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Since in laboratory experiments a relationship between segment number and tempera-
ture in geophilomorph centipedes has been proven, we suggest that climatic variation
in nature could have a direct effect on segment number. To address this hypothesis we
examine the way in which local climatic factors in Sognefjord — air temperature and
precipitation both changing along a longitudinal gradient — exert their effect on seg-
ment number in Geophilus flavus. Changes in G. flavus segment number along the cli-
matic gradient are similar to that found in previous laboratory experiments with Striga-
mia maritima, but are even more pronounced. In G. flavus, a 1.5 difference in the mean
segment number is found in populations that occur in Sognefjord along a temperature
gradient of only about 1.4 °C. In contrast, several degrees centigrade were required
to produce a similar increase in the mean segment number in laboratory experiments
involving S. maritima.

Introduction

There are five extant orders of centipedes: Scu-
tigeromorpha, Lithobiomorpha and Craterostig-
momorpha with 15 leg pairs, Scolopendromorpha
with 21 or 23 leg pairs (although in Scolopen-
dropsis duplicata also other numbers have been
found, see Minelli et al. 2009), and Geophilo-
morpha whose numbers of leg pairs vary widely:
from 27 to 191 (Minelli & Bortoletto 1988,
Minelli et al. 2000). All adult centipedes have

an odd number of leg-bearing segments (LBS).
There have been numerous studies presenting
segment numbers in geophilomorphs (Bergsoe
& Meinert 1866, Stuxberg 1871, Attems 1929,
Hammer 1931), while some others focused on the
geographic variation in segment numbers (Lewis
1985, Horneland & Meidell 1986, Arthur 1999,
Arthur & Kettle 2001, Simaiakis & Mylonas
2006). Only recently, scientists have started to
seek the mechanism of segmentation in geophi-
lomorphs (Arthur & Farrow 1999, Minelli 2000,
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2001, Kettle et al. 2003, Chipman et al. 2004a,
Chipman & Akam 2008, Brena & Akam 2012)
and study the evolution of body patterns (Minelli
et al.2010) to show that a double-segment perio-
dicity was involved in segment generation (Chip-
man et al. 2004b). Kettle and Arthur (2000) were
the first to find out that number of leg pairs varies
with latitude across the east coast of Britain,
in accordance with the proposal that body size
increases with decreasing latitude (specimens
from colder regions tend to be smaller and with
fewer trunk segments than those from warmer
regions, see Eason 1979, Hayden et al. 2012).

Up to now, Strigamia maritima is the main
model species for studies of segmentation and
segment number variation (Kettle et al. 2003,
Vedel et al. 2010, Brena & Akam 2012, Hayden
et al.2012). Previous works have shown that this
variation has both environmental and genetic
bases (for further discussion see Vedel et al.
2008, 2009). Moreover, the results of laboratory
experiments presented to date demonstrate that
in S. maritima, temperature affects the number of
LBS that develop during embryogenesis (Vedel
et al. 2010). Therefore, we hypotesize that in
geophilomorphs in nature, temperature variation
— not necessarily resulting from a latitudinal
cline — during early embryogenesis, could have
a significant effect on segment number (see also
Vedel et al. 2010). To proove this hypothesis,
adequate climatic data from a particular area
would be necessary. There are several reasons
why Sognefjord — located in Sogn og Fjor-
dane county (61°N, 5°-8°E) — was selected to
be a region to study geographic variation in S.
maritima segment number: (i) rich network of
permanent and temporary meteorological sta-
tions across the fjord (Norwegian Meteorologi-
cal Institute, Utaaker & Skaar 1970), (ii) long
west—east profile from the open Norwegian Sea
to the central parts of southern Norway (Utaaker
& Skaar 1970), and (iii) topography causing
significant differences in local climate (e.g.,
temperature, precipitation) over short distances
(Utaaker 1980).

Previous studies mainly dealt with segment
number variation along a wide or narrow geo-
graphical gradient either in the northwestern
Europe (Kettle & Arthur 2000, Arthur & Kettle
2001, Simaiakis et al. 2010) or in the north-

eastern Mediterranean area (Simaiakis & Mylo-
nas 2006, Simaiakis 2009). However, none of
these studies attempted to correlate local mete-
orological variables with segment numbers to
support the case for the existence of tempera-
ture-dependent plasticity and related geographic
clines within geophilomorph species. Since we
now have strong laboratory evidence for the
effect of temperature on the number of leg
pairs in S. maritima (Kettle et al. 2003, Vedel
et al. 2008, 2009, 2010) we decided to carry out
a study in a geographical region (Sognefjord)
where climatic data are available to find the
effect of temperature and precipitation on LBS
numbers in a geophilomorph species. Since in
embryos LBS numbers increase lineary with
increasing temperature (for more details see
Vedel et al. 2008), we may expect changes in
climate parameters towards the inner part of the
fjord to explain, at least partially, the variation in
LBS number in G. flavus.

Material and methods
Sample collection in Sognefjord

Individuals of Geophilus flavus can be easily
found in Sognefjord at low altitudes along cer-
tain parts of the fjord (e.g., narrow valleys at the
heads of its branches, close to the sea shore, and
along river banks). For the purpose of this study,
421 adult specimens were collected between 31
May and 25 August 2009 from eight location
in the fjord (see Fig. 1). All the specimens were
collected by hand, preserved in 75% ethanol,
identified according to the descriptive key in
Andersson et al. (2005), and deposited in the
University Museum of Bergen. While collect-
ing the animals between 31 May and 20 June,
we observed many brood cavities with females
coiled around their eggs (Fig. 2).

The total number of specimens collected as
well as other data used in this study are pre-
sented in Table 1.

Climate data

To obtain the climate data for the study sites
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Fig. 1. Sampling sites in
Sognefjord (Sogn og Fjor-
dane district) in western
Norway. Lavik (La), Vad-
heim (Va), Hoyanger (Ho),
Balestrand (Ba), Leikan-
ger (Le), Sogndal (So),
Kaupanger (Ka) and Ardal
(Ar).

we used the climate database of the Norwegian
Meteorological Institute accessible via the free
web portal “eKlima”. The database contains cli-
mate data from numerous weather stations in
Sognefjord since 1931 to present. In addition,
detailed climatic tables for the years 1964—-1966
were obtained from Utaaker and Skaar (1970).
In this study, we used mean monthly normal
values of temperature (°C) and sum monthly
normal values of precipitation (mm) for the
period 1931-1990 from meteorological stations
located close to the sampling sites (see Appen-
dix). Since the climate data for Kaupanger (site
7, see Appendix) were insufficient, we used the
data from the Gaupne meteorological station
(Norwegian Meteorological Institute), and tem-
porary meteorological stations which operated

Fig. 2. Female Geophilus flavus with eggs in a brood
cavity in situ. This photo was taken at the collection site
near Vadheim, on 20 June 2009.

between 1964 and 1966 (Utaaker & Skaar 1970)
close to Kaupanger and almost at the same longi-
tudinal coordinate.

The long-term meteorological data indicate
that the climate in the fjord changes from strictly
oceanic in its outer part (6.9 °C mean annual air

Table 1. Numbers (n) of female and male Geophilus flavus collected from each site in Sognefjord, numbers of
specimens with particular leg-bearing-segment (LBS) numbers (49 to 57), and mean LBS in females and males.
The sites are arranged from west (Lavik) to east (Ardal).

Site in Sognefjord  Sampling date Lat. Long. Females Males
(°N) (°B)
LBS LBS

n 53 55 57 mean n 49 51 53 55 mean
1. Lavik (La) 31 May 2009 61.105 5505 36 15 18 3 5433 48 2 25 21 0 51.79
2. Vadheim (Va) 20June 2009 61.212 5838 32 16 16 0 5400 33 0 26 7 O 5142
3. Hoyanger (Ho) 20June 2009 61219 6.074 21 5 15 1 5462 16 1 3 12 0 5238
4. Balestrand (Ba) 25Aug.2009 61226 6485 11 1 7 3 5536 14 0 0 14 0 53.00
5. Leikanger (Le) 25Aug.2009 61.185 6808 24 1 19 4 5525 28 0O 7 20 1 5257
6. Sogndal (So) 20 Aug. 2009 61.231 7.086 17 2 12 3 5512 37 0 13 21 3 5246
7. Kaupanger (Ka) 20 Aug.2009 61.177 7266 26 3 15 8 5538 22 0 1 19 2 53.09
8. Ardal (Ar) 20 Aug.2009 61238 7698 22 0 17 5 5545 34 0 1 30 3 5312
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temperature and about 2000 mm mean annual
rainfall) to relatively continental in its inner-
most part (5.8 °C mean annual air tempera-
ture and almost 300 mm mean yearly rainfall)
(Wielgolaski 1973, Norwegian Meteorological
Institute). However, the west—east temperature
gradient is not annually stable (Fig. 3A), that is,
although there is a west—east decrease in mean
annual temperature across Sognefjord, a reverse
west—east gradient is observed during the period
between late spring (May) and early summer
(June, July) (Fig. 3B, see also Appendix). It has
been found that S. maritima breeds from late
May to early June (Lewis 1961, Kettle et al.
2003) or late June (Chipman et al. 2004) is the.
According to our in situ observations G. flavus
breeds during the same period. Thus, to study the

7.086

and total annual precipi-
tation (Pr), and (B) mean
temperature and total
precipitation for selected
periods.

7.066  7.698

effect of temperature and precipitation on LBS
number, we also used temperature and precipita-
tion data for May—July or May—June (e.g., Kettle
et al. 2003, Vedel et al. 2008, 2010) (see Fig. 3B
and Appendix).

Statistical analysis

Regression analysis was used to test the effects
of geographical location (longitude), mean tem-
perature and total precipitation on LBS number
of G. flavus. To test the differences in LBS num-
bers among G. flavus from the eight sampling
sites we used a y*test (Zar 2009) for contin-
gency tables (Table 2). To avoid biased results,
when the frequencies were < 1 (here only in
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case of males) (see Sokal & Rohlf 1995), we
pooled the numbers of contiguous leg pairs (see
Table 2). LBS number variation at all sampling
sites in Sognefjord and for each sex, was sum-
marised with correspondence analysis (CA).

Results

LBS numbers in G. flavus from Sognefjord
decreased significantly from east to west regard-
less of sex (Fig. 4). The mean segment number
for females in the westernmost population was
54.33 whereas the respective value for the east-
ernmost population was 55.45 (difference of
1.12). In males, the mean segment number was
51.79 in the westernmost sample and 53.12 in
the most eastern population (difference of 1.33).
Both mean temperature (positively) and total
precipitation (negatively) during the breeding
period of May-July or May—June, affected the
LBS number (see Fig. 4).

The y*test and the log-likelihood ratio (G)
showed that modal segment numbers differed
significantly among the eight populations stud-
ied, and that the variation between the main
localities was significant in both sexes (Table 3).
In females, the relative frequency values that
could be reconstructed from a single dimen-
sion reproduced more than 88% of the total
x> value for the two-dimensional scatter plot
(Fig. 5). In males, more than 83% of the total
x> value could be explained (Fig. 5). Females
with 53 LBS were positively associated with
the western fjord populations (Lavik, Vadheim
and Hgyanger), whereas females with 55 and 57

Table 2. Numbers of male Geophilus flavus collected
from each site in Sognefjord whose leg-bearing-seg-
ment (LBS) numbers were 49 and 51 or 53 and 55.

n 49/51 53/55
1. Lavik (La) 48 27 21
2. Vadheim (Va) 33 26 7
3. Hoyanger (Ho) 16 4 12
4. Balestrand (Ba) 14 0 14
5. Leikanger (Le) 28 7 21
6. Sogndal (So) 37 13 24
7. Kaupanger (Ka) 22 1 21
8. Ardal (Ar) 34 1 33

LBS were positively correlated with the eastern
fjord populations (Balestrand, Leikanger, Sogn-
dal, Kaupanger and Ardal) (Fig. 5). In males, the
main dimension distinguished mostly between
49 and 51 LBS, which were positively associ-
ated with western fjord populations (Lavik and
Vadheim), and 53 and 55 LBS, which were posi-
tively correlated with eastern fjord populations
(Hgyanger, Balestrand, Leikanger, Kaupanger
and Ardal) (see also Fig. 4).

Discussion

In geophilomorphs, there is a significant breed-
ing synchrony between populations and even at
smaller scales. Embryogenesis in S. maritima
and G. flavus generally takes place between late
May and late June (see Chipman et al. 2004,
Vedel et al. 2008). Each female forms a brood
cavity in the ground and lays a number of eggs
into it (for details on S. maritima see Vedel et al.
2008, see also Fig. 2). Soil surface temperature
may, therefore, affect embryonic development,
and in particular determin segment numbers
in geophilomorphs. Although information on
ground temperature would be ideal to study this
phenomenon, measurements of soil temperature
are often lacking. Since air temperature and pre-
cipitation affect soil surface temperature (Geiger
et al. 2003), we chose these two parameters to
study thier effects on LBS number in G. flavus
populations from Sognefjord.

Previous laboratory experiments showed that
temperature has a pronounced effect on segment
number. Indeed, S. maritima embryos grown
at 18 °C hatched with a higher mean segment
number than their siblings grown at 10 °C (the
mean segment numbers differed by about 1.5, see
Vedel et al. 2008, 2010). However, in our study,

Table 3. Summary of tests for differences in segment
number in G. flavus grouped by sex. Comparison of
segment number variation between the eight different
localities in Sognefjord. *** p < 0.001.

Geophilus flavus df W G
Females 14 46.42*** 53.78***
Males 7 71.98*** 83.09"**
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Fig. 4. Regressions of G. flavus mean leg-bearing-segment (LBS) numbers against longitude, mean temperature
and total precipitation in Sognefjord. Bars represent standard errors.

a difference of this magnitude in mean LBS
numbers for G. flavus, (54 and 55.5 in females,
or 51.5 to 53 in males) was found in populations
that occur in a fjord, where differences in mean
temperature and total precipitation during the
breeding period (May—July or May—June) were
~14°C (134 and 12 °C, eastern and western
fjord, respectively) and ~315 mm (430 and 115
mm, western and eastern fjord, respectively),
respectively.

While most of the variability in LSB number
in G. flavus across the fjord is likely due to a
plastic response to climate during embryogen-
esis (similar to S. maritima, see Vedel et al.
2008, 2010), it is quite probable that genetic
differences between populations may also be

responsible (see Vedel et al. 2009). In their
laboratory experiment with S. maritima, Vedel et
al. (2008) controled for genetic variation, hence
rearing temperature was the only possible factor
affecting segment number. Due to the nature of
our experiment, however, we could not exclude
the possible effect of genetic variation between
populations on LBS number.

Based on our results, its may seem that there
is a difference between S. maritima and G. flavus
in the degree of temperature sensitivity depend-
ing whether the species are studied in the labora-
tory or filed conditions. This may, however, be
due to differences between species rather than
between lab and field environments. Geophilus-
flavus, as a generalist species, is able to occur in
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a wider variety of environmental conditions than
S. maritima which is highly specialized and pre-
fers sea-shore habitats.

As per relationships between LBS number,
body length and temperature (Vedel et al. 2008,
2009, 2010, Hayden et al. 2012, Brena & Akam
2012), more work should to be carried out to
investigate the pattern itself both in laboratory-
and in nature.
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Appendix. Climate data from the Sognefjord (1961-1990; Meteorological Institute of Norway). Temperatures
(mean monthly normal values), and precipitations (sum monthly normal values) for 8 meteorological stations next
to the sampling sites. Long: longitude, MJJt: mean May—July temperature, MJJp: sum May-July precipitation, MJt:
mean May—-June temperature, MJp: sum May—June precipitation, Pr: sum annual precipitation, Tm: mean annual
temperature.

Temperature (°C) Long. Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Tm MJJt MJt

1. Lavik 5.550 07 05 22 48 95 13.0 140 138103 7.7 38 19 69 122 113
2. Vadheim 5.830 02 03 21 49 9.8 133 145 140103 76 36 1.7 69 125 116
3. Hoyanger 6.070 0.0 02 2.0 50 10.0 13,5 145 140103 75 35 15 6.8 127 11.8
4. Balestrand 6.530 -06 -03 1.7 5.0 102 13.7 148 142103 7.0 2.8 05 6.6 129 12.0
5. Leikanger 6.867 -08 -0.5 1.6 5.0 10.3 13.8 149 142103 7.0 26 03 6.6 13.0 12.1
6. Sogndal 7100 -15-10 1.0 5.0 105 14.0 150 140 100 6.5 2.0 -05 6.3 13.2 123
7. Kaupanger 7289 -40-38-0.1 42 10.7 143 155 134 95 55 0.7 -25 53 135 125
8. Ardal 7720 -20 -18 1.0 50 105 140 149 1387 95 55 15 -15 58 127 11.8

Precipitation (mm) Long. Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Pr MJJp MJp

1. Lavik 5547 193 151 173 102 90 119 140 169 293 284 258 252 2224 349 209
2. Vadheim 5830 225 160 185 100 95 115 135 160 290 285 255 275 2280 345 210
3. Hoyanger 6.065 229 160 188 97 96 115 137 159 293 286 255 275 2290 348 211
4. Balestrand 6.530 133 90 105 57 55 70 85 103 179 175 158 160 1370 210 125
5. Leikanger 6.867 64 39 50 21 29 43 59 65 81 88 73 78 690 131 72
6. Sogndal 7100 105 68 79 38 43 55 60 76 125 131 120 125 1025 158 98
7. Kaupanger 7.289 37 25 34 19 25 50 52 55 73 41 48 49 508 127 75
8. Ardal 7.720 75 45 55 25 35 50 60 65 90 100 80 80 760 145 85
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