., to see whether diurnality can be prompt that way. The same can be done for per mutated 
mice. In both cases, time of mating can be expected to be different and as a result this allochony may 
lead reproductive segregation and subsequently to speciation. Such an experiment could prove the 
involvement of the circadian clock in allochronic shifts.     
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