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Abstract
G w in n er , E. (1991): Circanual rhytms in tropical and temperate-zone stonechats: a comparison of 
properties under constant conditions. Ecol. Birds 13: 5-14
Male and female stonechats (Saxicola trorquata) of the equatorial subspecies axillaris from Kenya and of 
the temperate zone subspecies rubicula from central Europe were handraised and subsequently held for 
24 to 30 months in a constant 12.25 h equatorial photoperiod.
Gonadal size and molt were assessed at regular intervals. Most birds of both subspecies went through 
two successive circannual cycles in gonadal size and molt. This suggests that circannual rhythms play a 
role not only in birds inhabiting tropical environments characterized by small and often irregular seaso­
nal variations but also in birds of higher latitudes. Some of the differences observed in the pattern of the 
gonadal and molt cycles can be interpreted as adaptations to the different environmental conditions to 
which the two subspecies are normally exposed.

Zusammenfassung
G w in n er , E. (1991): Ein Vergleich circannualer Rhytmen bei Schwarzkehlchen aus den Tropen und den 
gemäßigten Zonen. Ökol. Vögel 13: 5-14.
Männliche und weibliche Schwarzkehlchen (Saxicola torquata) der am Äquator vorkommenden Unter­
art axillaris aus Kenia und der in den gemäßigten Breiten brütenden Unterart rubicula aus Mitteleuropa 
wurden von Hand aufgezogen und anschließend 24 bis 30 Monate lang in einer konstanten 12.25-stün- 
digen äquatorialen Photoperiode gehalten. Ihre Gonadengröße und Mauser wurden in regelmäßigen 
Abständen bestimmt. Die meisten Vögel beider Unterarten gingen durch 2 aufeinanderfolgende circ- 
annuale Zyklen der Gonadengröße und der Mauser. Die Ergebnisse sprechen somit dafür, daß circ- 
annuale Rhytmen nicht nur bei solchen Vögeln eine Rolle spielen, die in einer äquatornahen Umwelt 
leben, sondern auch bei Vögeln höherer geeographischer Breiten. Einige kleinere Unterschiede im 
Muster der Gonaden- und Mauserzyklen lassen sich als Anpassungen an die unterschiedlichen Umwelt­
bedingungen interpretieren, denen die beiden Unterarten normalerweise ausgesetzt sind.
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1. Introduction

Endogenous circannual rhythms persisting for several cycles in annually constant 
conditions have been demonstrated in more than 40 species of plants and animals. 
These include: rhythms of growth and longevity of hydrants in coelenterates (B ro c k  
1975 a-c), diapause in insects (B la k e  1959 a, b), behavioral thermoregulation in fish 
(K a v a lier s  1982), locomotor activity in reptiles (S t e b b in s  1963), moult, migratory 
disposition and reproductive capacity in birds, and hibernation, breeding activity 
and food and water intake in mammals (G w in n er  1986 for review). Although these 
investigations have attested to a previously unexpected wide distribution of circ­
annual rhythms, particularly among long-lived organisms, both their physiological 
bases and functional significance have remained obscure. The aim of the present 
investigation was to elucidate the biological role played by circannual rhythms in the 
organisation of avian annual reproductive and moult cycles. This was done by com­
paring the performance of a tropical and a temperate-zone avian subspecies of a 
passerine bird, held under the same seasonally constant conditions.
For our investigation we have selected the stonechat (Saxicola torquata), a species 
with an unusually wide breeding range in Eurasia and Africa (Figs. 1 and 2). The sub­
species S.t axillaris, and S.t rubicula  (in the following called axillaris and 
rubicula, respectively) were examined. Axillaris breeds in Eastern Africa. Birds in a

Fig. 1. European (Saxicola torquata rubicula) and East African (S.t. axillaris) stonechats. From left to right: 
rubicula d ; rubicula 9  (autumn and winter); rubicula 9 (spring); axillaris d, axillaris 9. Illustration by 
H. K a c h e r .



population living close to the equator in Kenya have a well-defined breeding season 
that begins with the onset of the main rains in March, April or May (B row n  and 
B r itto n  1980, D itt a m i and G w in n er  1985). Rubicula  has a breeding distribution all 
over Europe and Northern Africa, where it reproduces in spring and early summer. 
In both subspecies the breeding season is followed by a complete molt (G l u t z  von  
B lo t z h e im  and B a u er  1988). The annual changes from reproductive to non-repro- 
ductive conditions are accompanied by pronounced seasonal changes in gonadal
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Fig. 2. Upper diagram: Breeding distribution of the stonechat (modified from Voous 1960). The arrows 
mark the sources for experimental rubicula (A) and axillaris (B). Lower diagrams: Approximate seasonal 
occurrence of the breeding and molting seasons in the two subspecies as well as timing of migration in 
rubicula. (Based on data in G lu t z  von  B lo t z h e im  and B a u e r  1988, D itt a m i and G w in ner  1985, Z ink  
1973, and on unpublished data).



size and plasma concentrations of LH, testosterone and estradiol (D itt a m i and 
G w in n er  1985; S c h w a bl , F lin k s  and G w in n er , unpublished data). A body molt is 
carried out by both subspecies after fledging. It starts later and lasts longer in axillaris 
than in rubicula (G w in n er  et al. 1983).
We have shown previously that in axillaris the annual rhythms of gonadal size and 
molt are controlled by endogenous circannual rhythms (G w in n er  and D itt a m i 
1990). Evidence for such a mechanism came from the finding that birds held for up to 
7 i years in constant conditions of photoperiod and temperature continued to go 
through repeated cycles of gonadal size and molt. The period of these rhythms 
tended to deviate from one year, thus attesting to their true endogenous nature. 
These results are consistent with an old hypothesis suggesting that endogenous circ­
annual rhythms may play a particularly important role in the control of the annual 
cycles of tropical organisms inhabiting environments with only small and often irre­
gular seasonal variations (e.g. M o rea u  1931, C h a pin  1932, B a k er  8c B a k er  1936, 
B a k e r  8c R a n so n  1938, M o rea u  et al. 1947, A sch o ff  1955, M a r sh a l l  1959,1960a, 
b, M a r sh a l l  &  S erv en ty  1959, I m m elm a n n  1971, G w in n er  1986). In such species 
endogenous timing mechanisms may make up for the lack of reliable exogenous 
time-giving cues. If a tropical environment does, indeed, exert particularly strong 
selective pressures on the evolution of circannual rhythms, one might expect that 
circannual mechanisms are less well developed in taxa occuring at higher latitudes 
than in related lower latitude birds. We have tested this prediction by keeping rubi­
cula and axillaris from birth for more than two years in constant photoperiodic and 
temperature conditions similar to those normally experienced by free-living equato­
rial birds.

2. Methods
Five male and four female axillaris were collected as nestlings in April and May near Nakuru, Kenya 
(0°14’S, 36°0’E) and transported to Andechs, West Germany within two weeks. Two additional males 
and six females (C, D, L-Q in Fig. 2) were bred from African birds caged in Andechs. 13 male and 7 female 
rubicula were collected as nestlings inMai, June and July near Vienna, Austria (47°40’N, 36°30,E) and 
transported immediately to Andechs. All birds were hand-raised as described in G w in ner  et al. (1987). 
They were kept in individual cages, housed in groups of 6 to 9, in temperature controlled chambers at 
20°±3°C. Photoperiod was held constant at 12.25 hours. At intervals of one week or less birds were 
checked for the occurrence of body and flight feather molt. The onset of molt was defined as the date 
between the last check without molt and the first check with molt. Every 3 to 8 weeks birds were laparo- 
tomized to determine the testicular width in the males and the diameter of the largest ovarian follicle in 
the females. In the males, the onset and end of testicular growth was defined as the time at which testicu­
lar width first reached 1.5 mm during successive phases of gonadal recrudescence and regression. Corre­
spondingly 0.8 mm for the diameter of the largest follicle was taken as a threshold value for assessing the 
onset and the end of the female ovarian cycle. — The time interval between onsets and ends of testicular 
and follicular cycles is subsequently referred to as «duration of the sexually active phase». The time inter­
vals between successive onsets of testicular or follicular growth and between successive onsets of post­
nuptial flight feather molt are referred to as circannual period of the gonadal and molt rhythms, respect­
ively. Results on the duration of molt and the sexually active phase and on circannual period length 
were analyzed by ANOVA. Results on onsets and ends of molt and the sexually active phase were ana­
lyzed with the non-parametric Kruskal-Wallis test because homogeneity of variances could not be 
achieved by transformations of these data. — T-tests and Mann-Whitney U-tests were used for post-hoc 
analyses as well as for the comparison of circannual period lengths.



3. Results

3.1 Pers i s tence and c learness  of the gonadal  and mol t  rhytms

Following fledging free-living axillaris and rubicula  carry out a post-juvenile body 
molt. Later on, they go through a gonadal cycle which is followed by a complete molt 
and this pattern is then repeated every year. — As shown on Fig. 3. for axillaris 6 of 
the 7 males behaved like free-living conspecifics in that they completed two gonadal 
cycles within the 28 to 29 month experimental period and carried out (or initiated) 
two complete molts. Only one male (b) showed a slightly atypical pattern in that it 
went through an extra (flight feather and body) molt in the middle of its second year 
of life. — Among the 10 females, 6 (h-m) showed relatively normal patterns with 2 
cycles of follicular growth and regression and 2 complete molts, although in 2 of 
these birds (k,m) some body feathers were also replaced between the main molting 
periods. Three of the 4 remaining females (n-p) went through 2 follicular cycles, but 
their pattern of molt was irregular in that one or both postnuptial molts were 
restricted to the body plumage and often lasted much longer than normal. The last 
female (q), finally, went through only 1 gonadal cycle and never molted any flight 
feathers, but since this female died at an age of 24 months, its data must be treated 
with reservation.
In the male rubicula circannual rhythms tended to be less clearly expressed than in 
the axillaris (Fig. 3). Only 6 of the 13 individuals (a-e,h) went through 2 successive 
testicular cycles and 2 complete molts (p=0.08, %2-contingency tables, for the com­
parison with axillaris where 6 of 7 males showed a normal pattern; see above). Five of 
the others (f,g,i-k) also completed 2 testicular cycles, but one or both of their post­
nuptial molts were comprised of only body feathers. The sixth bird (1) showed one 
initial testicular cycle, but subsequently its testes remained small and body molt 
went on almost continuously. In the final male (m) the testes never developed and 
body molt was also almost continuous.
The females of rubicula were about as variable with regard to the persistence of circ­
annual cycles as the axillaris females. Four of the 7 birds (n-q) developed close to 
normal patterns with 2 follicular cycles and 2 complete molts (P >0 ,1  for the 
comparison with axillaris where 6 aut of 10 females showed close to normal pat­
terns), while 2 others (r,s) went through 2 follicular cycles but their molt was partly 
reduced to a body molt which was timed irregularly. The final female (t ) began initial 
follicular development at about the same time as the others but with 16 months it 
started egg-laying which continued irregularly for about 10 months. During this 
period which was interrupted at an age of 18 and 19 months by a complete molt, this 
female laid a total of 75 eggs.

3.2 T iming of  act ivi t ies

To compare the rhythms of the two subspecies and to evaluate the period of the 
rhythms, mean values were calculated for the onsets, ends, and durations of the 
sexually active phases as well as for the onsets, ends and durations of all molts (Figs. 4 
and 5). With regard to m olt duration, the statistical analysis revealed a significant
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G w in ner  and D itt a m i 1990). Right: the same for 13 d (a-m) and 7 9 (n-t) European stonechats (rubicula) 
held for 25 to 30 months in the same conditions. Bars show the occurrence of molt (black bars: molt of 
flight feathers; hatched bars: molt of body feathers). Data are plotted against the birds’ age and dashed 
vertical lines indicate the end of the birds’ first and second year of life. Axillaris 9 h laid an egg at an age of 
24 months and a measurement of follicular width could not be taken at that time. Rubicula 9 t started 
egg-laying at an age of 15 months and subsequently follicular measurements could be taken only occa­
sionally. Off-scale follicular widths are indicated by the numbers underneath the arrows.



difference between the 2 subspecies (p <0.001; ANOVA). Post-hoc t-tests indicated 
that all 3 body molts and both flight-feather molts lasted longer in axillaris than in 
rubicula (p<0.01). The duration o f  the sexually a ctive phase was indistinguishable 
between the females of the two subspecies but a significant difference was found
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Fig. 4. Average time course of the testicular and molt cycles of the (5 African (axillaris, upper diagram) 
and European (rubicula, lower diagram) stonechats shown on Fig. 2. The left and the right margins of the 
bars indicate the mean onsets and ends of flight feather molt (black bars) and body molt (hatched bars); 
horizontal lines: SE. The solid circles represent the mean onsets and ends of gonadal cycles (with SE) as 
defined in the methods section. For the calculation of the molt onsets and ends the following (presum­
ably atypical) molts were ignored: axillaris: third molt of bird b; rubicula: second molt of birds c, d, e, g; 
third molt of birds b, i, k, 1; fourth molt of birds k, 1 (compare Fig. 3).
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Fig. 5. Average time course of the follicular and molt cycles of the 9 African (axillaris) and European 
(rubicula) stonechats shown on Fig. 1. For the calculation of the mean molt onsets and ends the follo­
wing (presumably atypical) molts were ignored: axillaris: third molt of birds k, m, n, q; rubicula: second 
molt of birds p, q; third molt of bird s; fourth molt of birds q, s (compare fig. 3). — For further explana­
tions see fig. 4.



between the males (p <0.003; ANOVA). This difference is mainly due to the longer 
duration of the first sexually active phase (p <0.002; t-test), resulting from an earlier 
onset of testicular growth (p =  0.06; Kruskal-Wallis-test, p <  0.002; Mann-Whitney 
U-test).
In both subspecies and sexes there was a tendency for the circannual period to be 
shorter than 12 months. The mean period (± SE) measured between successive 
onsets of gonadal growth was 348+29 and 361 +  13 days for the male and female axil­
laris, and 317 ±25 and 329+16 days for the male and female rubicula. Corresponding 
values for the period measured between successive onsets of postnuptial flight- 
feather molt are 354+15 days for the combined data from male and female rubicula. 
None of the differences either between sexes or subspecies were significant.

4. Discussion

The results of the present study provide only little support for the hypothesis that 
equatorial environments provide stronger selective pressures for the evolution of 
circannual rhythms than temperate zone environments. Although there was a 
(almost significantly) smaller fraction of male European birds (rubicula) that exhi­
bited circannual cycles than male African birds (axillaris), the majority of rubicula 
underwent clear cycles of testicular width and molt. Among the females no subspe­
cies differences in the degree of expression of a rhythm could be detected. It is possi­
ble, of course, that under more extended experimental conditions a circannual 
rhythmicity would not persist as long in rubicula, as it does in axillaris, in which 
rhythms may continue for up to 7,5 years (G w in n er  and D itt a m i 1990). However, 
since free-living European stonechats only rarely live longer than 2 years (e.g. only 
about 10% and 22% of the birds of populations in Germany and on Jersey Island 
respectively, were 3 years or older; G lu tz  von  B l o t z h e im  and B a u er  1988), the cir­
cannual rhythms demonstrated in Fig. 2 would provide an adequate life-long 
mechanism to control reproduction and molt.
It was proposed previously (G w in n er  and D itt a m i 1990) that in tropical stonechats 
a major role played by the circannual mechanism may be the external and internal 
temporal adjustment of seasonal activities in an equatorial environment characteri­
zed by only minor and often irregular seasonal fluctuations. Such a function of circ­
annual rhythms may indeed prevail in the tropical birds, but the finding that stone­
chats from temperate zones exhibit almost equally clear circannual cycles as the 
equatorial conspecifics suggests that the endogenous mechanisms may also have 
functional significance in birds exposed to pronounced external variations in photo­
period and temperature all year round. It has been proposed that circannual 
rhythms, due to their inertia, protect organisms from reacting instantaneously to 
external stimuli and thus provide a buffer system against environmental noise 
(G w in n er  1986, G w in n er  and D itta m i 1988). Such a function would be particularly 
significant for organisms with a tight annual time schedule, i.e. migratory birds that 
use much of their time for migration. Indeed, some data suggest that long-distance 
migrants show more pronounced circannual rhythms than short-distance migrants



(G w inner  1986). European stonechats of the population we have studied do migrate 
(although only over distances of 1000 to 2000 km, Z in k  1973). In addition they are 
pressed  for time due to the fact that 2 to 3 broods are carried out each year (G lu tz  
von B lo t z h e im  and B a u er  1988). Hence, there may be a severe need for an accurate 
timing of seasonal activities and this may have exerted selection pressure on the 
evolution of circannual rhythms. Apart from these considerations, however, it must 
be emphasized that circannual rhythms have also been demonstrated in non-migra- 
tory, single brooded species (G w in n er  1986), suggesting that other as yet unidenti­
fied factors may have played a role in the evolution of circannual rhythms.
In principle, there is a possibility that the circannual rhythms exhibited by an orga­
nism under a particular constant condition have no present-day function, but rather 
represent a phylogenetic relic from periods when the ancestors of that organism 
were exposed to selection pressures favouring their evolution. Applied to the case of 
the European stonechat this could mean that their circannual rhythms had origin­
ally evolved in tropical ancestors. Such a possibility is extremely unlikely, however, 
because the African stonechats are almost certainly derived from palaearctic species 
or subspecies that had invaded Africa possibly as late as the last glacial period (H a ll  
and M o rea u  1970). The circannual rhythms of the European birds may, therefore, 
rather have to be viewed as an original, primitive character that could have facilitated 
the immigration of temperate zone birds into the tropics. Indeed, the properties of 
the circannual rhythms of the European birds are so similar to those of the African 
birds that only minor evolutionary adjustments would have been necessary for the 
temperate-zone birds to change to the pattern presently observed in equatorial con- 
specifics.
The few differences that do exist in the circannual patterns of gonadal size and molt 
may be due to special adaptions to the different environmental conditions and life 
styles of the two subspecies. This holds true for the (genetically determined; 
G w in n er  and N e u sse r  1985) difference in the timing and duration of the postjuve­
nile molt which begins and ends earlier and lasts shorter in rubicula than in axillaris. 
We have argued elsewhere (G w in n er  et al. 1983) that the earlier and faster postjuve­
nile molt in the European birds is related to the fact that these birds are migrants and 
so may have to complete molt at an earlier age in order to be ready for fall migration 
in time. The juvenile non-migratory African birds may be able to spend more time 
molting. Similar considerations may be applied to explain the shorter duration of 
postnuptial molt in rubicula as compared to axillaris. Rubicula is not only migratory 
but also multi-brooded (a trait that appears to be reflected in the longer duration of 
the males’ sexually active phase). Hence, there may be a need for adult birds of this 
subspecies to molt faster than the nonmigratory single brooded axillaris. It is not yet 
clear to what an extent the subspecies differences found here in the caged stonechats 
reflect corresponding differences in the molting patterns of free-living conspecifics. 
However, differences of the kind reported here for caged stonechats have been found 
in free-living birds of other taxonomic groups with similar differences in migratory 
and reproductive performance (S tr e se m a n n  and S tr e se m a n n  1966).
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