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Summary 

Formica podzolica serves as host to slave-making ants in North America. We propose that E pod- 
zolica may respond to slavery by two alternative colony-growth and reproductive strategies 
depending on the raiding ability of the slavemaker: (1) Rapid colony growth at the expense of 
producing sexuals to a stage where raiding by unspecialized, facultative slavemakers, capable of 
exploiting only small colonies, becomes unlikely owing to a strong work force and (2) Early pro- 
duction of sexual offspring at the cost of colony growth to secure some sexual production in an 
environment with specialized obligate enslavers, capable of raiding large colonies. We tested the 
strategies by excavating 30 small to moderately large mounds of E podzolica and measured repro- 
ductive parameters of colonies in relation to mound size, worker number, and worker size. Mound 
area predicted worker number satisfactorily. Worker number correlated significantly with worker 
head width and with number of worker and sexual offspring. With a growing work force, the pro- 
portion of sexual offspring increased in the total offspring. Two thirds of the colonies producing 
sexuals emitted single sex, sex being independent of colony size. Some of the large colonies pro- 
duced both sexes with a strong bias toward either sex. The unweighted population-level sex ratio 
did not differ from even, being 0.52 (numerical) or 0.54 (biomass). Very large mounds (not ex- 
cavated) had small workers and highly male-biased sex ratios, probably owing to energy con- 
straints set by central-place foraging. Population-level colony ontogeny data did not fit either one 
of the suggested strategies, but imply a mixture of the two. We discuss an alternative, still untested 
raid-independent explanation to the ontogeny pattern. 

Introduction 

Slave -mak ing  ants  r a id  nes ts  of  conspeci f ics  or  r e l a t e d  species ,  c a p tu r e  the  deve lop -  
ing offspr ing,  and  r ea r  t h e m  to be  s lave w o r k e r s  ( for  a r ev iew on slavery,  see  
H611dobler  and  Wilson ,  1990). S o m e  fo rmic ine  s l a v e m a k e r s  a re  f r e q u e n t  ra iders ,  
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conducting up to 50 raids within a 50-m radius in just two months, and the total num- 
ber of slave pupae obtained may exceed 10000 (Cool-Kwait and Topoff, 1984). 
Thus, slave-making ants induce extinction of potential slave colonies (Yasuno, 
1964) in a fashion similar to that of territorial wood ants interfering with and exclud- 
ing subordinate species around their colonies (Savolainen and Vepsfilfiinen, 1989; 
Savolainen, 1990). 

In Elk Island National Park in western Canada, three slavemakers, the faculta- 
tive E subnuda and the obligate E subintegra and Polyergus breviceps, enslave 
E podzolica of the fusca group (Savolainen and Deslippe, 1996). In the Park, 
E podzolica is common and abundant relative to the slavemakers: per 100 free 
E podzolica colonies, the frequencies of enslaver colonies are about 1.2 and 3.6 for 
R breviceps and E subintegra, respectively, and 10.4 for E subnuda (Savolainen and 
Deslippe, 1996). The ability to raid colonies differs between the facultative and 
obligate slavemakers and is visible in the proportion of slaves of the total work 
force. Most of the work force of the two obligate species are slaves (on average 
80 %), whereas only one third of the E subnuda colonies have slaves and, when 
present, their proportion is always low (on average 10%) (Savolainen and 
Deslippe, 1996). Furthermore, the slaves of E subnuda are small (Savolainen and 
Deslippe, 1996) suggesting that they are raided from small, incipient colonies. 

We believe that raiding is a major constraint on the colony ontogeny of E pod- 
zolica. Here, we propose two alternative strategies based on the simple assumption 
of resource allocation between production of castes. The higher the success of the 
strategy, the larger the number of sexual offspring produced during the colony's 
lifetime. 

Strategy 1: Several authors have emphasized that rapid colony growth to a size 
capable of strong defense might be selected under the pressure of slavery (Alloway, 
1980; Herbers, 1986). Thus, colony growth is accelerated, at the cost of production 
of sexual offspring, to rapidly reach a high number of relatively large workers. 
Sexuals are produced later by relatively big colonies. This strategy resembles colony 
ontogeny of many ant species, in which one or several fundatrix queens start the 
colony without workers (e.g., Oster and Wilson, 1978). 

Strategy 2: Production of sexual offspring starts at a relatively early stage in 
colony ontogeny at the cost of delayed colony growth. The first strategy would 
minimize the time while the potential slave colony is small and still vulnerable to 
raids by the inefficient enslaver E subnuda. The alternative strategy would maxi- 
mize the odds that at least some sexuals are produced before raids by any of the 
local enslaver species. This strategy would be expected especially when the obligate 
enslavers prefer to attack bigger colonies with plenty of potential slave offspring. 

Because of the relatively high abundance of E subnuda, we expected the main 
strategy of E podzolica in Elk Island to be: maximize the rate of colony growth until 
a workforce is reached that is strong enough to fend off E subnuda. However, in 
spite of the rarity of the obligate slavemakers, their efficiency as raiders of large 
colonies may select for the alternative strategy. Colony growth dimorphism at the 
population level might then follow, and we would find part of the colonies to 
produce sexuals at a relatively early stage. 

Here we document reproductive parameters of E podzolica colonies in relation 
to worker number, worker size, and mound size. We pay special attention to the 
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relation between colony size and number of sexual offspring: strategy 1 should pro- 
duce no sexual offspring in small colonies and a high number of sexuals after some 
threshold colony size; strategy 2 should start production of sexuals relatively early, 
the number of sexual offspring increasing more linearly with colony size. 

Materials and methods 

The study was conducted in Elk Island National Park (53~ 112~ in 
central Alberta, western Canada. The park lies in the aspen parkland between the 
boreal forest region and the prairie (for habitat description, see Deslippe and Savo- 
lainen, 1994). E podzolica is boreo-alpine, ranging from coast to coast in southern 
Canada and the United States where it extends down to New Mexico and Arizona 
along the Rocky Mountains (Francoeur, 1973). In Elk Island N. R, earthen mounds 
of E podzolica are abundant along roadsides, at forest edges, and in meadows 
(Deslippe and Savolainen, 1994). Nesting of E podzolica is presumably facilitated 
by grazing bison and prescribed burning, both creating and maintaining suitable 
habitat. Many colonies of E podzolica are started under bison dung (Deslippe and 
Savolainen, 1995 a). 

We excavated 30 small to moderately large colonies along the forest edge where 
the food supply was good (Deslippe and Savolainen, 1994), aggressive territorial 
(E ulkei and E dakotensis) and enslaver (E subnuda, E subintegra and Polyergus 
breviceps) ant species were absent, and the nearest conspecific colony was at least 
five meters away. We dug up the colonies between 3 and 19 July in 1992, prior to 
mating flights. Before digging, we measured the maximum length and width of the 
mounds. We estimated the ground-level area of the mound (for mound size) using 
the formula of an ellipse, Hab/4 (a = longer diameter, b = shorter diameter). Owing 
to mound disturbance by bison, the basal area of the mound is a better estimate of 
colony size than above-ground volume. 

We counted the numbers of workers, worker and sexual offspring (females, 
males, and all developmental stages except eggs), and queens (egg-laying females), 
and collected 30 workers from each nest for head width measurements to estimate 
body size. In addition to the above 30 mounds, we sampled workers from ten 
extremely large mounds. We measured their areas at the ground level and estimat- 
ed the sex ratio from a set of 100 randomly sampled sexual offspring per colony. We 
will present the results of the extra-large mounds separately from those of the 
dug-up colonies. 

The numerical allocation between worker and sexual production was computed 
by dividing the number of sexual offspring by the total number of worker and sexual 
offspring. The numerical sex ratio was calculated as the number of females divided 
by the total number of females and males and the biomass sex ratio as the biomass 
of females produced by a colony divided by the total biomass of females and 
males (average fresh weight of females = 31.4 mg, males = 18.2 mg; Deslippe and 
Savolainen, 1994). We used standard parametric tests when their assumptions were 
met (Zar, 1984). 
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Results 

Mound  area versus colony work force and worker size 

The basal are of the mound estimated worker number relatively well (Fig. 1). Mean 
worker size correlated positively with work force (Fig. 2). However, while the work 
force of very large mounds (area 134 dm2-573 dm 2) ranged from several tens of 
thousands to a hundred thousand workers (on the basis of rough estimates; colonies 
were not excavated), the workers were small, equaling the size of workers from 
mounds between 2 and 10 dm 2 (Fig. 3). The smallest and largest within-colony 
means (_+ s.e.) of head width were 0.95 _ 0.011 and 1.42 + 0.011 mm, respectively. 
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Figure 1. Worker number plotted against mound area (log 2 scales) (log10 (workers) =0.33 +0.99" log10 (area) 
din 2, N=30, rZ= 0.79, P < 0.001) 
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Figure 2. Mean colony head width plotted against worker number (log 2 scale for worker number) (Pearson's 
r =0.63, N=30, P <0.001) 
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Figure 3. Mean colony head width plotted against mound area (log 2 scale) (Pearson's r = 0.83, N = 30, P < 0.001; 
mounds exceeding 128 dm z were excluded from the above analysis) 

Reproductive strategies 

The Spearman correlation coefficient of the colony work force (n = 30 colonies) was 
0.35 with both total offspring and worker offspring (P = 0.03, one-tailed) and 0.85 
with sexual offspring (P=0.000). This overall pattern was expected; however, 
Figs. 4 and 5 both show that no single biologically realistic regression model 
fits exactly. The least biased regression for number of sexual offspring was 
log (sexuals) = 1.04" log (worker number) + 3.82" (mean head width) -6.09. How- 
ever, the model did not fit with regard to normality of residuals, outlier data 
(including high leverage), and especially, heteroscedacity of the data (log transfor- 
mations did not help). Consequently, the explanatory value of r2= 0.65 and the 
regression P-value = 0.000, have no serious weight. 

The population-level pattern of reproduction does not fit either one of the two 
strategies outlined in the Introduction, but rather suggests a mixed strategy. Some 
of the colonies seem to wait until a substantial work force is attained, whereas other 
colonies start reproduction at an early phase of colony growth. The mixed strategy 
is implied both while plotting the number of sexual offspring against colony's work 
force (Fig. 4) and while plotting the proportion of sexuals in all offspring against 
work force (Fig. 5). 

Division of the study colonies into smaller (< 1500 workers) and larger ones 
(> 1500 workers) showed that five of the 14 small colonies did not produce sexual 
offspring, whereas all 16 bigger colonies yielded sexuals (Fisher's exact P = 0.014 for 
the difference in the proportion of colonies producing sexuals). Three of the small 
colonies (225-560 workers) that had sexuals did not raise any worker offspring, 
implying heavy costs of nurturing sexual offspring at an early stage of the colony 
ontogeny. 

We tested the cost of producing sexuals further in the small and large colonies 
by comparing the Spearman correlaton coefficients between worker offspring and 
sexual offspring (given any difference, the smaller colonies should have higher 
negative correlation; hence the test is one-tailed). For small colonies, r=-0 .54 
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Figure 4. Number of sexual offspring plotted against number of workers (log z scales). The two free-hand lines 
refer to strategy i (curve) and strategy 2 (straight line). Strategy i is qualitatively similar to the general "thres- 
hold" model of Oster and Wilson (1978) 
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Figure 5. Proportion of sexual offspring to total offspring plotted against number of workers (log z scale for 
worker number) 

(P-0.02),  for larger ones, r=-0 .25  (not significantly different from r=0).  The 
difference between the coefficients was significant at P=0.20, supporting only 
weakly our suggestion that small colonies choose between the two types of offspring 
(sexuals or workers), whereas larger colonies can afford more flexibility in alloca- 
tion (aven though the power (1-13) of the test at the conventional level a = 0.05 was 
only 0.20). 

Allocation of  reproduction between castes and sexes 

Of the total offspring, large colonies produced more sexuals than did small colonies 
(Fig. 5) even though, again, the pattern of allocation suggests mixed reproductive 
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strategy. Most colonies produced mainly one sex: eight nests had only males, eight 
only females and nine had both sexes. Sex did not depend on colony size in single- 
sex colonies but colonies with both sexes tended to be large. Only one of 16 colonies 
with less than 3000 workers emitted both sexes, whereas eight of the nine bigger 
colonies produced both males and females (Fisher's exact P-- 0.000 for contingency 
table); colonies producing both sexes had a high bias toward either sex. 

The population-level numerical sex ratio was 0.52 and the biomass sex ratio 0.54 
(all nests producing sexuals equally weighted). The sex ratio of the extremely large 
mounds (not included in the above sex ratio estimates) was highly male-biased 
(0.09_+0.017; mean_+se). We also studied the above relations using biomasses 
instead of numbers of individuals. The analyses did not add any further information; 
however, our biomass approach was more constrained because of a lack of weight 
data of workers in relation to their sizes (head widths). 

We found egg-laying females in ten nests: one female in eight nests, five in one, 
and fifteen in another nest, implying that F. podzolica is facultatively polygynous. 

Discussion 

Strategy 1 of E podzolica (outlined in the Introduction) emphasizes rapid colony 
growth at the cost of early sexual offspring production. Many colonies in this study 
fit this strategy. Small colonies had small workers and a preponderance of worker 
production. When the colony size exceeded about 1000 workers, colonies started to 
produce more sexuals at the expense of increasing worker numbers. However, some 
of the small colonies seemed to follow strategy 2 by raising a few sexuals and this at 
times coincided with a halt in worker production. The most parsimonious explana- 
tion for the obtained pattern of reproduction is that our study population of E pod- 
zolica used a mixture of the two alternative strategies of colony growth. An alter- 
native interpretation for the mixed pattern is that our data reflect raid-independent 
variation of colony ontogeny. Because we were unable to find a representative 
E podzolica population for comparison without obligatory slavemakers, we cannot 
choose experimentally between the alternatives. However, without any effect of 
obligatory slavemakers, facultative slavemakers should emphasize the threshold 
feature of the basic colony ontogeny model by Oster and Wilson (1978), and thus 
decrease variation within strategy 1 due to factors other than slavery (cf. Fig. 4). 

Rapid colony growth to mature size with a relatively high potential for defense 
(strategy 1) can be facilitate by pleometrosis and/or secondary polygyny. Because 
polygyny is most pronounced in the genus Formica and the tribe Leptothoracini, 
the two taxa in which slavery has evolved repeatedly (Buschinger, 1986), extra 
queens might be accepted to speed up the growth rate of colonies (Rosengren and 
Pamilo, 1983). Herbers (1986), however, criticized this hypothesis because of a lack 
of supporting data; the link between polygyny and pressure by slavery could instead 
be a consequence of their intercorrelation with polydomy (Pollock and Rissing, 
1989). Circumstantial evidence is given below for the direct role of slavery in select- 
ing for supernumerary queens. 

In E podzolica, any correlation with polydomy is out of the question, because 
(at least in our study area) the species is monodomous. In Colorado, the number of 
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E podzolica queens varied from 1 to 13; the genetic relatedness among workers was 
0.23 and among queens 0 (Bennett, 1986). In our study area, most nests were mono- 
gynous, but 20 % of the immature nests and 25 % of the mature nests were poly- 
gynous with up to 140 queens (Deslippe and Savolainen, 1995b; the results of the 
present study fit this pattern). Pleometrosis was also common, and 27 % of the 
incipient colonies had more than one queen. Because the foundress groups in the 
field were small, on average 1.47 queens/nest, the occasionally high levels of poly- 
gyny must be a result of secondary polygyny. However, the relatively small number 
of pleometrotic queens speeds up colony growth: in the laboratory, foundress 
groups of two to four females produced workers sooner and in greater numbers 
than did single females or larger groups (Deslippe and Savolainen, 1995b). We as- 
sume that polygynous colonies of E podzolica grow faster in the field as well. 

Monodomy of E podzolica may eventually modify the normal positive correla- 
tion between colony size and size of workers. In several myrmicine (Brian and 
Brian, 1951; Elmes and Wardlaw, 1981) and formicine (Boomsma et al., 1982; Savo- 
lainen, 1990; this study) species, worker size is known ~o increase with worker 
number. Usually worker number continues to increase after sexual production has 
started, but worker size comes to a halt (Brian, 1983). Some E podzolica colonies 
(extremely large colonies of the study) grow after maturation and achieve extra- 
ordinary mound size and worker number for a fusca group species. However, the 
large worker number is compensated by small worker size. Because E podzolica 
colonies do not split or relocate even after considerable disturbance or substantial 
colony growth (Savolainen, unpublished observations), we suggest that central- 
place foraging will eventually limit the amount of food obtained. If so, the reduced 
food ration of the offspring would be the proximate cause for small workers in our 
mega-colonies. 

Several authors have documented larger male production in suboptimal and 
larger female production in optimal habitats (Boomsma et al., 1982; Brian, 1979; 
Deslippe and Savolainen, 1995c; Elmes, 1987; Nonacs, 1986b; Pamilo and Rosen- 
gren, 1983). The investment strategy could be determined facultatively in response 
to environmental conditions or to colony age and size, e.g., abundance of food 
favors females, scarcity favors males (Nonacs, 1986 a; 1986b). Production of sexual 
offspring in F. podzolica is sensitive to the ambient food level; within one repro- 
ductive season, superabundance of protein-rich food increased significantly the 
proportion of female offspring in food-added colonies relative to controls (Deslippe 
and S avolainen, 1995 c). The colonies of the present study were all situated in local- 
ly most-productive habitats, and therefore the resource hypothesis applies to our 
study only with reservations. Most of the colonies produced single-sex offspring 
and, whether small or large, half of these colonies produced females, the other half 
males. However, moderately large colonies had a much higher probability of 
producing both males and females. Interestingly then, the extremely large colonies 
(probably most severely resource-limited as implied by the exceptionally small size 
of workers and by the theory of central-place foraging) produced almost exclusive- 
ly males. 

A competing, and not mutually exclusive, explanation of the resource hypo- 
thesis is relatedness asymmetry among workers: colonies having workers with a 
relatedness asymmetry below the population average should specialize in males, 
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while those whose  workers  have a h igher- than-average  relatedness  a symmet ry  
should  specialize in females  ( B o o m s m a  and Grafen,  1990; 1991; Trivers and Hare ,  
1976). Because  F. podzol ica  has a t endency  toward  (secondary)  po lgyny  (Bennet t ,  
1986; Desl ippe and Savolainen,  1995b) and the workers  of  the species are only 
weakly  re la ted (queens  are no t  at all re la ted)  (Bennet t ,  1986; see above) ,  the male  
bias of  very  large colonies m a y  (partially) be due to be low-popula t ion-average  
relatedness  asymmetry.  Addit ionally,  the relatedness a symmet ry  theory  explains 
the equal  distr ibution of  male vs female  p roduc t ion  in bo th  small and large single- 
sex colonies be t te r  than  the resource  hypothesis ,  because  F. podzol ica  is faculta- 
tively polygynous ,  with queen  n u m b e r  (and relatedness  asymmet ry)  being fairly 
i ndependen t  of  colony deve lopmen t  (Desl ippe and Savolainen,  1995b). 
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