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Food limitation in the fungus-gardening ant,
Trachymyrmex septentrionalis
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Abstract. 1. Most ants are more like plants and marine invertebrates than other insects
because the adults are sessile and the immature stages are motile.

2. This paper reported the results from a field experiment that increased food levels
on the fungus gardening ant, Trachymyrmex septentrionalis, which has served as a
model system for understanding the complexities of these obligate mutualisms.

3. Food supplementation increased the growth of the symbiotic fungus and this led
to an increase in the amount of fungal biomass. The amount of fungal biomass was
generally more important in determining the amount of ant offspring than colony size.

4. The results indicate that the population is food limited and colonies may compete
for relatively rare fungal substrate. However, competition in this species is not

obvious.

Key words. Attini, chitin, colony growth, competition, complex societies, leaf-cutting

ant.

Introduction

Most social insect populations are unlike those of other insects
because adult colonies are generally sessile entities and depend
on motile forms to complete the sexual life cycle (Wilson, 1971;
Holldobler & Wilson, 1990). More like marine invertebrates,
social insects exhibit indeterminate growth (Bourke & Franks,
1995) and thus grow and reproduce by making quantities of
slightly different versions of a basic body plan. For example,
colonies produce large and fat females that will become repro-
ductives (queens) or smaller and lean females that will become
workers (Wheeler, 1986; Wheeler, 1991; Hunt & Amdam,
2005). As colonies grow from a single foundress to a mature
colony, they typically undergo a process known as sociogenesis
(Wilson, 1983, 1985), the patterns of which are thought to re-
flect the outcome of natural selection operating at the level of
the colony (Oster & Wilson, 1978; Tschinkel, 1993, 1999; Korb
& Heinze, 2004; Tschinkel, 2006).

The performance of social insect colonies is often dependent
on the quality of their immediate environment because their
ability to move to a new one is relatively limited. Within eco-
logical contexts, food supplementation experiments have been
used to illustrate the proximate role of food in colony perform-
ance in taxa ranging from annual social wasps (Hunt & Dove,
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2002; Seal & Hunt, 2004) to ants, which are all perennial
(Deslippe, 1994; Herbers & Banschbach, 1998; Morales &
Heithaus, 1998; Sorvari & Hakkarainen, 2007). In nearly all
cases, added food causes colonies to produce more sexual bio-
mass, but also because sexual and worker investment are traded
off with each other over time in perennial species (Brian &
Elmes, 1974; Brian et al., 1981; Elmes & Wardlaw, 1982a;
Cassill, 2002), the outcome may not be straightforward.
Understanding how colonies partition food has implications in
ecosystems where ants in particular are dominant or keystone
members of their community (Holldobler & Wilson, 1990;
Tobin, 1994; Agosti et al., 2000; Sorvari & Hakkarainen, 2005,
2007).

Integral to the success of many species of social insects are
their mutualisms with microorganisms (Davidson et al., 2003).
The best studied of the social insect mutualisms are those be-
tween fungi and fungus gardening ants (tribe Attini)(Mueller &
Gerardo, 2002). These ants have evolved an obligate symbiosis
with specific strains of basidiomycete fungi, which they cultivate
on items they collect while foraging (called substrates)(Weber,
1972). The fungus in turn breaks down these items using a wide
spectrum of enzymes (Martin, 1987; D’Ettorre et al., 2002;
Richard et al., 2005). These ants and their fungi have been the
subject of phylogenetic analysis (Mueller et al., 1998), behav-
iour (Roces, 2002; Seal & Tschinkel, 2007b), comparative
studies on colony foundation (Ferndndez-Marin et al., 2004),
and ecology (Wirth et al., 2003; Seal & Tschinkel, 2006). These
ants are a remarkably successful group and inhabit a large zone
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in the Americas spanning from 40°N (Illinois and New York) to
45°S (Patagonia) (Weber, 1972; Farji Brener & Ruggiero,
1994). Yet they have been the focus of very few ecological
studies that investigate the roles of food availability, fungal,
and ant production on the life history of these ants, even
although these ants can be quite abundant and presumably
ecologically important (Wirth er al., 2003; Seal & Tschinkel,
2006).

The following paper reports the results from a food supple-
mentation experiment on a fungus gardening ant, Trachymyrmex
septentrionalis McCook. Ants in the genera Trachymyrmex and
Sericomyrmex along with the leaf cutters (Acromyrmex and
Atta) comprise the higher attine group (Chapela et al., 1994;
Mueller et al., 1998; Wetterer et al., 1998). Recent phylogenetic
analyses indicate that 7. septentrionalis forms a sister clade to all
leaf-cutting ants (Acromyrmex and Atta) (Schultz & Brady, 2008).
Consequently, its use as a model system has been particularly
enlightening in understanding the evolutionary ecology of the
tribe (Seal & Tschinkel, 2007a, b, c¢). The purpose of this experi-
ment was to observe the consequences of food supplementation
over the course of 1 year on the production of ant (worker and
sexual) and fungal biomass. A specific emphasis was made on
salient life history traits that have been important in the evolu-
tionary and ecological success of these unique insects. The re-
sults were specifically discussed in the context of the theoretical
framework proposed by Bourke and Franks (1995) on ant life
history evolution.

Materials and methods

Trachymyrmex septentrionalis is a common ant in sandy soils
of eastern North America, occupying a region that extends to
40°N and west of the Mississippi River (Weber, 1972).
Trachymyrmex septentrionalis, like many attini, is a highly
abundant and conspicuous ant. It is among the most abundant
ants in north Florida pine forests (>1000 nests ha '), making
it presumably ecologically important (Seal & Tschinkel,
2006). This study was conducted in the Munson Sandhills of
the Apalachicola National Forest (ANF) located in northern
Florida, approximately 15 km south of Tallahassee. The study
site was located in management compartment 219 of the
ANF (30°20.8" N, 84°17.6' W), which was a focus of previous
study (Seal & Tschinkel, 2006). This stand contained a mixture
of scrubby oaks (Quercus laevis Walter, Q. incana Bartr. and
Q. geminata Small) and longleaf pine (Pinus palustris Mill) of
various immature and mature stages. This study site was nei-
ther too woody nor barren and was one of the more productive
sites for T. septentrionalis colonies (Seal & Tschinkel, 2006).
Trachymyrmex septentrionalis has been observed to collect cat-
erpillar frass, oak (Quercus spp.) catkins (staminate flowers)
and cut leaves from soft vegetation. In this forest, 7. septentri-
onalis is somewhat sympatric with the introduced fungus gar-
dening ant Cyphomyrmex rimosus Spinola; however, the latter
appears to be more common in the wetter flatwoods where
T. septentrionalis is not as abundant (Deyrup, 2000; Lubertazzi,
2003). Other than soil or litter fungi, this species appears to be
free from inter-specific competitors.

In July 2002, 60 colonies were found, numbered and marked
with flags. Colonies were randomly assigned to either a group
that received supplemented food or a group that did not.
Supplemented colonies received approximately 15 g of fungal
substrate (fungus food) twice weekly starting 23 July 2002 and
continued until October 2002. The fungal substrate was placed
next to the nest entrance hole. Thirty grams is well in excess of
the amount that laboratory colonies may consume on a weekly
basis (Seal & Tschinkel, 2007a, b). Although one could argue
that this is outside of what colonies would normally experience;
both laboratory and field colonies will eventually cease collect-
ing about 1 month before the sexuals mature. Periodically
clumps of catkins and caterpillar nests can be blown down by
strong winds and foragers have been noticed to recruit to such
substrate piles (J. N. Seal, unpubl. obs.). Furthermore, foragers
will sort through the pile and especially toward winter and again
toward summer, only pick out certain items, although the basis
of this selection is not clear. This species becomes dormant by
mid-autumn (October—November); foraging trips become infre-
quent, gardens reduce in size, and the nest entrance becomes
closed off. After colonies started depositing tumuli on the sur-
face, food supplementation resumed on 24 March and contin-
ued until 16 May 2003. The fall and spring supplementations
occurred during the period of worker and sexual production, re-
spectively, in this species. Only 38 colonies (19 in each treat-
ment group) were collected at the end of the experiment. The 22
remaining colonies had apparently moved or died. In some of
these cases it was not clear whether colonies near the flags were
actually colonies that were part of the experiment. The identity
of a few colonies was also doubtful because a forest mammal
had either moved or chewed the flags beyond recognition.
However, the 38 colonies used in this study were beyond a rea-
sonable doubt the same colonies marked and fed the preceding
summer.

In 2002, the supplemented diet consisted of a mixture of oak
catkins, frass from fall webworm (Hyphantria cunea Drury,
Arctiidae) reared on persimmon leaves (Diospyros virginiana L.)
and frass from the oleander moth caterpillar (Syntomeida epilais
Walker, Arctiidae) reared on oleander (Nerium oleander L.,
Apocynaceae). In the 2003, however, the supplemented diet
consisted entirely of frass from the eastern tent caterpillar,
Malacosoma americanum Fabricius (Lasiocampidae) that
were reared on black cherry leaves (Prunus serotina Ehrh.).
These substrates are all considered to be items preferred by
T. septentrionalis foragers (Seal & Tschinkel, 2007a, b).

Colony collection

Entire colonies were excavated (destructively) during a hot
dry, relatively rainless period, 20 May—02 June 2003. Mating
flights in this species generally occur after the first heavy con-
vective thunderstorm of the summer, usually by early June (Seal
& Tschinkel, 2007¢). Soils of the ANF forest are deep, almost
pure quartz sand entisols that contain very little organic matter
(Brown et al., 1990), a property very helpful for studies requir-
ing the collection of complete colony contents (Tschinkel, 1999;
Seal & Tschinkel, 2006, 2007a, b). Colonies were collected by
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excavating a 1-m? pit approximately 30 cm from the nest en-
trance. Tunnels and fungus garden chambers were found by
carefully removing soil from the face of the pit toward the en-
trance with a trowel and spoons. All tunnels were followed until
all ants had been collected. The depth and volume of each cham-
ber were recorded. Chamber volume was estimated by measur-
ing the maximum width, length, and height of the inner
dimensions with a measuring tape.

Measures of ant performance

The main response variables were the total weights of off-
spring. Initially, the energetic contents and average per cent fat
of ant offspring were sought by extracting the body fat from
adult ants in a Soxhlet extractor using diethyl ether for 48 h
(Soxhlet, 1879). Energetic contents of ant biomass were ob-
tained by multiplying lean weights by 18.87 J mg! and fat
weights by 39.33 J mg! (Peakin, 1972) and summing. A maxi-
mum of 10 female, male and new worker offspring were chosen
from each colony for extraction.

Measures of fungal performance

Fungus garden traits included fungus garden weight and an
estimate of the amount of chitin (per cent and total amount).
Chitin is the main constituent of fungal cell walls and its quan-
tity in a substrate is frequently used as an indicator of fungal bi-
omass in soil or wood, among other substrates (Plassard et al.,
1982). This method, summarised previously (Seal & Tschinkel,
2007a, b), estimates the total amount of fungal biomass that re-
sulted from the experimental treatments in this study. Ant fungi
do not appear capable of digesting chitin readily (Martin 1987),
making this structural compound a metabolic dead-end. Thus,
this method estimates the total amount of fungal biomass that
was an outcome of the experimental manipulations in this
study.

Statistical methods

Data analysis followed a pathway of inferred causation that
corresponded to the temporal sequence of worker and sexual
production in this species. As the supplementations began dur-
ing the period of worker production (late summer and autumn),
it was expected that traits of old workers the following spring
would be affected, as all colonies were excavated the following
spring. Food manipulations conducted during the late winter
and spring have the greatest effect on the production of sexuals
(Seal & Tschinkel, 2007a, b).

Statistical analysis included standard linear models and meas-
ures of effect sizes. As we were comparing several means of
colony-level traits, we ran the risk of inflating our type I error
rate. The typical solution to this would be to perform a Bonferroni
correction; however, recent reviews have illustrated undesirable
consequences with this method and null hypothesis testing
generally (Nakagawa, 2004; Garamszegi, 2006; Nakagawa &
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Cuthill, 2007). These methods may in fact increase the type Il
error and have led to the under reporting of biologically impor-
tant, yet statistically insignificant results. Therefore, we calcu-
lated Cohen’s d statistic, which is a standardized measure of
effect size that can be used to objectively compare means
(Cohen, 1988). Accordingly, Cohen’s d generally ranges from
near zero to one, with values around 0.2 indicating small effects,
0.5, medium effects and greater than 0.8 indicating large effects.
This value reported with the CI thus provides the amount of var-
iation in a parameter and a measure of its biological relevance,
whereas a P-value provides only a simple yes-no answer
(Nakagawa & Cuthill, 2007). Nevertheless for informative pur-
poses we report statistical tests; data were either log  trans-
formed or non-parametric tests employed if parametric
assumptions were violated.

As we were interested in the effect of nourishment on colony
level traits and its consequences on population-level properties,
colonies that did not produce a certain type of brood (e.g.,
males) were assigned a 0 in that category. An exception oc-
curred with one colony that was excluded from analysis because
it produced no brood of any kind (sexual, new worker, larvae,
etc). Additionally, in the calculation of sex ratio (male brood
weight/male and female brood weight), colonies that did not
produce sexual brood were similarly excluded. In addition to
the mathematical problem of division by zero, these colonies
could have been immature; incipient colonies generally wait un-
til their third year to produce sexual offspring in the laboratory
(J. N. Seal, unpubl. obs.). Although the field colonies in this
study were at least 2 years old, their age at sexual maturity is
probably much longer.

As an inferential tool, stepwise procedures were performed to
determine the relative contributions of colony size (weight of
old workers), fungal biomass (total chitin amount), and supple-
mentation treatment to the production of biomass in the spring.
Although stepwise procedures have been criticised (James &
McCulloch, 1990), the models employed here were relatively
simple and contained a maximum of three independent varia-
bles. Nevertheless, the outcome of each analysis was checked
by comparing correlation and regression coefficients of simple
regressions. Colonies that did not produce males or females (i.e.
those that were recorded as a 0) were excluded from this analy-
sis. This was justified because we were interested in how the
data covaried with fungal biomass or colony size and the inclu-
sion of zeros potentially obscures linear relationships. Visible
outliers with standardised residuals > 2.5 SD were removed
from the analysis. Effects were removed from the model
(pooled) if they produced P-values > 0.20. All analyses were
conducted with Statistica version 6.1 (Statsoft, 2003).

Results
Old worker traits

The effect of supplementing colonies during the period of
worker production appeared to be small. Supplemented colo-

nies did not differ significantly in size from unsupplemented
colonies in terms of the number of old (dark) workers or worker

Journal compilation © 2008 The Royal Entomological Society, Ecological Entomology, doi: 10.1111/5.1365-2311.2008.01010.x



4 Jon N. Seal and Walter R. Tschinkel

weight despite possessing medium effect sizes (Table 1).
However, old workers were larger, fatter and consequently more
energetically expensive in supplemented colonies than unsup-
plemented colonies; effect sizes for these variables approached
one in most cases (Table 1).

Traits of fungus gardens

Supplementation during the period of sexual production had
pronounced, obvious effects on fungus gardens. Supplementation
clearly increased the performance of the symbiotic fungus, ex-
pressed as final fungus garden weight, per cent chitin and total
amount of chitin (Table 2). Effect sizes for these traits exceeded
one in all three cases (Table 2). Supplemented colonies were
about two times heavier and contained three times the amount
of chitin as unsupplemented colonies (Table 2). The linear rela-
tionship between total chitin content and fungus garden weight
was identical in both treatments (F' 136 = 0.7, P = 0.41); both
groups exhibited a common slope (F,,, = 17, P < 0.001)
(Fig. 1). This slope was negatively allometric (< 1 on a log-log
scale) so that chitin content increased at a lower rate than fungus
garden weight (B = 0.803 & 0.071) (£SE), (one-tailed #-test:
t,, = 2.78, P < 0.01). In other words, this indicates that larger
gardens have a lower per cent chitin than smaller gardens, which
is independent of treatment.

To make room for the larger gardens, the ants in supple-
mented colonies appear to have made chambers about 25%
larger (Table 2) but this value was not statistically significant [#-
test on cube root, log transformed data, (¢,, = 1.82, P = 0.08)].
Nevertheless, the effect size is somewhat high (d = 0.53)
(Table 2). Although the ants in the supplemented group could
have made their chambers larger to house their large gardens;

the density of fungus garden material in the chamber (grams of
fungus garden by cubic cm) indicated that supplemented fungus
gardens were more densely packed into their chambers than un-
supplemented colonies (Table 2). A similar finding was also ob-
served with the density of fungal chitin in the chamber (Table 2).
The physical appearance of these gardens was striking because
they retained their shape during collection and were very firm to
the touch, which is quite unlike normal/unsupplemented condi-
tions where gardens are generally fragile and crumble easily
(Fig. 2).

Traits of new ant biomass (sexuals and new workers)

Seventeen of the supplemented colonies produced sexual
brood, whereas only 13 unsupplemented colonies produced
sexual brood. Seventeen of the supplemented colonies produced
female brood, whereas 15 of these produced male brood. In the
unsupplemented group, only 8 produced females and 11 pro-
duced males. The pattern of new worker production was less
obvious, as only 10 of the supplemented and 12 unsupplemented
colonies produced a new worker brood. Only one colony, which
occurred in the unsupplemented group, did not produce off-
spring of any kind. Data from this colony were excluded from
further analysis.

Supplementation largely affected the production of sexual bi-
omass. Supplemented colonies produced 2—4 times the amount
of biomass and numbers of offspring as did unsupplemented
colonies (Table 1). The larger amounts of total ant biomass pro-
duced in supplemented colonies appears to be attributed entirely
to sexual production (both male and female), as no significant
effects were observed in the weights or numbers of new workers
or larvae, both of which had rather small effect sizes (Table 1).

Table 1. Mean (£SD) amounts of ant biomass and numbers produced, upper and lower CI, tests of significance and effect sizes.

Mann—Whitney

Supplemented CI (lower, upper)  Unsupplemented CI (lower, upper)  U-test, P-value Cohen’s d

Ant biomass 260 + 183 mg 183, 337 115 + 75 mg 75, 155 U = 74,%* 1.35
Sexual biomass 149 + 87 mg 107, 190 48 + 58 mg 20,77 U = 63,%* 1.36
Female biomass 58 + 48 mg 35,81 26 + 37 mg 8,45 U = 93.5,* 0.74
Male biomass 90 + 72 mg 56, 125 22 + 33 em? 6, 39 U = 72.5,%% 1.21
% male biomass 56 +29%,n =17 41,71 57 +43%,n =13 31, 82 U = 103, 0.01
New worker biomass 13 £21 mg 3,23 15+ 18 mg 6,24 U = 150.5," 0.13
Larval biomass 98 + 109 mg 46, 151 52 + 50 mg 27,77 U= 126.5" 0.46
Sexual No. 150 + 101 101, 199 46 £ 55 18,73 U = 65.5,%* 1.27
Female No. 50 + 49 30,78 24 + 36 6,42 U =95.5,* 0.62
Male No. 96 + 84 55,137 22 +£31 7,38 U = 80,** 1.17
New worker No. 31+52 6, 56 32 +37 14, 50 U = 150, 0.38
Larvae No. 128 £ 113 74, 183 69 + 38 50, 88 U = 120,"* 0.60
Dark worker No. 226 + 102 ants 177,275 174 4 92 ants 127,219 U=116, 0.56
Weight 122 4+ 48 mg 99, 146 96 + 52 mg 70, 122 U=116,"% 0.57
Mean weight 0.568 + 0.041 mg 0.55, 0.59 0.50 + 0.06 0.47, 0.53 U = 61,%%* 1.32
Lean weight 0.485 + 0.034 0.47, 0.50 0.442 + 0.054 mg 0.42, 047 U=92* 0.98
Fat content 0.083 + 0.023 0.07, 0.09 0.06 + 0.027 0.05, 0.07 U = 85.5,%% 0.94
% fat 15+ 4% 12.9,16.3 12+ 5% 94,14.2 U = 105,* 0.66
Energetic content 124 +1.1) 11.9,13 10.7 + 1.5) 10,11.4 U = 55, %% 1.35
Except where noted, there were 19 colonies in the supplemented group and 18 that were unsupplemented. ****P < 0.0001. ***P < 0.001,

##P < 0.01, *P < 0.05, n.s. = P > 0.05.
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Table 2. Mean (£SD) amounts of fungal biomass produced, upper and lower CI, tests of significance and effect sizes.

Mann—Whitney

Supplemented CI (lower, upper) Unsupplemented CI (lower, upper)  U-test, P-value Cohen’s d
Fungus garden 72+41¢g 5.2,9.2 34+t16¢g 2.6,4.2 U = 55,%%* 1.21
weight
Percent chitin 24 +0.6% 2.1,2.7 1.8 £0.4% 1.6, 2.0 U = 176,** 1.01
Total chitin content 157 + 74 mg 121, 193 58 + 26 mg 46,71 U = 28, #*% 1.76
Chamber volume 422 + 175 cm® 335, 509 329+ 170 cm® (n = 17) 242,417 U =99, 0.53
(n=18)
Fungus garden 1.65 x 102 + 1.3x1072, 112 x 102+ 0.9 x 102, U="177%* 0.82
weight: chamber 0.65 g cm™ 2 x 107 0.5gem™> (n=17) 1.4 x 107
volume (n=17)
Chitin: chamber 4x104+£1.2 3x1045%x10*  208x10*+1mgem> 1.5 x 104, U = 51,%%* 1.16
volume mg cm > (n = 17) (n=17) 2.75 x 10+

Except where noted, there were 19 colonies in the supplemented group and 18 that were unsupplemented. ***#*P < 0.0001. ***P < 0.001,

P < 0.01,*P <0.05,ns. =P > 0.05.

The sex ratio was also not significantly affected and had a mi-
niscule effect size (Table 1). The amount of new worker produc-
tion was not correlated with the amount of sexual production,
which would have indicated a trade-off (r = —0.3, P > 0.25).
The supplemented colonies also did not have a higher rate of
production (ant biomass per gram of chitin) than unsupple-
mented colonies (1.68 £ 1.01 vs 1.98 £ 1.04, Fl‘35 =0.76,P =
0.40). Likewise the rate of sexual production (per gram of chi-
tin) was similar in both groups (0.94 £ 0.55 vs 0.74 &+ 0.86,
Mann—Whitney U = 122, P = 0.14). Both of these production
rates had effect sizes of approximately 0.28, which are low.
These data indicate that the primary consequence of the experi-
ment was to increase the amount of fungus, which caused a lin-
ear increase in the amount of ant production.

Most individual male and female offspring were incompletely
developed; only 10 supplemented and 5 unsupplemented colo-
nies contained adult females. Similarly, only 12 colonies and 4
unsupplemented colonies contained adult males. The remainder
of the sexual brood in these colonies were present as pupae. It is
very likely that the female alates were not ready to fly, because

c
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Fig. 1. Log-log plot of total chitin content versus the weight of fungus
gardens.
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the average female fat content of both treatment groups [supple-
mented: 14 £+ 5%, unsupplemented 14 £+ 8% (mean £ 1SD)]
was considerably less than the 25% found in individuals imme-
diately after mating flights (Seal & Tschinkel, 2007c). Con-
sequently energetics and fat contents are reported only for old
(dark) workers (Table 1).

Colonies that produced sexuals of any kind, females or males,
were not significantly different in size (the number of old work-
ers) (Table 3). However, colonies that produced these types of
offspring had significantly greater amounts of fungal biomass
than colonies that did not (Table 4). The effect sizes for fungal
biomass were much higher than those for old worker number
(Tables 3 and 4, respectively). Sexual colonies contained triple
the amount of chitin as colonies that failed to produce a single
sexual.

The above analyses indicate that fungal biomass was a more
important variable than old worker number. This conclusion
was further supported by the multiple regression analyses. Most
variation in the production of ant biomass was largely attributa-
ble to the amount of fungal biomass in the colony; once the vari-
able of fungal biomass was removed, neither the weight of dark
workers nor the categorical variable of treatment were generally
significant explanatory variables (Table 5). This stresses the fact
that the additional food had a quantitative effect on the produc-
tion of ant biomass. New ant (sexual, new worker and larvae
combined) biomass increased positively with the amount of
fungal biomass in the fungus garden (Table 5, Fig.3). This
relationship was isometric; a proportional increase in fungal
biomass was met by a similar proportion of ant production
(H, = 1, t,; = 0.673, P = 0.25). The production of sexual
biomass on the other hand appeared to be best explained by a
model indicating that the weight old workers was the best ex-
planatory variable (Table 5). Again this slope was not signifi-
cantly different than one (H, = 1, 1,, = 0.77, P = 0.22). These
patterns appear to be driven by higher amounts of male and lar-
val biomass on supplemented colonies, as neither female nor
new worker biomass appear to have been affected by the sup-
plementation (Table 5). Moreover the isometry of these slopes
appears to be a consequence of positive and negative allometries
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0

(b)

Fig. 2. Photographs of (a) supplemented, and (b) unsupplemented
fungus gardens. Note the free space inside the unsupplemented fungus
garden chamber.

among the slopes with male and larval biomass, respectively.
The weight of male biomass was positively allometric with
respect to total chitin content, so not only did male biomass

increase with fungus, but proportionally more males were pro-
duced by larger fungus gardens than smaller gardens (H; = 1,
t,s = 2.46, P = 0.01). The weight of larval biomass was nega-
tively allometric with respect to total chitin content, so that
larval biomass increased at a lower rate than fungal biomass
(Hy=1,1,; = 1.86, P = 0.04).

Discussion

The population of 7. septentrionalis that lives in these pine for-
ests appears to be quite food limited, just like other ant popula-
tions in other ecosystems (Deslippe, 1994; Deslippe &
Savolainen, 1995; Herbers & Banschbach, 1998; Morales &
Heithaus, 1998; Bono & Heithaus, 2002; Sorvari & Hakkarainen,
2007). Populations are living under suboptimal conditions.
Food supplementation increased the size of the fungus garden
and the amounts of fungal and ant biomass. Although T. septen-
trionalis would appear to be free of inter-specific competitors
and seemingly an abundance of catkins and caterpillar frass
from oak trees and other shrubs, the population does not
seem to be as high as it could be in these nutrient poor forests
(Abrahamson & Harnett, 1990; Brown et al., 1990). This is
quite unlike the situation in the fire ant, Solenopsis invicta
Buren, which saturates its habitat (Tschinkel ez al., 1995; Adams
& Tschinkel, 2001).

The data suggest that larger colonies have a fitness advan-
tage, as sexual production is a linear function of the amount of
standing worker biomass. It is tempting also to include that the
slightly larger colonies and larger workers in supplemented col-
onies contributed to the higher amounts of sexual output relative
to unsupplemented colonies. While this finding is generally in
accord with results in other species of social insect (Tschinkel,
1993, 1999; Bouwma et al., 2006), the results are similar to the
descriptive study by Seal and Tschinkel (2006) in that only male
production appears to be a function of colony size and is partly
responsible for its significance. In other words, colonies appear
to allocate a quantity of energy towards female production that
is independent of colony size or fungal biomass. One possibility
is that if the experiment had proceeded for a longer duration, fe-
male production may have been a significant function of the
three explanatory variables, because they would have had time
to develop and fatten up.

Generally it does not appear that colony size is an important
variable in predicting the amount of ant biomass that a colony
produces each spring. Rather the amount of fungal biomass may
be the best indicator of the magnitude of overall production in
ant, male, and larval biomass. Colony size per se may not be as
important a factor as the amount of food or energy stores, which
may be correlated with colony size, that predict the performance
of a colony. This may especially be the case if colonies have a
means to temporarily store food, such as fungus gardens, and
foraging behaviour and colony performance are largely decou-
pled from each other. For example, T. septentrionalis may col-
lect substrate quantities in excess of what they can use for brood
production (Seal & Tschinkel, 2007b); foraging behaviour is
probably stimulated by fungal growth and not simply larval
hunger as reported in other social insects (Cassill & Tschinkel,

© 2008 The Authors
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Table 3. Mean colony size (numbers + SD of dark workers), upper and lower CI, tests of significance and effect sizes of colonies that produced sexual,

female, male or new worker biomass versus colonies that did not.

Mean (£ 1 SD) number of

Mean (£ 1 SD) number

workers in unproductive of workers in productive CI (lower, Mann—-Whitney

colonies CI (lower, upper) colonies upper) U-test, P-value Cohen’s d
Sexual 173+ 117, n="17 65,281 207 £96,n =30 171, 243 U=381"+ 0.34
Female 169 £93,n =12 110, 227 215+ 101, n =25 174, 257 U=111"+ 0.48
Male 181 £125,n =11 97, 265 208 £ 89,n =26 173, 244 U=102," 0.27
New worker 218 £ 11l,n=15 157,280 188 £92,n =22 147, 229 U=157" 0.30

wrEEP < 0.0001. ¥**P < 0.001, **P < 0.01, *P < 0.05, n.s. = P > 0.05.

1999). Therefore, if foragers are capable of making return trips
when a cache of food is discovered, overall numbers and weight
of workers may be less important. Recruitment in 7. septentri-
onalis has been observed on numerous occasions and recruit-
ment trails may be longer than 3 m (J. N. Seal, unpubl. data).
Consequently, a small colony composed of relatively few work-
ers could produce a similarly sized garden and thus the same
amount of sexuals as a larger colony, if food is abundant.
Typically after colonies produce sexuals and undergo mating
flights, workers appear to take down the fungus gardens and de-
posit the excess and refuse outside the nest or in old nest cham-
bers (J. N. Seal, unpubl. field and laboratory obs.). Of course
there is probably an upper limit to the size of fungus garden that
a colony can maintain without suffering pathogen attack.
Although the ecology of attine pathogens remains poorly under-
stood (Currie et al., 1999; Currie et al., 2003) and laboratory
colonies of T. septentrionalis can succumb to Escovopsis infec-
tions, in no cases in this study or in previous experiments (Seal
& Tschinkel, 2007a, b) did colonies experience a pathogen
attack.

Food limitation in this species, as is likely in most non-leaf
cutting attini, is probably driven by the rarity of suitable fungal
substrates, which are relatively ephemeral, seasonally available
and/or difficult to discover (Leal & Oliveira, 2000). For exam-
ple, oaks catkins, a preferred substrate (Seal & Tschinkel,
2007a, b), are produced only in late March until early April.
Frass of all types would only be available when caterpillars are
present. Malacasoma americanum is strictly univoltine and ac-
tive only in the early spring. Frass from other caterpillar species
are not available until mid to late April after the (deciduous)
oaks have flowered, and flushed out new leaves. As soils of this
forest are nearly pure sand and contain few nutrients (Waite,
1984; Brown et al., 1990), it is probable that the nutrients in
frass quickly leach out, leaving only dried plant fibre. Dried

frass pellets can easily be found by sorting through the leaf lit-
ter, but 7. septentrionalis foragers will reject these pellets (J. N.
Seal, unpubl. data).

Non-leaf cutting attini are known to harvest fresh leaves and
flowers (Leal & Oliveira, 2000). Foragers of 7. septentrionalis
have been observed in this study site each April (2001-2006)
to cut leaves from bracken fern [Pteridium aquilinum L.
(Polypodiaceae)] and short oak seedlings in the understory
(J. N. Seal unpubl. data). Leaf-cutting in the true leaf-cutters
(Atta spp.) is among the most energetically expensive animal
behaviours (Roces & Lighton, 1995). The costs of leaf-cutting
are thought to be offset by the production of highly polymorphic
workers with large, muscular and mineralised mandibles
(Wilson, 1980a, b; Schofield et al., 2002), traits which non-leaf-
cutting attines such as 7. septentrionalis lack. It is thus not clear
how efficient of a food source fresh vegetation could be for
these ants. Nevertheless, oak leaves can be a genuine source of
nourishment in 7. septentrionalis, at least in early spring when
the leaves are still soft (Seal & Tschinkel, 2007a, b).

Because fungal substrates are rare, one could expect to find
evidence of intra-specific competition in 7. septentrionalis.
However, nests of this species avoid interactions, although
foragers of T. septentrionalis will act aggressively with individ-
uals from foreign colonies (J. N. Seal, unpubl. data). Colonies
would appear to avoid each other generally by orienting their
mound, nest entrance, and trunk trail in different directions
(Tschinkel & Bhatkar, 1974). Evidence of competition could
have also come in the form of an inverse relationship between
colony number and colony size or other biomass equivalent per
unit area. However, an earlier descriptive study on 7. septentri-
onalis did not find such a relationship in similar sites to the one
in the present study, where colonies exhibited a positive rela-
tionship between colony size and colony number in 400 m?
transects. This suggested recruitment limitation because where

Table 4. Mean weights (4= SD) of total fungus garden chitin content of colonies that produced sexual, female, male or new worker biomass versus
colonies that exhibited no production. Bold text indicate significant differences (o = 0.05).

Mean (£ SD) chitin content CI (lower, Mean (£ 1 SD) chitin content  CI (lower, Mann—Whitney

of unproductive gardens upper) of productive gardens upper) U-test, P-value Cohen’s d
Sexual 0.049 + 0.028,n =7 0.023,0.074  0.123 £ 0.075,n = 30 0.095, 0.151 U = 36,** 1.08
Female 0.052 £ 0.026,n = 12 0.036, 0.069  0.136 £ 0.075,n = 25 0.105, 0.167 U = 37,%%* 1.31
Male 0.073 + 0.050, n = 11 0.039,0.107  0.124 £ 0.079, n = 26 0.093, 0.156 U = 87,* 0.72
New worker ~ 0.124 £ 0.067, n = 15 0.087,0.161 0.099 £ 0.079, n = 22 0.064, 0.134 U= 138" 0.34
© 2008 The Authors
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Table 5. Results from linear regression analysis of the effects of colony size (weight of dark workers), total chitin content and the effect of supplemen-
tation on the production of new ant, sexual, female, male, new worker and larval biomass.

Independent Partial correlation
Dependent variable variable coefficient (P-value) In model? r Adj. 2 Slope (SE) F statistic, P-value
Ant biomass Treat —0.09 (P = 0.63) No
Chitin 0.72 (P < 0.0001) Yes 0.68 0.66 0.80 (0.14) F,;, = 34.6, P < 0.001
Colony size 0.29 (P = 0.10) Yes 0.31 (0.18)
Sexual biomass Treat —0.26 (P = 0.20) No
Chitin 0.28 (P = 0.16) Yes 0.61 (0.19)
Colony size 0.43 (P = 0.03) Yes 0.52 0.49 0.50 (0.22) F,,s =138,P < 0.001
Female biomass Treat — No 0.17 0.03 0.05 (0.18) F3’21 =0.21,P=0.88
Chitin — No 0.19 (0.38)
Colony size — No 0.12 (0.33)
Male biomass Treat 0(P=0.21) No -0.27 (21)
Chitin 0.76 (P < 0.001) Yes 0.57 0.56 1.74 (0.30) F = 33.6, P < 0.001
Colony size —0.02 (P =0.92) No
New worker biomass Treat —0.12 (P = 0.61) No
Chitin —0.06 (P =0.79) No
Colony size —0.25 (P =0.27) No 0.25 0.06 —0.49 (0.44) F ,,=128,P=027
Larval biomass Treat 0.31 (P =0.08) Yes 0.3 (0.17)
Chitin 0.37 (P = 0.03) Yes 0.62 0.38 0.73 (0.33) F,; =6.38,P=0.03
Colony size 0.22 (P =0.13) Yes 0.51(0.33)

Bold-faced text indicate significant differences (a = 0.05). Chitin = total chitin content, Colony size = weight of dark workers,

Treat = supplementation treatment.

colonies were larger (and presumably more productive), there
were more nests (figure 5 of Seal & Tschinkel, 2006).
According to the scenario outlined by Bourke and Franks
(1995), which states that species, such as most attini, which
found colonies independently (i.e. by single foundresses) and
non-claustrally (newly-mated queens forage during the found-
ing phase), should be favoured in environments that have either
low densities of conspecific nests or high densities of otherwise
non-interacting nests. The rationale here is that intense intra-
specific competition has led to the evolution of territoriality
(Holldobler, 1974, 1979; Skinner, 1980; Bourke & Franks,

0.0

0.2 Log Ant Biomass = 0.15 + 0.92x °
04 r?=0.65, P<0.00001

Logqg New Ant Biomass

0o “e_ Supplemented
“o_ Unsupplemented

20 -18 -6 -14 -12 -0 -08 -06 -04
Logg Chitin Content

Fig. 3. Log-log plot of new ant biomass as a function of the total chitin
content of fungus gardens. Data have been log transformed. Slopes for
the treatment have been pooled.

1995; Tschinkel, 2006). Except for Atta spp., the attini repro-
duce by independent non-claustral founding and are not known
to defend spatial territories (Whitehouse & Jaffe, 1996;
Fernandez-Marin et al., 2004).

The question then becomes, if food is limiting, why do most
attini neither exhibit traits such as claustral founding nor territo-
riality? We believe that an explanation derives from the evolution
of fungus gardening in that founding queens of 1. septentrionalis
are poorly adapted to survive in competitive environments. Most
basal attines produce small queens and it is their small size that
prevents claustral founding (Seal & Tschinkel, 2007c). Our hy-
pothesis is that queen fat content and dry weight are allometri-
cally constrained, so that for fatter queens to evolve, queen
bodies had to become larger (Seal & Tschinkel, 2007c); J. N.
Seal, unpubl. data). Specifically for a queen to exhibit claustral
founding, queens must have approximately 50% body fat (Keller
& Passera, 1989; Mclnnes & Tschinkel, 1995; Tschinkel, 1996).
The only claustral attines are Atfa (Ferndndez-Marin et al.,
2004), which are also the heaviest and fattest (40% body fat;
J.N. Seal, unpubl. data). More basal attines, such as Trachymyrmex,
are approximately 200 times smaller and contain much less fat
(25% body fat (Seal & Tschinkel, 2007c); J. N. Seal, unpubl.
data).

What could cause populations to be substrate and recruitment
limited? Perhaps temperature is an important variable that influ-
ences foraging and ultimately colony performance, population
dynamics, and evolution. Soil temperature, insolation, and/or
food sources have long been implicated in the performance
of ant colonies (Brian & Brian, 1951; Brian & Elmes, 1974;
Elmes & Wardlaw, 1982b; Bollazzi & Roces, 2002; Sorvari &
Hakkarainen, 2007). The earlier descriptive study surveyed
colonies from a variety of sites in the ANF and found that the
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least productive colonies were in shady and cool stands of pine
forest, typically containing a closed canopy of oaks (Seal &
Tschinkel, 2006). On the other hand, the largest and deepest
nests were found in relatively barren, open, warm if not hot,
sandy sites. The site used in this study lay between these ex-
tremes. In the barren areas, the slope between nest number and
colony size appeared negative and was consistent among years,
but was not statistically significant (Seal & Tschinkel, 2006;
r=0.47, P = 0.6) yet it had a medium effect size (Nakagawa &
Cuthill, 2007). Given the ambiguity of this relationship, it seems
quite possible that if density dependent competition ever oc-
curred in T septentrionalis, it would occur in these open, sandy
sites, which contain little plant cover and thus fewer sources of
food. The lack of statistical significance of that slope could be
evidence that this species is not capable of competition because
its queens, colony size, and founding mode are poorly adapted
to do so. As the T. septentrionalis group is thought to be the sis-
ter group to the leaf cutting clade (Schultz & Brady, 2008), it is
nevertheless tempting to conclude that marginally competitive
environments such as these may have selected for large queen
size, large colony size, territoriality or the evolution of the leaf-
cutting ants generally. This conclusion will remain speculative
until we can compare the survivorship of founding queens and
overall probability of colony success in these extreme habitats.
Evidence is mounting that further studies on this species will
become vital in understanding not only the evolutionary ecol-
ogy of these ecologically important insects, but the conditions
under which complex societies have evolved.
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