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Abstract Myrmica rubra is a northern, temperate Palaearctic ant species with a geographical range that extends from the Atlantic 
coast of Europe to central Asia. In Europe, its range covers > 25° of latitude where it lives under a variety of climates that vary from 
extreme oceanic in the west, to continental in the east. Colonies nest in the soil and their life cycles are known to be highly depend­
ent on ambient temperature and soil moisture. We hypothesised that the brood-rearing behaviour of populations might be locally 
adapted to climate and that we might detect differences when the ants were reared under “common-garden” conditions. Brood­
rearing behaviour was compared for 38 colonies of M. rubra drawn from 13 populations representing a range of 6 latitudes: all 6 
were represented in eastern Europe and 2 in western Europe. A sample of ants from each colony was used to estimate respiration 
rate, body mass and fat content at the start of the experiment in spring (immediately post hibernation) and at the end of the experi­
ment (mid summer). Respiration had a linear relationship with latitude, with northern populations having greater respiration rate in 
spring compared to southern populations. It is suggested that this is an adaptation to different seasonality over the species’ range that 
results in the “more active” northern workers rearing fewer brood to maturity more quickly than southern workers. Fat content, a 
measure of worker “quality”, had a parabolic relationship with latitude with mid latitude colonies having the fattest workers. Fatter 
workers appeared to rear heavier brood. This probably represented a functional response to environment with populations living at 
“edge of range” sites being physiologically more stressed and performing brood-rearing tasks less well than centre of range popula­
tions. We believe that this is the first demonstration of a consistent, intra-specific trend for variation in the social physiology of an 
ant species over its geographic range.

INTRODUCTION

Most ant species nest in the soil where they persist for 
many years: consequently the activity cycles of both indi­
viduals and colonies are highly temperature dependent 
(Peakin & Josens, 1978). Myrmica is a northern temper­
ate genus that usually nests in soil, and inter-specific 
comparisons have shown that different species are 
adapted to the average temperatures of the sites where 
they live. For example, under laboratory conditions Myr­
mica scabrinodis Nylander colonies must be maintained 
at a 2-3 °C warmer temperature than those of Myrmica 
ruginodis Nylander, for both species to produce new 
adults in the same period of time (Elmes & Wardlaw 
1983). This correlated with the observation that in south­
ern England, M. ruginodis normally live in soil which is 
2-3°C cooler than that used by M. scabrinodis (Elmes, 
1982). Myrmica rubra L. was intermediate to M. rugino­
dis and M. scabrinodis in both studies. Elmes & Wardlaw 
(1983) suggested that their results indicated intrinsic 
metabolic differences between species of Myrmica. Fur­
ther support for this hypothesis was provided by the dem­
onstration that M. ruginodis has a significantly higher 
maintenance respiratory requirement than M. scabrinodis

(Nielsen et al., 1999). Furthermore, Nielsen and co­
workers showed that individuals of both species, drawn 
from populations living at high latitudes, had higher res­
piration rates, and were more responsive to temperature 
change than those living at lower latitudes -  the first dem­
onstration of physiological differences between conspe- 
cific populations of ants related to geographical location.

We now hypothesise that populations might also show 
corresponding differences in social physiology, such as 
the ability of workers to rear larvae when reared under 
“common-garden” conditions, and test this by replicated 
experiments using colonies of Myrmica rubra L. This 
species was chosen for several reasons: (a) its social 
physiology has been well studied in the laboratory (re­
viewed by Elmes, 1991); (b) the design of cross repli­
cated experiments is facilitated by its usually large 
colonies (> 800 workers which are abundant in damp 
habitats throughout the mid latitudinal zones of Europe); 
(c) brood can be “grafted” into cultures of other colonies 
to dissociate responses of brood from the effects of nurse 
workers; (d) collaboration enabled us to obtain sufficient 
stock colonies, in the same physiological condition, from 
sites over its European range.
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Like all other Myrmica species studied, most M. rubra colo­
nies have “split” brood cycles: eggs are laid in early summer 
and either develop rapidly to become new workers within six 
weeks or so, or grow more slowly, entering diapause before 
overwintering, and complete their growth in spring (see Elmes, 
1991). On average, 50% of workers are reared in summer and 
50% from overwintered larvae in spring, although the exact pro­
portions vary over the species’ range (Kipyatkov, 1993). Male 
larvae normally overwinter and cannot be separated from female 
larvae when small. New queens (gynes) can only develop from 
larvae that have diapaused. Therefore, the ability of workers to 
respond rapidly to early spring warmth and to begin rearing 
overwintered larvae is important for maintaining colony worker 
populations and producing the sexual castes.

METHODS

Sites and stock
Stock colonies were collected from seven regions in the 

autumn of 1997 and were overwintered in an incubator at 5°C. 
Four regions were selected to represent the northwest (NW), 
southwest (SW), northeast (NE) and southeast (SE) ranges of 
distribution of M rubra in Europe: being the Isle of Coll, West 
Scotland (56.75°N, 6.75°W), South Dorset, UK (50.5°N, 2°W), 
Vyritsa, St. Petersburg region, Russia (59.25°N, 30.3°E) and 
Kiev, Ukraine (50.5°N, 30.5°E) respectively. Three colonies 
from two different isolated populations (sites) were collected 
from each of these regions. In addition, we collected 6 colonies 
(2 from one site and 4 from a second site) from the Carpathian 
region of Ukraine (48.5°N, 22.75°E), 3 colonies from Vladimir, 
Moscow region of Russia (56.25°N, 39.5°E), 3 colonies from 
the Black Sea region, Dnieper estuary, Ukraine (46.5°N, 32.5E) 
and 3 colonies from a third site in Dorset.

In NW and SW sites M rubra were locally dominant, they 
nested under stones where they experienced a maritime climate 
with relatively cool wet summers and mild winters. In the NE, 
SE and Vladimir they lived mainly in moss in coniferous wood­
lands in competition with one or more congenerics, where they 
experienced a more continental climate, with colder winters and 
hotter summers. All sites except the Carpathian (c 800 m) were 
at low altitudes. The Carpathian sites had a wetter climate than 
lowland Ukraine, and superficially resembled the western ones 
with M. rubra nests living under flat stones in open grassland. 
The Black Sea site was atypical and probably represented the 
extreme southern edge of M. rubra's eastern range. Here the 
ants nested in rotten wood in very heavily shaded wet deciduous 
woodland on the banks of the river Dnieper. All sites experi­
enced different lengths of seasons and daylight regimes accord­
ing to their latitude.

Worker quality and metabolism
In spring before the start of rearing experiments a sample of 

about 30 workers was taken from each of the stock nests. After a 
few days at 20°C to “warm-up” and become active, they were 
used to estimate respiration by measuring the rate of C02 pro­
duction using a flowthrough analyser model LI-6251 connected 
to a data acquisition and analysis system (Sable System, Salt 
Lake, Utah using Datcan V software). We used 5°C and 25°C in 
our tests. Ants were then killed, dried in a vacuum oven at 60°C 
for 24 h and weighed. Their lipid contents were extracted using 
petroleum ether in a Soxhlet apparatus for 24 h, and fat content 
determined as the difference between the dry weight and the 
lipid-free dry weight. The details of these techniques are identi­
cal to those described by Nielsen et al. (1999). We calculated 
respiration rates at 5°C and 25°C as volume pi of C02 h_l mg ' 
fat-free weight. Similar measurements were subsequently made 
on a second sample of workers at the end of the rearing experi­
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Fig. 1. Scheme for the design of the main experiment.

ment after they had been active at 20°C for about 140 days. Due 
to technical problems results were not obtained for 2 colonies, 
one from each of the St. Petersburg sites.

Brood rearing experiment
The main rearing experiment had a fully balanced design 

(Fig. 1), consisting of 96 cultures each containing 30 workers 
drawn at random from one of the stock colonies, and 15 over­
wintered larvae in the size range 0.3-0.4 mg live weight. The 
larvae were all “small” in the sense of Elmes & Wardlaw (1981) 
and were expected to develop mainly as workers, although some 
male larvae are normally present in this size class of larvae. Lar­
vae were pooled because there were insufficient brood or work­
ers to fully cross-replicate all permutations of workers and lar­
vae. Groups of fifteen “standard larvae” from each region were 
obtained by first pooling all larvae of the correct weight class, 
from the three colonies in each of the two sites, and then select­
ing at random, 7 from one site and 8 from the other. Thus the 
four cultures from each nest (e.g. cultures 1-4 from nest 1 at 
NW site 1) reared larvae from a different region (e.g. in Fig. 1, 
cultures 1, 37, 93, cultures 2, 38, 94 cultures 3, 39, 95 and cul­
tures 4, 40, 96 reared larvae from NW, SW, NE and SE regions 
respectively). A supplementary experiment was made at the 
same time. Workers were drawn from the remaining colonies at 
the other four eastern regions and the third SW site (in the same 
manner as previously), but they were given larvae from the NW, 
SW, NE and SE regions as described above rather than larvae 
from their own nests.

Once established, the cultures were maintained in Brian nests 
at 20°C, with ample food and water, and were handled as de­
scribed by Wardlaw (1991). From day 6 to day 136, all cultures 
were examined every 2 or 3 days and the developmental stage 
of the larvae recorded; any pupae were removed and weighed. 
Worker mortality was not excessive (on average < 10% of the 
workers had died by day 60 which was not enough to affect ei­
ther the survival or growth of brood) and was more or less ran­
dom between the cultures following a Poisson distribution. Data 
were analysed by regression and ANOVA using the 
MINITAB® statistical package. Pupal weights were more or 
less normally distributed, log transformation improved normal­
ity but not sufficiently to make it worthwhile transforming the 
data for analyses. On the other hand, the time taken to reach pu­
pation was very overdispersed with an indication of bimodality; 
consequently we used loglog transformations in statistical 
analyses.

RESULTS

Worker quality and metabolism
Respiration rates (C02 production per unit fat-free dry- 

weight) for the 38 colonies tested, showed significant 
Pearson correlations (r) between the estimates made at 
5°C and 25°C at both the start and end of the rearing ex-
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Fig. 2. The mean estimates of fat-free weight and percentage of fat in workers from 38 colonies of M. rubra collected from 13 
sites at 6 latitudes in Europe, plotted against latitude of the collection site. The estimates were made immediately following hiberna­
tion (a & b) and in June after ca. 140 days activity (c & d).

periment (r = 0.62, n = 38,/? < 0.001 and r = 0.38, n = 36, 
p = 0.02 in February and June respectively). However 
there was no correlation between the February and June 
estimates (r = 0.18, n = 36, p  = 0.31 and r = 0.08, n = 36, 
p = 0.69 at 5°C and 25°C respectively). To simplify the 
subsequent analyses we used a simple average of respira­
tion at the two temperatures to give a mean value for 
“colony respiration”. This has less biological meaning 
than a geometric average (which is related to Q10), but 
has the advantage here, in that it places slightly more 
weight on responses at 25°C which might be more rele­
vant to the 20°C laboratory temperature used for the rear­
ing experiment.

There was no significant correlation between estimates 
of fat-free dry weight of workers and the estimates of per­
centage of body fat (r < 0.17, n > 36, p > 0.30 in both 
February and June). There was no statistically significant 
relationship between fat-free weight and latitude of the 
site (Fig. 2a, c). However, the percentage fat had a para­
bolic relationship with latitude in both measuring periods 
(Fig. 2b, d); the curves illustrate the statistically signifi­
cant quadratic regressions with latitude (F2.37 = 10.0, p < 
0.001 in fat content, in February and F2,35 = 13.1, p < 
0.001 explaining 40% of the variation in June, all coeffi­
cients being significantly greater than zero in both

periods, Tjms > 4.0, p  < 0.001). This shows that worker 
ants of M. rubra living at mid latitudes (ca. 53°N) con­
tained more fat than those collected from more northerly 
or southerly latitudes.

Estimates for weight specific (fat-free weight) respira­
tion varied negatively with the fat-free weight in Febru­
ary (Pearson r = -  0.59, n = 38, p < 0.001) but in June, 
the relationship was not statistically significant (r = -  
0.13, n = 36, p = 0.45). The percentage fat had no statisti­
cally significant relationship with respiration in either pe­
riod (r < 0.10, p > 0.50 in both cases). There was a sig­
nificant linear regression between site latitude and the re­
sidual variation in the February mean respiration once the 
effect of size was removed (Fig. 3a: F 1,37 = 7.9, p  = 0.008, 
both coefficients being significantly greater than zero) but 
by June, the relationship disappeared (Fig. 3b).
Brood-rearing differences
The main experiment

Most larvae developed into worker pupae and a smaller 
number were males (Table 1). A small number of gynes 
(28) were produced in a proportion of the cultures but 
these were insufficient to make meaningful comparisons 
and are not considered here. On average males developed 
faster and were heavier than workers (47 vs 58 days and 
3.1 vs 4.5 mg). Analysis of variance on the time taken for

119



a) February

Latitude
Fig. 3. Mean respiration (pi of C 02 h_l mg~' fat-free weight) 

of workers from 38 colonies of M. rubra collected from 13 sites 
at 6 latitudes in Europe, plotted against latitude of the collection 
site, (a) Residuals of the estimate in February immediately post 
hibernation once the significant relationship between respiration 
and fat-free weight has been removed, (b) Estimate in June after 
ca. 140 days activity.

pupation by workers, showed significant variation attrib­
utable to both the region of origin of the workers (F3,6i8 = 
28.8, P < 0.001) and the origin of the brood (F3,6is = 8.7, P 
< 0.001); there was no significant interaction. A similar 
result was obtained for male pupae (F3,i95 = 3.6, p < 0.02 
and F3,i95 = 6.7,/> < 0.001). Differences between the treat­
ments could be gauged by comparison of row and column 
totals (Table 1). This analysis showed that regardless of 
which workers reared them, (i) brood of eastern origins 
tended to grow faster than brood of western origin, (ii) 
southern brood pupated more quickly than northern 
brood, (iii) northern workers reared brood to pupation 
more quickly than southern workers, regardless of the ori­
gin of the brood, and (iv) there were significant differ­
ences in the time to pupation by worker brood, between 
the two sites within the SW and SE regions (F 1,15 7= 7.9, p 
= 0.006 and F i,i53 = 5.8, p = 0.017 respectively) but not 
between sites within the NW and NE regions. The effect 
of worker origin on male development time was less 
clear.

The effects of origins of brood and workers on pupal- 
weight were examined by analyses of variance. The time 
to pupation was included as a covariate because it might 
be expected that larvae which grow more slowly and pu­
pate later might achieve a greater pupal weight. This 
proved to be the case for workers with time to pupation 
being statistically significant (Fi,6i7 = 26.6, p < 0.001). 
The region of origin of the brood had a big effect (F3,6i7 =
25.5, p  < 0.001) and region of origin of the workers had a 
smaller effect (F3.617 = 3.4, p = 0.018) the overall relation­
ship being:
Worker pupal weight = 1.53 + 1.23 • loglog(time to pupation) (1)

Flowever the reverse held true for males with the larg­
est being produced first (Fi,i94 = 13.6, p < 0.001) although 
there were still significant effects for the regions of origin 
of the brood and workers (F3,i94 = 2.8, p = 0.041; F3,]94 = 
5.2,/> = 0.002 respectively):
Male pupal weight = 7.06 -  1.86 • loglog(time to pupation) (2)

This was best illustrated by the means adjusted for the 
effect of time to pupation (Fig. 4). Workers which devel­
oped from “small” brood originating in the west of 
Europe, were larger than those from eastern Europe, with 
a trend for southern workers to be heavier than their 
northern counterparts (Fig. 4a). Similarly workers from 
southern Europe tended to rear larger larvae than the 
northern stock but in contrast there were no east-west dif­
ferences (Fig. 4b). There was no clear trend in the results 
for male pupae, except for males reared from larvae col­
lected in Scotland being distinctly heavier than the rest 
(Fig. 4c), and workers from southern England reared 
heavier males than the other regions (Fig. 4d). This 
probably resulted from most males originating from SW 
brood (Table 1) and is an indication that workers might 
give their own male brood preferential treatment.
Supplementary experiment

Similar results emerged from the supplementary experi­
ment where workers from four additional regions reared 
brood from the same sources as in the main experiment. 
Analysis of variance showed that weights of worker pu­
pae were affected positively by the time taken to pupation 
(F 1,418 = 38.9, p < 0.001) whereas male weights were 
negatively affected ( F i,8s = 5.0, p < 0.03). The actual rela­
tionships were close to those obtained in the main experi­
ment:
Worker pupal weight = 0.63 + 1.90 ■ Ioglog(time to pupation) (3)

Male pupal weight = 7.33 -  1.99 ■ loglog(time to pupation) (4)

As in the main experiment, there were significant dif­
ferences in weights of both worker and male pupae, due 
to the origin of brood (F3,4i8 = 30.0, p < 0.001) and (F3,8s =
9.5, p < 0.001) respectively. However, although the origin 
of the nurse workers had a significant effect on worker 
pupal size (F3,4i8 = 14.9, p < 0.001) it did not affect male 
pupal size (F3,85 = 2.1,/? = 0.1). The mean weights of the 
pupae, standardised for the effect of pupation time, are 
given as Table 2; these can be compared directly with 
those in Fig. 4. As before, worker brood from western 
Europe grew larger than that from eastern Europe regard-
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T able 1. Brood reared in the main experiment.. The numbers of worker ( 9 )  and male (8) pupae together with their mean live 
weights (mg) and mean time taken to become a pupa (days) reared by the six cultures (drawn from 3 colonies from 2 different sites) 
in each region being Scotland (NW), S. England (SW), St. Petersburg (NE) and Kiev (SE). Each colony was replicated with brood 
drawn from each of these four regions (see methods).

Brood
Workers

NW SW NE SE Total
9 8 9 8 9 8 9 S 9 8

number 41 7 34 5 26 7 35 4 136 23
NW weight 3.30 4.56 3.72 5.02 3.13 5.40 3.69 4.56 3.47 4.92

time 66 47 78 55 73 73 81 37 74 55

number 8 30 17 30 9 19 14 28 48 107
SW weight 3.23 4.29 3.67 4.65 3.42 , 4.32 3.61 4.56 3.53 4.67

time 66 44 73 61 54 41 65 51 66 51

number 45 16 42 18 47 15 40 14 174 63
NE weight 2.94 4.62 2.97 4.52 2.86 4.36 2.96 4.03 2.93 4.40

time 55 36 60 47 49 35 56 44 55 40

number 72 2 69 2 57 4 69 1 267 9
SE weight 2.99 5.07 3.08 4.39 3.03 4.70 3.07 4.28 3.04 4.67

time 50 33 57 39 49 44 50 35 52 40

number 166 55 162 55 139 45 158 47 625 202
Total weight 3.07 4.44 3.25 4.63 3.02 4.54 3.23 4.39 3.14 4.50

time 56 42 64 55 54 44 60 47 58 47

less of which ants reared them: however, there was no 
support for the suggestion in Fig. 4a that southern brood 
might produce larger workers than northern brood. The 
pattern for male pupal weights was similar to that in Fig. 
4b. The workers from a third site in southern England 
produced heavy worker and male pupae whereas the M. 
rubra from the Black Sea region produced light males 
and workers.
Brood-rearing, worker condition and metabolism

We used as dependent variables the mean fresh weight 
and the number of worker pupae reared by the 4 cultures 
from the 38 colonies from the 8 regions. We assumed the 
time taken to pupate, the various measures of colony con­
dition (fat content, respiration etc.) and the latitude of the 
region where the colony was collected, to be the inde­
pendent variables. Any effect on mean larval growth

T able 2. Mean weights of worker and male pupae (± standard 
error) according to the region of origin of the brood and workers 
(see methods), standardised for effect of time to pupation.

Worker pupae Male pupae
Mean (± SE) Mean (± SE)

Brood source
NW 3.54 0.049 5.09 0.168
SW 3.43 0.079 4.64 0.100
NE 2.93 0.049 3.90 0.153
SE 3.07 0.040 4.63 0.293

Worker source 
Carpathian 3.06 0.051 4.62 0.127
S. England 3.34 0.053 4.86 0.185
Vladimir 3.47 0.053 4.52 0.166
Black Sea 3.09 0.050 4.26 0.185

could be attributed to the effect of the nurse workers from 
the tested colonies rather than the larvae, because each 
colony reared equivalent larvae (60 larvae, 15 from each 
region -  see methods). There was considerable correla­
tion between the independent variables so we combined 
them in multiple regression dropping in turn those that 
contributed least to the overall R2.

The best description, which accounted for about 33% of 
the variation in pupal weight, was a parabolic function of 
latitude (F2.35 = 8.9,p  = 0.001, Fig. 5a):
Mean weight of worker pupae = -13.38 + 0.63 • Latitude -  0.0060 • (Latitude)2 (5)

The number of larvae reared to pupation had a negative 
relationship with both latitude ( F i,35 = 6.7, p < 0.02) and 
the time taken to pupate ( F i,35 = 9.6, p < 0.01). The time 
taken to pupate also had a negative relationship with lati­
tude (Fi,36 = 4.7, p < 0.04). There was a strong correlation 
between the coefficient of variation of mean pupal weight 
in colonies and the average time taken to rear them but 
there was no relationship between the coefficient of varia­
tion and latitude. When the number of larvae reared was 
standardised for the mean time taken for them to reach 
pupation (Fig. 5b), the results suggested that colonies at 
the most southerly latitudes produced ca. 25% more 
workers from the same number of small overwintered lar­
vae compared workers from the most northerly latitudes.

DISCUSSION

The results for production of worker pupae can be in­
terpreted directly in terms of the physiological conditions 
of the M. rubra worker ants, but the results for male pro­
duction are less clear-cut. This is probably because the
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size and development rates of sexual ants are influenced 
more by external factors than is the case for workers. For 
example, the trade off between numbers and size of 
males, in response to local factors such as the average dis­
tances flown and time needed to survive and mate, might 
outweigh any more general constraints related to environ­
ment and nurse worker condition. We therefore restrict 
this discussion to consideration of worker development.

However, any conclusions from the brood rearing ex­
periment must be interpreted with two provisos. First, the 
ontogeny of M. rubra workers is determined by a compli­
cated behavioural interaction with their nurse workers 
(e.g. Brian, 1955). As soon as larvae have achieved a cer­
tain amount of development, nurses can either precipitate 
early metamorphosis or permit larvae to develop further 
with the possibility of becoming new queens (reviewed 
Brian, 1974). Apart from social factors, the behaviours 
that control caste determination can be affected directly 
by environmental factors such as temperature and food 
supply. Therefore variations in the social parameters 
measured here (the size of pupae and time to pupation), 
might be some combination of direct consequences of er­
gonomic factors affecting larvae (e.g. the rate of feeding) 
or an indirect consequence of nurse worker condition,

that affects their behaviour towards larvae. Secondly, we 
assumed that all the populations respond to temperature 
in the same way: for example, NW workers do not rear 
brood optimally at a different temperature to SW workers. 
Preliminary (unpublished) experiments suggests that this 
assumption is valid and it is supported by the observation 
that within the SW region, four different Myrmica species 
responded to temperature in the same way (Elmes & 
Wardlaw, 1983).

At the start of the experiment, workers from mid lati­
tudes (50-55°N) appeared to be in “better” condition than 
those from further north or south, containing a greater 
percentage of body fat (Fig. 2b). The average fat content 
of the workers in a colony might depend upon a huge va­
riety of local factors operating at both individual nest-site 
and habitat levels, and it was rather unexpected that geo­
graphical position could explain as much as 35% of the 
variation between colonies. There was an indication for a 
similar trend (but explaining much less of the overall 
variation) in fat-free body weight (Fig. 2a), but many 
more nest samples would be required to confirm this. Un­
der the “common garden” conditions of our laboratory 
(with ample food) all ants gained fat by June, but the 
parabolic relationship with latitude still remained intact 
(Fig. 2d) although it became flattened (ants with less fat 
in February gaining relatively more). We suggest that if 
we had maintained the experiment until August (six 
months after the start of the experiment when the ants en­
ter dormancy), the relationship would probably have flat­
tened further, perhaps disappearing. Thus variation in 
worker fat content is probably a response to environment 
and food availability in the previous year, rather than in­
nate condition. Conversely, the relationship between res­
piration and latitude (Fig. 3a) which was lost in June (Fig. 
3b) might be restored by the time all colonies become 
dormant. We hypothesise that while the average respira­
tion rate of workers might change (decline) by the same 
amount over the course of active period, the duration of 
the active period probably differs between populations, 
with northern populations being adapted to short summer 
seasons. Thus when measured in June, southern colonies 
were probably physiologically “mid-season” and northern 
ones were “end-of-season”. This hypothesis should be in­
vestigated further.

The observed variation in fat content probably is an 
“edge-of-range” effect with M. rubra colonies living at 
the margins being on average less viable (fewer energetic 
reserves) than those central to the range. In addition to 
variation in habitat quality and food supply expected at 
the edge of range, northern populations bear an additional 
metabolic cost. Respiration varied (Fig. 3a) with workers 
living at 60°N spent about 5-10% more metabolic energy 
than those living at 45°N, this result mirrored that for the 
M. scabrinodis and M. ruginodis (Nielsen et al., 1999). 
Northern workers reared larvae to pupation more quickly 
-  workers from 60°N are expected to produce half their 
pupae in 52 days compared with 64 days for workers 
from 45°N -  which might be a direct consequence of the 
increased metabolic activity of the workers. This was due
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Fig. 5. The mean weights and numbers of worker pupae 

reared by from 38 colonies of M. rubra collected from 13 sites 
at 6 latitudes in Europe, plotted against latitude of the collection 
site. Each estimate is the average of four cultures each rearing 
larvae from colonies collected in NW, SW, NE and SE regions, 
(a) Average fresh weight has a significant parabolic relationship 
with latitude, (b) The number of workers reared is negatively re­
lated to latitude.

to differences in the workers not the brood; although on 
average, east European brood pupated earlier than west 
European brood, northern brood pupated at about the 
same time as southern brood from the same longitude. 
However, in contrast northern workers reared fewer lar­
vae to maturity than southern workers (Fig. 5b).

Generally, workers from mid latitudes reared heavier 
pupae than those at the extremes (Fig. 5a) mirroring the 
relationship between condition (% fat) and latitude (Fig. 
2b). We did not measure the fat content of the pupae so 
we do not know whether this represents a real difference 
in mass (fat-free dry weight) or simply the amount of 
body fat. We suspect that it is probably a combination of 
both. Workers in good condition might spend less energy 
on processing food and laying down fat in their own bod­
ies and thus make more available to the brood. This im­
plies that colonies at the edge of range will produce new 
workers with less fat that thereby, are less able to survive 
stressful conditions than core populations.

We conclude that there are real differences between 
populations of M. rubra in different parts of its range. 
Some, such as respiration rate, might be heritable and lo­
cally adapted to climate. Key factors are probably the 
length of summer (number of degree days available for 
growth -  see Nielsen et al., 1999), the length of winter 
and the rate of change between winter and summer cli­
mate. Such factors vary progressively from north to 
south, with colonies living in southern habitats experienc­
ing relatively short mild winters and long summers. The 
general condition of the workers however, might simply 
be a consequence of local nest site conditions and food 
supply, which over a large geographical range will be af­
fected by average summer climate. At the southern edge 
of range, summers might frequently be too hot and in the 
north too cold for optimum production of brood. M. rubra 
also requires relatively humid conditions for foraging: 
workers will not forage when the soil surface is hot and 
dry (at mid-day or during periods of drought). Conse­
quently, we predict that at most latitudes, conditions 
should be more suitable for M. rubra in the humid west of 
Europe and become less suitable in the east as continen- 
tality (hot dry summers) increases. Our data, suggesting 
that western larvae grow larger, is consistent with a west- 
east decline in habitat suitability. Ignoring the effects of 
mountains, we also predict that M. rubra populations will 
be restricted to a narrower band of latitudes in its drier 
eastern range.
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