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Abstract 

The endogenous circadian clock regulates many physiological processes of living 
organisms. In the parasitic wasp Nasonia vitripennis, natural variation in photoperiodic 
diapause response is correlated with allelic variation of the clock gene period (per), which 
in turn affects circadian clock properties. To investigate if this variation is also correlated 
with circadian behaviour, we compared the locomotor activity and free running rhythms of 
northern (Oulu, Finland) and southern (Corsica, France) lines of N. vitripennis that carry 
different per alleles. Southern wasps have their onset, peak and offset of activity much 
earlier during the 24 h period and exhibit an overall lower level of circadian locomotor 
activity than northern wasps. Differences were also found in the free running rhythms under 
constant darkness and constant light, with southern wasps having shorter tau than northern 
ones. We discuss the observed natural variation in properties of seasonal and circadian 
rhythmicity in the light of natural selection on clock genes for local adaptation.  
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Introduction 

The daily rotation of the Earth around its axis has profound impact on daily activity patterns 
of organisms. Many behavioural and physiological activities like mating, feeding, and 
sleeping, show a distinct oscillating rhythm with a peak of activity at a certain moment 
during the light-dark cycle. These rhythms are driven by an endogenous circadian clock 
that runs with a period close to 24h (Pittendrigh, 1993). Besides daily fluctuations in 
environmental conditions, there are also seasonal changes in day length and temperature 
caused by the tilt of the Earth’s axis relative to its orbit around the sun. This causes the 
degree of daily and seasonal changes to depend on latitude with almost constant conditions 
near the equator and increasing environmental variation at higher latitudes.  

In insects, the circadian clock modulates a variety of rhythms, including rest and 
activity, eclosion, mating and feeding (Saunders et al., 2002). The photoperiodic 
mechanism regulates seasonal adaptations, such as diapause; an arrest of development 
associated with changes in metabolism, physiology and behaviour. The extent to which the 
circadian and seasonal systems are intertwined is still debated despite the accumulating 
evidence for a role of the circadian clock in photoperiodism in many species (Saunders, 
2010; Kostal, 2011). Several studies have shown that seasonal responses differ 
geographically as result of variation in photoperiodic conditions that signal seasonal 
changes. However, it is still unclear whether the observed natural variation in photoperiodic 
response is controlled by specific circadian clock properties, such as the speed and the 
phase of the endogenous clock (Hut & Beersma, 2011). Investigation of geographical 
variation in circadian systems will therefore contribute to our understanding of the role of 
the internal circadian clock in photoperiodic regulation. 

The parasitoid wasps Nasonia vitripennis shows robust photoperiodic response for 
the maternal induction of larval diapause, in which the development is arrested at the fourth 
instar larval stage (Paolucci et al., 2013; Saunders, 2013). Short photoperiod elicits a 
stronger diapause response than long photoperiod. The photoperiod at which 50% of 
females induce larval diapause, after a precise number of LD cycles, is called the critical 
photoperiod (CPP; timer), whereas the number of CPP days that are required for inducing 
larval diapause determine the switch point (counter) (Saunders, 2010, 2013; Saunders & 
Bertossa, 2011). A clock mechanism is responsible for the timing and counting of the light-
dark cycles necessary for starting the photoperiodic response (Saunders, 2013). Under long 
photoperiods, the switch point occurs later or not at all (Saunders, 1969). Natural variation 
in switch point for photoperiodic induction of diapause and frequencies of allelic variants of 
the clock gene period follow a similar latitudinal cline. In addition, similar clinal variation 
was described for the circadian locomotor activity by Paolucci (2014). Free running rhythm 
(τ) under constant conditions increased towards higher latitude. All this suggests an 
involvement of the circadian clock in diapause induction in Nasonia (Paolucci et al., 2013, 
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2016). 
In this study, we further investigate the timing and level of locomotor activity under long 
and short photoperiod in two geographically separated populations. We compare five 
different isogenic lines from southern populations collected in France (Corsica) and 
northern populations collected in Finland (Oulu), which represent the two extremes of the 
cline described by Paolucci and co-workers (2013, 2016). We also analyse whether free 
running rhythms differ in constant darkness (DD) and constant light (LL).  

 

Materials and methods 

Experimental lines 

The experimental lines for this study are isogenic lines established from isofemale lines 
collected from the field in 2009 (for collection details see Paolucci et al., 2013). The 
southern lines S1, S2, S3, S4, S5 were collected in Corsica, France (42o22’40.80N) and the 
northern lines N1, N2, N3, N4, N5 come from Oulu, Finland (65o3’40.16N). Isogenic lines 
were established by crossing a virgin female wasp with a son. This cross was followed by 
7-8 generations of brother-sister mating. In this way, we obtained an estimated 
homozygosity level of 99.99%. The lines were maintained on Calliphora spp. pupae as 
hosts in mass culture vials under diapause-preventing conditions, i.e. long photoperiod with 
a light-dark (LD) cycle of LD16:08 at 20oC. 
 

Locomotor activity 

To quantify animal movement over time, virgin females were placed individually in small 
tubes (diameter 10mm and height 70mm) that were half filled with an agar gel containing 
sugar. Trikinetics Drosophila activity monitors (www.trikinetics.com) were used for 
activity registration with 32 wasps per monitor. Monitors were placed in light boxes in 
temperature-controlled environmental chambers with 20oC temperature and 50% humidity. 
The light source in the box consisted of white light with a maximum light intensity of about 
60 lum/sqf. A detector recorded how many times per minute each individual interrupted an 
infrared light beam that passes through the glass tube. Data were collected and analysed 
with DAM System 2.1.3 software. We tested the locomotor activity of adult virgin females 
from northern and southern populations exposed to LD16:08 and LD08:16. We also 
measured the free-running period under constant darkness (DD) and constant light (LL) 
conditions.   

http://www.trikinetics.com/
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Behavioural data analysis and statistics 

The raw locomotor activity data were first visualized with the program ActogramJ (Schmid, 
Helfrich-Forster, and Yoshii 2011; available at http://actogramj.neurofly.de). Double-plot 
actograms obtained with this software represent activity levels. Under LD conditions the 
average activity was calculated as described by Schlichting and Helfrich-Forster (2015). 
Every single wasp activity profile was also analyzed with Chronoshop (K. Spoelstra, 
Netherland Institute of Ecology, Wageningen, the Netherlands) to find the onset, the peak 
and the offset of activity, and compared between southern and northern wasps. To 
determine the onset and offset of activity of the average day data per wasp have to be 
plotted as bar diagrams with each bar representing the sum of activity within 20 min. The 
onset represents the first time bar when activity starts to rise consecutively, whereas the 
offset is when activity reaches the level, which is stable during the night phase. To 
determine the timing of the peaks, the data are smoothed by a moving average of 30. 
Through this process, randomly occurring spikes are reduced and the real maximum of the 
activity can be determined. The average phase of the onset, peak and offset, represented in 
Zeitgeber time (ZT), was compared between different lines and treatments. Statistical 
analysis was performed with ANOVA and a Tukey’s multiple-comparisons test. 

Under constant darkness and constant light, it was possible to measure the period 
of activity (τ) with periodogram analysis, which incorporates chi-square test (Sokolove & 
Bushell, 1978). A generalized linear mixed effect model (glm) was used with a quasi-
poisson distribution to correct for overdispersion and F-tests to compare differences τ 
between lines. Post-hoc analyses were performed using the multicomp package. The 
activity level of each individual was defined as an average of the locomotor activity based 
on 60 minutes/bins. Average activity levels were compared between lines and photoperiods 
by ANOVA with a Tukey’s multiple-comparisons test. All statistical analyses were 
performed with R statistical software (version 3.4.1, R Development Core Team 2012).  

 

Results 

Timing of circadian activity depends on latitude and photoperiod 

To investigate the activity timing of southern and northern wasps, animals were exposed to 
a light dark (LD) regime of either 16:08 or 08:16h per 24h for 4 days. Under LD16:08, both 
southern and northern lines displayed a unimodal activity pattern (Fig. 2.1), but with 
significant regional differences in the timing of onset, peak and offset of activity (Table 2.1, 
Table S1). Southern lines started activity when the light was turned on, on average around 
ZT 0, which is about two hours earlier than northern lines (Fig. 2.1, Table 2.1, Table S1). 
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Subsequently, southern lines reached the maximum activity around ZT 5, which is two and 
half hours earlier than northern ones, that have the peak of activity at ZT 8 (Fig. 2.1, Table 
2.1, Table S1). In addition, southern wasps ceased activity in the late afternoon, on average 
around ZT 13, while northern wasps ceased activity around the light-off signal, at ZT 16 on 
average, being three hours later than the southern wasps (Fig. 2.1, Table 2.1, Table S1). 
Thus, southern N. vitripennis were more active in the first half of the day while northern 
wasps were more active towards the end of the day.  

Similar differences were found under the shorter photoperiod LD08:16 (Fig. 2.1, 
Table 2.1, Table S2). Southern wasps started their activity, when the light was still off 
around ZT 21,5, in contrast to the northern wasps that became active when the light was 
turned on, namely at ZT 0, two hours later than the southern ones (Fig. 2.1, Table 2.1, 
Table S2). The peaks of activity also differed about one and half hour, at ZT 2.5 and ZT 4 
for southern and northern wasps, respectively (Fig. 2.1, Table 2.1, Table S2). Interestingly, 
while southern wasps ceased activity when the light was turned off at ZT 8, the northern 
ones prolonged activity for more than two hours into darkness, until ZT 10.5 on average 
(Fig. 2.1, Table 2.1, Table S2). 
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Fig.2.1 Locomotor activity patterns of northern and southern wasps under LD16:08 and LD08:16 
Locomotor activity profiles of northern (N1, N2, N3, N4, N5) and southern (S1, S2, S3, S4, S5) lines are shown at 
long (LD16:08) and short (LD08:16) day regimes. The night phase is indicated by grey shading, the day phase in 
white. Zeitgeber time is indicated along the X-axis and ZT0 represents the time when light turn on. Activity is 
estimated as average of bin crosses/minute of 25-32 individuals each over 24 hours periods. 
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Table 2.1 Timing of onset, peak and offset of activity for northern and southern lines under long (LD16:08) and 
short (LD08:16) day conditions. ZT (h) is zeitgeber time in hours. Different letters indicate statistical differences 
(p<0.05, ANOVA with a Tukey’s multiple-comparisons test).  

 
LD16:08   LD08:16 

Lines 
Onset ± SE Peak ± SE Offset ± SE 

  
Onset ± SE Peak ± SE Offset ± SE 

ZT (h) ZT (h) ZT (h) ZT (h) ZT (h) ZT (h) 

N1 
3.07 ± 0.32 10.80 ± 0.30 18.66 ± 0.56 

  
0.05 ± 0.18 4.48 ± 0.31 11.60 ± 0.42 

(a) (a) (a) (a) (a) (ab) 

N2 
1.66 ± 0.35 8.24 ± 0.38 16.19 ± 0.25 

  
23.97 ± 0.17 4.51± 0.20 11.92 ± 0.38 

(ab) (b) (b) (a) (a) (b) 

N3 
2.29 ± 0.42 7.16 ± 0.23 17.85 ± 0.19 

  
22.67 ± 0.27 3.15 ± 0.20 10.56 ± 0.32 

(b) (bc) (bc) (ab) (b) (a) 

N4 
1.25 ± 0.17 6.65 ± 0.27 14.34 ± 0.25 

  
22.59 ± 0.27 3.12 ± 0.16 10.77 ± 0.36 

(bc) (bcd) (c) (ab) (b) (a) 

N5 
1.29 ± 0.49 6.35 ± 0.66 14.57 ± 0.64 

  
22.89 ± 0.20 2.81 ± 0.16 8.66 ± 0.37 

(bc) (cd) (bc) (ab) (b) (c) 
Overall N 2.00 ± 0.17 7.96 ± 0.21 16.05 ± 0.23   23.38 ± 0.18 3.54 ± 0.11 10.48 ± 0.21 

S1 
1.09 ± 0.36 6.44 ± 0.39 12.66 ± 0.41 

  
21.70 ± 0.24 2.99 ± 0.22 8.65 ± 0.21 

(ab) (cd) (c) (bc) (b) (c) 

S2 
0.13 ± 0.11 5.29 ± 0.22 13.05 ± 0.23 

  
22.25 ± 0.22 3.03 ± 0.32 8.57 ± 0.11 

(c) (d) (c) (bc) (b) (c) 

S3 
23.78 ± 0.18 5.79 ± 0.31 14.16 ± 0.27 

  
21.06 ± 0.24 1.52 ± 0.15 7.53 ± 0.27 

(c) (cd) (c) (c) (c) (c) 

S4 
23.88 ± 0.25 5.37 ± 0.39 13.07 ± 0.43 

  
21.97 ± 0.28 3.15 ± 0.28 9.02 ± 0.23 

(c) (d) (c) (bc) (b) (c) 

S5 
23.70 ± 0.15 3.63 ± 0.21 13.18 ± 0.27 

  
21.05 ± 0.24 0.89 ± 0.14 7.82 ± 0.13 

(c) (e) (c) (c) (c) (c) 
Overall S 0.12 ± 0.11 5.28 ± 0.16 13.20 ± 0.15   21.56 ± 0.11 2.29 ± 0.13 8.30 ± 0.10 
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Free running rhythms differ between northern and southern wasps 

Under constant conditions it is possible to evaluate the speed of the endogenous clock. 
Thus, after the entrainment period under LD, the wasps were released either in constant 
darkness (DD) or constant light (LL). Representative examples of double-plotted 
actograms, which display the activity of single individuals during the monitoring period, 
are shown in Fig. 2.2. Southern and northern wasps differed in free-running rhythms under 
constant conditions (Fig. 2.3A). Four out of five southern lines displayed a DD rhythm with 
τ around 24h (Fig 2.3A, Table 2.2, Table 3S). On the other hand, northern lines had 
rhythms well above 24h. Although there was some variation between lines, the average 
free-running rhythm of southern wasps was 24.3+0.1h, which differed significantly from 
the longer τ of 26.7+0.1h of the northern ones (p<0.001) (Fig. 2.3A, Table 2.2, Table S3). 
These data indicate that the southern clock is faster than the northern one in DD. 
Under constant light, southern and northern lines displayed a shortening of the free-running 
period compared to DD (Fig. 2.3A, Table 2.2; Table S3). The average LL free-running 
rhythm of southern wasps (23.5+0.1h) was significantly shorter than the average DD tau 
(p<0.001) and also shorter than the average LL tau of the northern ones (26.1+0.2h) 
(p<0.001). Therefore, also under LL, the southern clock runs faster than the northern one. 
Significant differences were also found between northern LL and DD tau (p=0.003) for 
some lines but not all (Fig. 2.3A, Table 2.2; Table S3) indicating a general pattern in which 
LL rhythms are shorter than DD rhythms in accordance to Achoff’s rule (Pittendrigh & 
Takamura, 1989).  

We further analysed the number of rhythmic wasps under these constant 
conditions (DD and LL). There is not a clear effect of latitude of origin and light conditions 
on the number of rhythmic individuals in the tested lines (Fig. 2.3B Table 2.2). 
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Fig.2.2 Representative double-plotted actograms for northern and southern Nasonia wasps 
Animals were entrained under LD16:08 for 4-5 days followed by constant darkness (DD) for 10 days. The day 
phase is indicated in white and the night in grey shading. Activity is indicated by black bars. (A) a rhythmic wasp 
with τ < 24h, (B) a rhythmic wasp with τ > 24h and (C) an arrhythmic wasp under free running condition. 

 

Fig.2.3 Locomotor activity under constant darkness (DD) and constant light (LL) for southern and northern 
lines. (A) Average free running period (τ) and (B) percentage of arrhythmic wasps for northern and southern lines. 
Different letters indicate significant differences (p<0.05, posthoc multiple comparison).  
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Table 2.2 Free running rhythms and percentage of arrhythmic animals under constant darkness (DD) and constant 
light (DD) conditions. Different letters indicate statistical differences between lines (p<0.05 posthoc multiple 
comparison). Asterisks indicate significant differences between DD and LL (***p<0.001; **p<0.05) .  

 DD  LL 
  Tau ± SE 

 (h) 
Arrhythmic 

% 
 Tau ± SE 

 (h) 
Arrhythmic 

% 

N1 
26.93 ± 0.12 

(a) 
19.35 

 25.00 ± Na 
(bcd) 

95.00 

N2 
26.67 ± 0.16 

(a) 
55.17 

 26.67 ± 0.22 
(b) 

31.03 

N3 
26.57 ± 0.17 

(a) 
36.67 ** 

25.66 ± 0.25 
(c) 

39.13 

N4 
26.47 ± 0.25 

(a) 
40.63 

 
- 100.00 

N5 
26.72 ± 0.12 

(a) 
41.67 *** 

24.13 ± 0.26 
(d) 

81.82 

S1 
23.83 ± 0.11 

(b) 
27.03 

 
23.12 ± 0.15 

(bd) 
50.00 

S2 
24.67 ± 0.17 

(c) 
16.98 *** 

23.45 ± 0.13 
(bd) 

20.69 

S3 
24.36 ± 0.35 

(b) 
50.98 

 
24.09 ± 0.20 

(bd) 
36.00 

S4 - 100.00 
 

23.20 ± 0.52 
(bd) 

86.21 

S5 
24.32 ± 0.10 

(b) 
22.58 *** 

23.19 ± 0.14 
(bd) 

36.67 
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Circadian activity level depends on photoperiod and latitude of origin 

Activity level was calculated under both LD cycles, constant darkness (DD) and constant 
light (LL). Generally, activity of southern wasps was much lower than that of northern ones 
(Fig. 2.4, Table 2.3). Under LD16:08 the night activity was very low in all lines but still 
with southern activity being lower than northern. Southern wasp showed an average activity 
level of 2.16 + 0.23 per hour bin during the night and 11.22 + 0.52 during the day, 
compared to northern wasps with 4.44 + 0.38 and 31.19 + 1.06 for dark and light phase 
respectively (p<0.001) (Fig. 2.4A, Table 2.3).  

Under short photoperiod LD08:16, southern wasps increased their average activity 
level to 3.51 ± 0.29 per hour bin during night and to 18.72 ± 0.84 during light phase (Fig. 
2.4B). Although this is a significant increase (p<0.001), not all southern lines showed 
differences between long and short photoperiod (Table 2.3). On the other hand, none of the 
northern lines showed differences in activity level between the two photoperiods (Fig. 2.4, 
Table 2.3). Despite the larger increase in activity level under short photoperiod of the 
southern lines, the northern wasps remained, on average, more active than southern ones 
during the light phase (p<0.001).  

Finally, under constant conditions DD and LL, southern wasps always displayed a 
lower activity level (13.34 + 0.45 per hour bin under LL and 11.49 + 0.51 under DD) 
compared to northern wasps (22.34 + 0.93 and 19.97 + 0.90 under LL and DD respectively) 
(p<0.001) (Fig. 2.4C, table 2.3). DD activity level was not significantly different from LL 
activity in both southern and northern lines. All these data together indicate that activity 
level is physiologically different between southern and northern lines under all the tested 
conditions. 
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  Fig. 2.4 Activity level of the 
southern and northern lines of 
Nasonia vitripennis 
(A) Activity level of northern and 
southern wasps under LD16:08 
during the dark and light phase 
(black bars and grey bars 
respectively). (B) activity level of 
northern and southern wasps under 
LD08:16 during the dark and light 
phase (black bars and grey bars 
respectively). (C) activity level of 
northern and southern wasps under 
constant darkness (DD, black bars) 
or constant light (LL, grey bars) 
after 4 days of entrainment under 
LD cycles. Different letters 
indicate significant differences 
(p<0.001, ANOVA with a Tukey’s 
multiple-comparisons test). 
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Table 2.3 Activity level per line under LD16:08, LD08:16, DD and LL conditions. Activity is calculated as beam 
crosses in hour bin. Different letters indicate statistical differences between lines (p<0.05) and asterisks indicate 
statistical differences between LD16:08 and LD08:16, and between DD and LL conditions (p<0.001). 

 LD16:08   LD08:16  DD  LL 

 Light phase Dark phase Light Dark Light 
phase 

Dark 
phase  DD 

Activity  LL 
Activity 

 
Activity ± SE 

(per h bin) 
Activity ± SE 

(per h bin)   
Activity ± 

SE 
(per h bin) 

Activity ± 
SE 

(per h bin) 
 

Activity ± 
SE 

(per h bin) 
 

Activity ± 
SE 

(per h bin) 

N1 39.21 ± 2.58 
(a) 

5.14 ± 0.81 
(f)   

30.33 ± 
3.40 
(a) 

5.77 ± 
0.81 
(f) 

 
20.24 
±1.11 

(h) 
 

28.20 ± 
2.40 
(h) 

N2 32.75 ± 2.07 
(ab) 

4.09 ± 1.06 
(f)   

25.42 ± 
1.83 
(ab) 

3.51 ± 
0.36 
(f) 

 
15.67 ± 

1.58 
(hi) 

*** 
28.22 ± 

2.67 
(h) 

N3 27.95 ± 1.92 
(b) 

5.20 ± 0.78 
(f)   

23.23 ± 
0.91 
(ab) 

4.84 ± 
0.37 
(f) 

 
22.82 ± 

1.85 
(h) 

 
21.10 ± 

1.08 
(h) 

N4 26.27 ± 2.27 
(b) 

1.31 ± 0.37 
(g)   

19.29 ± 
0.75 
(be) 

3.56 ± 
0.46 
(fg) 

 
12.64 ± 

1.99 
(ih) 

 
17.17 ± 

1.08 
(h) 

N5 28.89 ± 2.00 
(b) 

6.58 ± 0.61 
(f)   

28.13 ± 
1.91 
(b) 

4.68 ± 
0.59 
(f) 

 
25.94 ± 

2.38 
(j) 

 

17.89 ± 
1.39 
(hj) 

 

S1 10.34 ± 0.94 
(cd) 

1.35 ± 0.27 
(g) *** *** 

26.48 ± 
2.53 
(bde) 

5.33 ± 
0.96 
(f) 

 9.94 ± 0.87 
(i) *** 16.34 ±0.87 

(k) 

S2 7.71 ± 0.64 
(c) 

1.61 ± 0.40 
(g) ***  

27.75 ± 
1.21 
(bde) 

3.71 ± 
0.61 
(fg) 

 
11.85 ± 

0.83 
(i) 

 12.67 ±1.22 
(ik) 

S3 11.29 ± 1.11 
(cd) 

1.05 ± 0.29 
(g)   

10.52 ± 
0.51 
(c) 

1.03 ± 
0.13 
(g) 

 
11.21 ± 

1.19 
(i) 

 13.05 ±0.9 
(ik) 

S4 12.04 ± 0.91 
(cd) 

4.85 ± 0.71 
(f)   

12.69 ± 
0.76 
(c) 

2.77 ± 
0.25 
(f) 

 
14.52 ± 

1.45 
(i) 

 
12.09 ± 

0.81 
(ik) 

S5 14.11 ± 1.52 
(d) 

1.60 ± 0.29 
(g)  *** 

19.97 ± 
1.64 
(de) 

5.46 ± 
0.83 
(f) 

 
10.64 ± 

1.26 
(i) 

 
12.87 ± 

1.09 
(ik) 
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Discussion 

Nasonia female wasps from high latitudes (northern lines, 65oN) and low latitudes 
(southern lines, 42oN) displayed profound differences in their daily locomotor activity. 
Northern wasps were mainly active at the end of the day, with a prolonged evening peak at 
the shorter photoperiod, whereas the southern ones showed a unimodal morning activity, 
with an increase of activity before the light turned on during short photoperiod. This shifted 
activity pattern between northern and southern wasps can reflect local adaptation. In the 
south, temperatures are known to become high in the middle, late afternoon and shifting the 
activity to the coolest part of the day (the morning) might be a strategy of insects that live 
in a hot environment (Prabhakaran & Sheeba, 2012, 2013). In contrast, species that live at 
higher latitudes would have to cope with lower temperatures and longer photoperiods. In 
concordance to this, the northern lines have a reduced morning activity and have their 
activity peak in the second part of the day when temperatures are higher. Similar 
differences in activity patterns between northern and southern individuals have been 
reported for Drosophila, albeit at the species rather than population level (Prabhakaran and 
Sheeba, 2012, 2013). Moreover in Drosophila these behavioural differences in timing of 
locomotor activity correlate with variation in the neuroanatomical architecture of the 
circadian clock between northern and southern species (Menegazzi et al., 2017). Although 
no data about the neuroarchitecture of the circadian clock of Nasonia are available, our 
results on Nasonia are consistent with the behaviour reported from Drosophila. 

This different timing of activity reflects the speed of the clock in constant darkness 
(DD): southern lines show shorter free running rhythms (τ) close to 24h (faster clock), 
compared to northern ones that naturally have a τ longer than 24h (slower clock). The 
presence of a positive latitudinal cline in DD rhythm was previously reported for 
Drosophila. Some Drosophila species, such as D. auraria (Pittendrigh & Takamura, 1989) 
and D. ananassae (Joshi & Gore, 1999), showed a positive correlation between latitude and 
length of free running rhythm, whereas D. littoralis and D. subscura show an opposite cline 
with shorter tau towards northern latitude (Lankinen, 1986). Only few studies have 
addressed the variability of the free running rhythms within a species. For example, in the 
model plant Arabidopsis thaliana the free running period (tau) under DD increases towards 
northern latitude, and correlates with clinal variation in seasonal flowering time regulated 
by photoperiodic cycles (Michael et al., 2003). In insects, similar results (i.e. longer τ 
towards northern latitude) were reported from the mosquito Culex pipiens (Shinkawa et al., 
1994), the linden bug Pyrrhocoris apterus (Pivarciova et al., 2016) and also N. vitripennis 
by Paolucci (2014). This could possibly be explained by the fact that at higher latitudes, 
organisms must continue to accurately entrain to the 24-hour day, despite the sharp increase 
in day length during the Spring. In accordance with Aschoff's rule, pacemakers with 
periods longer than 24h are more efficient in tracking and interpreting the dawn and thus 



 
 
|Chapter 2 

 

 
46 

 

photoperiodic changes (Pittendrigh & Takamura, 1989). Therefore, clocks with τ exceeding 
from 24 hours should enhance seasonal acuity, particularly at high latitudes. This suggests 
that the latitudinal differences in free running period are the result of selection on the 
circadian rhythm mediated through selection on traits that are genetically correlated with 
circadian rhythms (such as seasonal response) 

Additionally, we found that the activity level of northern wasps was higher than 
southern ones, whereas southern strains tend to have higher activity when photoperiod is 
shorter. Such difference could result from variation in the sensitivity to light. For example, 
it could reflect different adaptation to local light intensity in nature. In summary we 
described natural variation on the pace, phase and level of daily rhythms between southern 
and northern N. vitripennis lines that likely are the results of different selection pressure and 
local adaptation.  
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Supplementary information 

Table S1: Statistical analysis of circadian timing between southern and northern lines under LD16:08. Indicated 
are p-values from ANOVA with a Tukey’s multiple-comparisons test. In bold p<0.05. 

 
Onset LD16:08 

 
N1 N2 N3 N4 N5 S1 S2 S3 S4 S5 

N1  0.281 0.456 < 0.001 0.006 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

N2   0.948 0.995 0.999 0.938 0.009 < 0.001 0.001 < 0.001 

N3    0.364 0.601 0.139 < 0.001 < 0.001 < 0.001 < 0.001 

N4     1.000 0.999 0.161 0.239 0.040 0.010 

N5      0.999 0.277 0.060 0.093 0.031 

S1       0.337 0.065 0.104 0.030 

S2        0.997 0.999 0.988 

S3         1.000 1.000 

S4          0.999 

S5           

 
Peak LD16:08 

 
N1 N2 N3 N4 N5 S1 S2 S3 S4 S5 

N1  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

N2   0.4334 0.05 0.01 0.008 0.009 < 0.001 0.001 < 0.001 

N3    0.989 0.837 0.878 0.004 0.138 0.007 < 0.001 

N4     0.999 0.999 0.157 0.791 0.216 < 0.001 

N5      1.000 0.569 0.988 0.653 < 0.001 

S1       0.346 0.950 0.435 < 0.001 

S2        0.994 1.000 0.009 

S3         0.997 < 0.001 

S4          0.010 

S5           
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Offset LD16:08 

 
N1 N2 N3 N4 N5 S1 S2 S3 S4 S5 

N1  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

N2   0.999 0.031 0.124 < 0.001 < 0.001 0.011 < 0.001 < 0.001 

N3    0.127 0.366 < 0.001 < 0.001 0.055 < 0.001 < 0.001 

N4     0.999 0.053 0.272 0.999 0.337 0.463 

N5      0.021 0.132 0.999 0.173 0.256 

S1       0.998 0.143 0.998 0.986 

S2        0.512 1.000 0.999 

S3         0.585 0.721 

S4          0.999 

S5           
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Table S2: Statistical analysis of circadian timing between southern and northern lines under LD 08:16. Indicated 
are p-values from ANOVA with a Tukey’s multiple-comparisons test. In bold p<0.05. 

 Onset LD08:16 

 N1 N2 N3 N4 N5 S1 S2 S3 S4 S5 

N1  1.000 0.878 0.611 0.376 < 0.001 0.014 < 0.001 0.003 < 0.001 

N2   0.891 0.60 0.342 < 0.001 0.008 < 0.001 0.001 < 0.001 

N3    0.999 0.999 0.030 0.507 < 0.001 0.202 < 0.001 

N4     0.999 0.081 0.751 < 0.001 0.382 < 0.001 

N5      0.157 0.899 < 0.001 0.569 0.001 

S1       0.964 0.765 0.999 0.897 

S2        0.093 0.999 0.169 

S3         0.401 0.999 

S4          0.574 

S5           

 Peak LD08:16 

 N1 N2 N3 N4 N5 S1 S2 S3 S4 S5 

N1  1.000 < 0.001 < 0.001 0.006 < 0.001 < 0.001 < 0.001 0.002 < 0.001 

N2   < 0.001 < 0.001 < 0.001 < 0.001 0.009 < 0.001 0.001 < 0.001 

N3    1.000 0.999 1.000 1.000 < 0.001 0.999 < 0.001 

N4     0.997 0.999 1.000 < 0.001 0.999 0.999 

N5      0.999 0.999 0.001 0.985 < 0.001 

S1       1.000 < 0.001 0.999 < 0.001 

S2        < 0.001 0.999 < 0.001 

S3         < 0.001 0.709 

S4          < 0.001 

S5           
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Offset LD08:16 

 
N1 N2 N3 N4 N5 S1 S2 S3 S4 S5 

N1   0.999 0.156 0.369 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

N2     0.008 0.04 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

N3       0.999 0.016 0.010 0.006 < 0.001 0.171 < 0.001 

N4         0.006 0.004 0.002 < 0.001 0.079 < 0.001 

N5           1.000 1.000 0.316 0.999 0.697 

S1             1.000 0.292 0.998 0.677 

S2               0.413 0.994 0.799 

S3                 0.053 0.999 

S4                   0.211 

S5                     
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Table S3: Generalized linear model analysis of free running rhythms between southern and northern lines, under 
constant darkness (DD) and constant light (LL). Indicated are p-values from a postdoc multiple comparison. In 
bold p<0.05. 

 
 τ DD 

 
N1 N2 N3 N4 N5 S1 S2 S3 S5 

N1   0.997 0.954 0.841 0.997 < 0.001 < 0.001 < 0.001 < 0.001 

N2     1.000 0.999 1.000 < 0.001 < 0.001 < 0.001 < 0.001 

N3       1.000 0.999 < 0.001 < 0.001 < 0.001 < 0.001 

N4         0.995 < 0.001 < 0.001 < 0.001 < 0.001 

N5           < 0.001 < 0.001 < 0.001 < 0.001 

S1             0.002 0.389 0.550 

S2               0.921 0.861 

S3                 1.000 

S5                   

 
 τ LL 

 
N1 N2 N3 N5 S1 S2 S3 S4 S5 

N1   0.461 0.995 0.983 0.262 0.477 0.95 0.391 0.228 

N2     0.006 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

N3       0.040 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

N5         0.476 0.838 1.000 0.753 0.413 

S1           0.156 0.010 1.000 1.000 

S2             0.156 0.999 0.925 

S3               0.421 0.013 

S4                 1.000 

S5                   
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