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mation (such as the number of photoperiodic cycles expe-

rienced), to produce appropriate outputs. Effectors that act

on output from the integrator, chiefly neuroendocrine sys-

tems, produce responses, especially daily and seasonal

effects related to photoperiodic signals.

Fig. 1 reinforces the fact that information is communi-

cated among many successive and simultaneous elements,

including both one-way signals and feedback pathways. It

also demonstrates the fact that there are multiple inputs,

because photoperiod is only one of the potential environ-

mental conditions. Moreover, there are multiple effects,

including behaviour, colour, wing morph, diapause, dis-

persal and other responses. These different responses

could use similar or different environmental references

and similar or different internal components.

Conditions

Conditions of the environment, especially photoperiod,

provide information to insects about daily or seasonal

time. Key features of photoperiodic signals are shown in

Table 1 (for more details see especially Danks, 1987 and

references cited there). The exact coincidence of photope-

riod with astronomical events (top part of the table)

makes it a very reliable indicator of seasonal position.

However, despite their basic astronomical precision the

signals can be greatly modified by habitat, latitude and

season (bottom part of Table 1), changing the potential

value of the information received by an insect. Moreover,

other environmental conditions such as temperature pro-

vide simultaneous seasonal and daily temporal informa-

tion. Interactions with photoperiod can be complex

because the daily and seasonal patterns of these other

conditions may not coincide with those of photoperiod,

because habitat, season and latitude influence them in dif-

ferent ways, and because they are received by different

sensors.

Although many factors therefore can modify “clean”

photoperiodic signals, little formal analysis of these fac-

tors has been done in considering the function of the bio-

logical clock. The wavelength and intensity of light

change according to the time of day and the habitat

(Holmes & McCartney, 1976; Henderson, 1977; Roenne-

berg & Foster, 1997); sensitivity often differs between

dawn and dusk (because of different receptors as well as

different acclimation: Danks, 1987, p. 235); sinusoidal

signals like the gradual onset of light and darkness

through twilight, as in nature, may have different effects

than square functions like the sudden lights on and lights

off typical of the laboratory (cf. Bell & Walker, 1973;

Byers & Unkrich, 1983; and see Volkovich & Sokolova,

2000 for thermoperiodic effects); and seasonal and daily

temperatures lag photoperiods (e.g. Fig. 14 in Danks,

1987). These differences have seldom been evaluated in

the context of signal reception and use by the insect.

210

Fig. 1. Major components of photoperiodism and circadian

systems.

From virtually none during solstices and at equator, to several minutes per

day at higher latitudes during equinoxes (e.g. 6 minutes per day at latitude 60

degrees)

VariesSeasonal rate of change

Latitude dependent: from none at equator to complete at polesVariesDegree of seasonal change

Habitat dependent: sunlight more than 108 different in intensity from star-

light but some habitats, as well as structures such as cocoons, can attenuate

or even virtually eliminate the signal

VariesSignal strength

(e.g. temperature)Moderate
Coincidence with other 

conditions in a given season

Eyes and other, especially neural, tissues are light-sensitiveHighAvailability of sensors

Twice per dayHighFrequency for monitoring

Astronomical eventsExactPredictability of seasonal change

Astronomical eventsExactCoincidence with season

NotesCorrelationFeature

TABLE 1. Key features of photoperiod as an environmental signal.
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(Takeda et al., 1999). They include pigment-dispersing

factor (PDF) (much studied in Drosophila, see Williams

& Sehgal, 2001) and melatonin (which is also the effector

hormone from the mammalian suprachiasmatic nucleus).

However, elucidating the effectors is hindered by the fact

that there are hundreds of kinds of such transmitters in

insects. Although some are specific for a single function,

other neurotransmitters and hormones may have several

roles, so that even key transmitters are not necessarily

confined to tissues involved in biological timing. Moreo-

ver, different species appear to use different factors

(Takeda et al., 1999).

Responses

Many different responses are affected by photoperiod,

including internal as well as externally visible rhythms,

over daily to much longer time frames, and involving a

variety of different systems, as exemplified in Table 2.

Because so many systems are affected, each species pos-

sesses multiple, and even simultaneous, responses under

some form of photoperiodic influence. Notwithstanding

the theoretical touchstone of “the biological clock”, it is

by no means certain that such a range of divergent ele-

ments, subject to so many different selective pressures

and proximate demands, could be co-ordinated by a sin-

gle, localized time-keeping mechanism.

APPROACHES

Information about insect photoperiodism and rhyth-

micity can be gathered by more than one approach, as

summarized in Table 3. Observational approaches record

information, such as the structure of photoreceptors,

directly; inferential approaches rely on indirect measures

such as formal properties of the response.

 Observational approaches focus on elements of photo-

periodic systems that include the actual structures

involved in reception, such as photoreceptor organelles

and pigments. Devices are workings of the photoperiodic

mechanism or its parts that can be directly observed, such

as neurosecretory releases. Qualities are measurable fea-

tures of individuals that are influenced by photoperiodic

responses, such as mortality (or survival), and fecundity.

However, many observations of this sort are not suffi-

ciently complete to explain function or value.

Inferential approaches include the study of responses

such as receptor sensitivity, voltinism, phenology, per-

centage diapause and properties of the photoperiodic

response, which generate summaries (such as classifica-

tions of diapause) or statistics. These measures usually

cannot be related directly to specific functioning,

although comparative responses (such as those based on

geographic differences) are especially helpful to interpret

their adaptive value. Models incorporate theories consis-

tent with responses or observations that suggest how

mechanisms such as the clock or counter, or its parts such

as particular loops or oscillators, work. Finally, fitness

can be estimated from parameters supposed to reflect the

adaptive value of particular responses, as inferred from

seasonal conditions, trade-offs, and other selective

options.

Of course, these approaches and categories are not

absolute. They are inter-related and even overlap (Fig. 2).

For example, well documented information about

molecular loops has been combined with less certain

information to generate a model of clock function. The

mathematical theory for modelling clock function is well

advanced (e.g. Glass & Mackey, 1988). Moreover, many

students of photoperiodism and rhythmicity work with

only one of the categories shown in Fig. 2, the power of

the different approaches is not equal, and knowledge of

one level does not necessarily give answers at another. In

other words, we cannot yet make all of the links implied

in Fig. 2.

LESSONS

Two sorts of lessons emerge from this brief review.

First, the responses have extraordinary variety, as shown

by their multiple components and complex integration,

and by the diversity of clocks and other adaptations. Sec-

ond, in doing work on these adaptations it is necessary to

distinguish between different processes, approaches, and

potential adaptive values, thereby avoiding a tendency to

link many different phenomena just because they occur

together or because they incorporate some form of timing

element.

Multiple components

Responses to photoperiod consist of multiple compo-

nents (cf. Fig. 1). For example, receptors provide inputs

to monitor multiple environmental conditions over a

variety of time scales (see Inputs above); multiple genes

are involved in various elements of circadian timing and
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Fig. 2. Synopsis of approaches to studying insect photoperio-

dism and rhythmicity.
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