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Abstract

The relationship between worker body size and the shape of their body parts was explored in the polymorphic ant, Solenopsisinvicta. The
data consisted of 20 measurements of body parts as well as sums of some of these measurements. Size-free shape variables were created
by taking the ratios of relevant measures. After log-transformation, these ratios were regressed against the logarithm of total body length,
or against the log of the size of the parent part. Slopes of zero indicated that shape did not change with size, and non-zero slopes signaled
a size-related change of shape. Across the range of worker sizes, the head length retained a constant proportion to body length, but
relative headwidth increased such that head shape changed from a barrel-profile to a somewhat heart-shaped profile. Antennae became
relatively smaller, with the club contributing more to this decline than the other parts. The alinotum became relatively shorter and higher
(more humped), and the gaster increased in both relative width and length,_and therefore in volume. All three pairs of legs wereisometric
to body length. The component parts of the legs, with one exception, were isometric to their own total leg length. The body of S. invicta
is therefore dominated by mostly modest allometries, giving large workers a somewhat different shape than small ones. None of these
size-shape relationships was different for different colonies. The functional meaning of these shape changes is unknown, but that does
not stop us from speculating.

Keywords: allometry, isometry, morphometry, shape, worker size, caste, polymorphism, size-shape relationships, relative growth,

morphology

Abbreviation:

HL head length

BL body length

HW1 width across the eyes
HW2 width above the eyes
HW3  width below the eyes

I ntroduction

The most obvious differencesamong related organismsare
often differences in the shape and size of their bodies, or parts of
their bodies. Shape and size often vary together, but shapes can be
described in a size-free manner as ratios of selected dimensions.
These dlternative shapes arethe products of differencesintherelative
growth rates of their dimensions. Such changes in relative growth
are a major mode through which homologous structures change
shape in the course of evolution;_body regions become relatively
larger or smaller, appendages relatively longer or shorter and parts
becomerounder, flatter, more elongate and so on. Thisprocessexerts
itseffect from the microscopic to the macroscopic, during the growth
and maturation of an individual organism, and during the evolution
of populations.

In most species, variability of such processes results in

normal variation of body size and shape, but among a number of
species of ants, selection for large differencesin growth and relative
growth has produced aworker caste that is greatly variable in both
body size and shape. This phenomenon is referred to as worker
polymorphism and is present in about 15% of ant genera (Holldobler
and Wilson, 1990; Oster and Wilson, 1978; Wilson, 1953).
Worker polymorphism contrasts with the condition of the
worker castein thegreat majority of ant species. Inthese, the worker
caste shows only normal, modest variation of size, essentialy not
different from the body-si ze variation expected of any insect species.
In the extremes of polymorphism, the largest workers may weigh
hundreds of times as much as the smallest (H6lldobler and Wilson,
1990; Oster and Wilson, 1978). Because insects do not grow as
adults, and ant workers are adults, the larvae of some workers of
polymorphic species must grow faster than others, or they grow for
longer periods, or both. Wheeler (1991) showed that in the dimorphic
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Pheidole and the polymorphic Solenopsis, major workersresult from
the reprogramming of the critical sizefor initiating metamorphosis.

Great size variability among workers may or may not be
accompanied by differences in the shapes of body parts. If certain
dimensions grow at different rates than others, then the relevant
parts of larger workers will be shaped differently than those of
smaller workers. This type of growth is called allometric growth.
When the dimensions grow at the samerate, shape does not change,
and the parts are said to grow isometrically. Among polymorphic
ants, the head is often the most conspicuous target of allometric
growth, with larger workers often having disproportionately large
heads, as compared to smaller workers. Examples abound, and can
befoundin many studies (e.g., (Baroni Urbani, 1976; Baroni Urbani
and Kutter, 1979; Fernandez et al., 1994; Franks, 1985; Franks and
Norris, 1987; Holldobler and Wilson, 1990; Maavara, 1983; Meunier
et a., 1999; Retana and Cerda, 1994; Wilson, 1953).

The major analytical methods that have been applied to
size/shape rel ationships are simple and multiple regression (Wil son,
1985a; Dinizfilho, 1994), principal componentsanalysis(Diniz Filho
et a., 1994), polynomial regression (Baroni Urbani, 1976) and
Cartesian coordinate transformations (Franks and Norris, 1987). In
some polymorphic species, the slopes of regressions change across
therange of worker body size, creating amore complex relationship
between size and shape. Such size-shape relationships are referred
to asmulti-phasic (Wilson, 1985a), with up to three and four distinct
phases having been reported (Franks, 1985; Wilson, 19854a). There
is even a claim of five phases (Baroni Urbani and Kutter, 1979).
The phases have often been interpreted as distinct physical castes
because they result from different size-shape relationships. On the
basis of comparative studies, Wilson (1953) proposed how these
different polymorphisms and physical castes evolved.

Table 1. The basic measurements of Solenopsisinvicta and their combinations.

Abbreviation | Dimensionl{inm)O

ALO alinotumIength

AHO alinotumeightd

HLO head(length

HW10 headwi dth@crossliheleyes]

HwW2O headwidth@boveltheleyes, [Ga.[15%[df Theldi stanced
fromitheldlypeusiblihe@pex(df thelfiead

HwW30O headwi dthbel ow(theleyes, [da.[25%[df Theldistancel
fromltheldlypeusliblfheliead@pex]

MLO Mandibl ellengthC]

MWO M andi bl elwi dth(atHase[]

FL*O flagellumength, [finusidl ubdength

Ssca scapellengthd]

CLO clubIength]

ANDO Antennal Tength=[FL [{with[dlub) #[$CO

GLO lengthlof thelfirstidasterSegmentd

GwO widthof fhelfirstidasterSegmentd

FE[,2,3)0 Femur(length

TB[(1,2,3)0 | TibialengthO

TAL,2,3)00 Tarsusllengthl

LG, 2,3)0 | Tota leglength=[FEFTB+TAD

PL[1,2)00 Peti ol elength,[Segments1, 2]

PH{L,2)0] Peti ol elhieight,[Segments(1, 2]

BLO Total [Bodylength=[HL FAL FPL1FPL2FGLO
(excludeslgasterSegments>1).

Whereas most authors have simply viewed allometries as
the outcomes of growth of parts at different rates, Nijhout and
Wheeler (1996) argued that the situation in holometabol ous insects
is fundamentally different. In these, adult structures grow mostly
from imaginal discsin the last larval instar during preparation for
metamorphosis, undergoing eversion and cell rearrangement during
the prepupal and pupal stages. Because these stages do not feed,
the resources for imaginal disc growth come from fixed metabolic
stores or body tissues. The imaginal discs must therefore compete
for these fixed resources, and an increased rate of growth in one
disc must be compensated by decreased growth of another. Their
model also accommodates reprogramming of the critical size at
metamorphosis and of the growth parameters, and can produce most
of the allometric patterns observed among ant workers.

Studies of polymorphic ants do not commonly report
relationships among more than two or three measurements. Most
commonly measured are the head width, head length and alinotum
length, and more rarely, leg length and other body dimensions
(Franks, 1985) (Klotz et al., 1992; Maavara, 1983). Studies often
report only measures that relate to specific functional hypotheses,
and ignore other measurements. The literature therefore contains
few comprehensive studies of the size/shape relationships of all
major body parts, athough all body parts are subject to natural
selection for size/shape changes. It therefore seemed profitable to
carry out a more complete and complex allometric analysis of a
selected ant species to look for more subtle changes of body shape.
A prime candidate for such an analysisisthe much-studied fire ant,
Solenopsisinvicta. This exotic species has become one of the best-
known ants, and avast literature on its biology, physiology, ecology
and morphology exists (Porter, 1993). Headwidth is widely and
routinely used to classify the workers of this polymorphic species
by size. Headwidth was reported to be isometric with body weight
(Porter and Tschinkel, 1985), although Wilson (1978) reported S.
invictato be“weakly allometric”. Our analysisfound that anumber
of significant shape changes occur across a range of worker sizes.

Materials and Methods

Sampling and measurements

Fire ant workers were haphazardly collected by aspirator
from field colonies in Tallahassee, Florida, killed by freezing and
then oven-dried at 50° C. From these samples, workers of large and
small size were sampled preferentially to increase the power of the
subsequent regressions and to decrease the confidence limitsaround
the parameter estimates. Individual dry weight of each worker was
taken on a Cahn Microbalance, with a sensitivity of 0.01 mg.
Workers were then dissected and manipulated into positions that
allowed the clearest 2-dimensional view of the body partsof interest,
and digitally photographed using a Javelin JE12HMV cameraat 50
x magnification. Image-Pro Plus 4.0 software was used to record
the set of measurements described in Table 1. To avoid the
tel escoping-segments problem, we measured the length and width
of only the first gaster segment. Headwidth across the eyes was of
the head contour and did not include the bulge of the eyes. The
measurements in Table 1 made up the data for the detailed
morphometric analysis, and all came from a single colony.
Individuals from an additional 3 colonies were similarly collected
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LineMo.0 DimensionC| Dimension2({y- | LogC t-valued| d.f.0| p-valued | R°O
1(x-axis)[] | axis)[] sopel]

10 BL[ HL/BLO -0.0130 | -0.9800 | 480 | n.s.0 ---[]
20 BL[ HW1/BLO 0.150 6.490] 48] | <0.00010 45%(]
30 BLO HW2/BLO 0.270 9.680 4801 | <0.00010] 65%L]
4] BL[ HW3/BLO 0.05800 | 1.8701 5000 | n.8.0 ---[]
50 BLO HW1/HW3[O 0.096[1 | 4.93[] 5001 | <0.00010 31%!(]
6] BLO HW2/HW3O 0.200 7.430 5001 | <0.00010 52%!(]
70 HLO HW2/HL O 0.3501 11.601 4901 | <0.00010 72%0]
8] BL[ HW2/HLO 0.330 13.20 49071 | <0.00010 78%0]
9] BL[ ML/HW2[O -0.160 -2.830 | 210 | <0.010 | 24%0
100 BL[ ML/HW3[O 0.03200 | 0.610 210 | n.s.O ---[]
110 BL[ ANT/BLO -0.300 -16.10 | 480 | <0.0001 84%]
120 AN SC/ANO 0.0270 | 0.910 480 | n.s.00 ---[]
130 AN FL/ANO -0.0170 | -0.770 | 480 | n.s.O0 ---[]
140 ANO CL/ANO -0.170 -3.460 | 480 | <0.0050 | 18%0
150 BL[ SC/BLO -0.270 -10.80 | 490 | <0.00010 70%0
1600 BL[ FL*/BLO -0.260] -3.720 | 500 | <0.00050 20%L0]
170 BL[ CL/BLO -0.430 -10.90 | 500 | <0.00010 70%L0]
180 BLO LG1/BLO -0.0340 | -1.770 | 1240 n.s.lD ---[1
190 BLO LG2/BLO -0.0160 | -.820 1240 n.[8.00 ---[1
200 BL[ LG3/BLO -0.01500 | -0.4900 | 124[] n.s.0] ---[]
2101 L3O FE3/LG30 -0.0710 | -2.8500 | 480 | <0.010 | 13%0
220 L3O TB3/LG3O 0.0490 1.580 4700 | n.s.0 ---[]
230 L3O TA3/LG30 0.040 1.560 49010 | n.s.[ ---[]
240 BLO HL/BLO -0.0130 | -0.970 | 1230 n.s.O0 ---[1
250 BLO AL/BLO -0.060 -3.560 | 123[] <0.0010 | 8.5%L]
2601 BL[ GL/BLO 0.170 8.0601 12500 <0.00010 34%([]
270 BL[ AH/BLO 0.140 2.510 12500 <0.050 | 4%l[]
280 GLO GW/GLO 1.170 2.540 5000 | <0.0500 | 10%L]
290 BL[ GwW/BLO 0.310 11.600 481 | <0.00010 73%l(]
300 BLO AH/ALO 0.210 3.970 1250 <0.00050] 11%L[]

Table 2. Regressidn parameters for the major morphometric comparisons of Solenopsis invicta. All variables were regressed as logarithms of ratios in the
form log y= b+a[log (x/y)]. Slopes that are significantly different from zero indicate that the ratio (size-free shape) changes with the size of the whole body

or body part. Abbreviations asin Table 1.

and prepared, but asmaller set of measurements was made on these
workers. These data were used to determine if the allometric
constants differed among colonies. When the same measurements
were made on both sets, both were included in the detailed
morphometric analysis.

Data Analysis

The basic question that we sought to answer was how does
each body part grow, relative to the body as awhole and relative to
other relevant body parts? One must therefore have an estimate of
the whole body size, but each of the commonly used estimates has
both strengths and drawbacks. Body dry weight, especially of
arthropods, may vary without much change in body dimensions,
reducing the predictive power of body weight for dimensions and
vice versa. On the other hand, body weight has the advantage that it
can be easily and precisely measured. For the exoskeletons of
arthropods, body |ength asthe sum of the major body regionswould

appear to be agood measure of body size, and is easily interpreted.
However, the telescoping of abdominal segments in insects adds
uncertainty to this measure of whole body size. Consequently, the
first gastral segment was used as a proxy for gaster length. For ease
of interpretation, we used only body length as an estimate of whole
body size.

Relative changes of size were estimated by regressing the
logarithms of dimensions against one ancther, or against the estimate
of whole body size. When the size of parts changes at the same
rate, the slope of these regressions equals 1.0 (Zar, 1999). A slope
not significantly different from 1.0 indicatesthat growthisisometric.
A dope significantly less than 1.0 indicates a negative alometry,
and more than 1.0 a positive allometry. Excepting the intercolony
comparison, rather than test each of our slopes against 1.0, we
created a size-free estimate of shape from the logarithm of theratio
of two dimensions, and then regressed these log-ratios against the
logarithm of the whole body size (Mosiman and James, 1979). A
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Figure 1A (above). Frontal view of the heads of small, medium and large
workers of Solenopsisinvicta. B (right). Lateral view of thetrunk and gasters
of small, medium and largeworkers. C (right). Proleg (left), mesoleg (middie)
and metaleg (right) of a small worker. Scale bar is 1 mm in al three figures.

slope not significantly different from zero (t-test) indicated that the
shape did not change with body size (i.e., was isometric with body
size), whereas a non-zero slope indicated that it did (i.e., was
allometric). From the very large set of possible ratios, we chose a
set that seemed most biologically meaningful, that is, that described
shapes of functional body parts, or their size relative to other
functional parts. The statistics for these regressions are presented
in Table 2. For those who wish to test other ratios, the raw
measurements are presented in Appendix I.

In the intercolony comparison, differences in alometric
coefficients among the colonies were verified using t-tests
(Bonferroni-adjusted for multiple comparisons, p = 0.0167). Power
analyses of these tests were conducted using MINITAB (version
12).

Results

Scanning electron micrographs of the heads, bodies and

legs of small, medium and large workers of S. invicta are shown in
Fig. 1A-C. Most of the trends described below can be seen by
comparing these images.
Whole body size estimate

Total morphological length was computed for each worker
by adding head length, alinotum length, length of petiole segments
1 and 2, and gaster segment 1 length. These values ranged from
2.65 10 6.16 mm. The largest workers we measured were therefore
somewhat more than twice the whole body length of the smallest (a
20-fold weight range). These values are not an exact or complete
estimate of the dorsal silhouette of aworker ant becausethe head is
not carried with mandibles projecting forward, and only the first
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gaster segment was included in the estimate. The most posterior
segments were excluded because they telescope and are thus not a
fixed dimension.

Growth-related shape changes of the head

Asworker ants grow to larger sizes, the shape of the head
changes. This is because head length (HL) grows at the same rate
as whole body length (BL)(Table 2, line 1), whereas two of the
three head width measurements grow 10 and 20% more rapidly
(Fig. 1A, Fig. 2). A doubling of body length is thus associated with
a 2.2-fold increase in width across the eyes (HW1), a 2.4-fold
increase in the width above the eyes (HW2) and a 2-fold, isometric
increase in the width below the eyes (HW3). Theratio of HW1 and
HW?2 to BL thus increases as body length increases, whereas the
ratio of HW3 to BL does not (Table 2, lines 2, 3, 4 respectively).

The relation of these head widths to each other at various
body sizes can be visualized by plotting the ratio of HW1 and HW2
to HW3 against the body length (Fig. 3; Table 2, lines 5, 6). In
small workers, headwidth above the eyes (HW2) is about equal to
that below (HW3), so that their ratio isapproximately 1.0. Thewidth
across the eyes (HW1) is larger than either other measure, so that
thisratio averages about1.07 in the smallest workers. As body size
increases, HW2 increasesfaster than HW1, so that in large workers,
their ratios to HW3 average 1.12 and 1.14, respectively, that is,
they have both become proportionally larger than HW3 but almost
equal to each other. These changes are visible in frontal views of
fire ant heads— as head size increases, the head outline changes
from barrel-shaped to heart-shaped, with the top of the head
relatively wider than the bottom (Figs. 1A, 3).

HW is coupled somewhat more tightly to head length than
to body length. Body length accounts for 65% of the variation in
HW2/BL, but 78% of the variationin HW2/HL (Table 2, lines 3, 7,
8).

The mandibular length is approximately isometric with the
headwidth below the eyes (HW3), i.e., close to the mouthparts (Table
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Figur e 2. Three headwidths plotted against body length of Solenopsisinvicta.
Headwidth becomes increasingly alometric from the clypeal region to the
vertex. The slopes of theregressionsare 1.05 (isometric) below the eyes (HW3),
1.14 across the eyes (HW1) and 1.24 above the eyes (HW?2). Head shape thus
changes as body (and head) sizeincrease, as can be seen in the scale drawings
of asmall worker head (left) and a large one (right).

I
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L

-0.04
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Figure 3. Size-related change in shape of the frontal view of the head of
Solenopsis invicta, plotted as the log ratio of the two allometric headwidths
(HW1, HW?2) to the isometric one (HW3) vs. the log of the body length.
Headwidths 1, 2 and 3 are across the eyes, above the eyes and bel ow the eyes,
respectively (see Table 1). The outline drawings to the right are of a large
worker (top, 1.2 mm mean headwidth) and small worker (bottom, 0.6 mm
headwidth) scaled to the same size.

2, line 10), but grows more slowly than the headwidth above the
eyes (HW2), most distant from the mouthparts (Table 2, line 9).
The headwidth bel ow the eyes (HW3) isisometric with body length
(Table 2, line 4), making the mandible length also isometric with
body length. The head shape thus changes with body size, but the
relative size of the mandibles to the body does not.

Growth-related changes in antennal ratios

The total antennal length (the sum of the scape and
flagellum (including the club)) grows much more slowly than total
body length. Doubling body length results in only a 60% increase
in antennal length (Table 1, line 11). Relative antennal length thus
decreases by 20% as body |length doubles. The three antennal parts
do not share equally in this relative size change. Relative to total
body length the club decreases significantly more rapidly than the
remaining flagellum (i.e. minus the club) and the scape (Fig. 4;
Table 2, lines 15, 16, 17). As aresult, relative size of the antennal
parts to each other also changes with growth: the club makes up a
smaller proportion of larger antennae than of small ones (Fig. 4;
Table 2, lines 12, 13, 14). Doubling antennal length increases the
club by only 1.8-fold. Its relative size therefore decreases by 10%
as antennal length doubles. Both the scape and the flagellum grow
at approximately the same rate as the entire antenna. Fig. 5 shows
an antenna from alarge worker scaled to the same scape length as
that of a small worker. The smaller relative size of the club in the
largeworker can readily be seen, as can the (unmeasured) reduction
of caliber.

Growth-related changes in the legs

All three pairs of legs are isometric with body length,
retaining a constant proportion to it (Table 1, lines 18, 19, 20).
Doubling the body length isaccompanied by adoubling in thelength
of all three pairs of legs. Because all legs are isometric to body
length, they are also isometric to each other. However, they are not
all the same length: as a percent of the sum of all three leg-lengths,
the prothoracic legs make up 29 % of the total, the mesothoracic 31
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Figure 4. Size-related changes of shape in the antennal parts of Solenopsis
invicta, shown in relation to total body length. All antennal parts become
relatively shorter as body size increases, but the club does so at a higher rate.

% and the metathoracic 40%. The first two pairs of legs are nearly
the same length, and the third pair is considerably longer (Fig. 1C).
These relationships do not change with body size.

The proportion of each leg made up by the femur, tibiaand
tarsus changes differently for the three pairs of legs (Fig. 1C). In
the prothoracic leg, each of the three parts is essentially isometric
with the entireleg length. No matter what the prothoracic leg length,
the femur makes up 40% of itslength, the tibia 27 % and the tarsus
33%. In the mesothoracic leg, the parts are also isometric with the
whole, but the femur and the tarsus each make up 38% of thewhole,
while the tibia makes up the remaining 24%. In the metathoracic
leg, the femur is negatively allometric to the length of the whole
leg, the tarsus is isometric and the tibia is positively allometric,
although not significantly so. Doubling the length of the metaleg is
accompanied by a 1.9 -fold increase in the femur, a 2-fold increase
inthetarsusand a2.1 -fold increasein the tarsus (Table 2, lines 22,
23, 24). The femur and tarsus make up about 3% less and more,
respectively, of the entire metaleg as this doubles in length. These
reciprocal internal changes conservetheisometry of theleg to body
length.

Growth related changes in major body sections

Body length is composed of the sum of the lengths of the
head, alinotum, petiole 1, petiole 2 and the gaster. As worker body
size increases, some of these grow faster than others, changing in
their proportion of total body length (Fig. 7). The head length grows
isometrically to the body, so that as the body length doubles, head
length also doubles (Table 2, line 24). Alinotum length is slightly
negatively allometric with total body length, increasing by 1.9-fold
with adoubling of body length (Table 2, line 25). It therefore makes
up 36% of total length in small workers and 34% in large ones.
Both petiole segments increase in length at lower rates than the
whole body, increasing by a factor 1.86 and 1.82, respectively, as
the body length doubles (statistics not shown). They form only 11
and 7% of total body length at the largest body size, 1-2% less than

at the smallest size. Gaster length (first segment only) increases by
afactor of 2.3 as total body length doubles (Table 2, line 26). It
therefore composes 20% of total length in small workers and 23%
in large ones. The changes in the proportion of length that is gaster
and alinotum are therefore about equal and opposite.

In addition to the proportion of total body length, one must
consider growth-related shape changes of each major body segment.
Head shape has been covered above, showing the greatest shape
changes (Figs. 2 and 3). Alinotum height grows more rapidly than
its length (2.2-fold with a body length doubling; Table 2, lines 25,
27), such that the ratio of height/length changes from 0.27 in small
workersto 0.32 in large ones (Table 2, line 30). As aresult, large
workers have adistinctly more humped, robust alinotum than small
workers, asisvisiblein Figs. 1 and 6. In Fig. 6, the image of the
alinotum of asmall worker is superimposed over the silhouette of a
largeworker scaled to the samelength, making the shape differences
apparent. Neither petiole segment shows any change in shape as
body size changes (length and height are isometric). Gaster width
grows dlightly more rapidly than length, increasing 2.15-fold with
adoubling of gaster length (Table 2, line 28). In small ants, gaster
width is 96% of its length, whereas in large ones, it is 106%. As
body length doubles, gaster width increases 2.5-fold, contrasting
with the 2.2-fold increase of gaster length (Table 2, lines 26, 29). If
gaster dimensions had merely doubled with body length (ie., had
been isometric), the increase in gaster volume would have been 8-
fold. The actual increase was about 13-fold, or 63% greater than
isometric. Gaster volume of largeworkersistherefore proportionally
almost two-thirds greater than that of small ones.

Intercolony shape differences

There were no significant differences between colonies for
any of the measured allometric coefficients (Figure 7). Since group
sample sizes were identical (N=25), the power of a comparison
varied with the magnitude of the standard error for each
measurement. For moderate effect sizes (0.08 difference between
coefficients) most t-tests had asmall (>0.10) probability of making
aTypell error. However, comparisons of the thorax length measure

Figure 5. Antennae of a small worker of Solenopsis invicta (right), and a
large one of about twice the headwidth (left), scaled to the same absolute
length of the scape. The antennal size does not double with head size, and the
club isrelatively smaller in the large antenna.
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were considerably less powerful (>0.24 probability of making a
Typell error).

Discussion

The power of regression analysis of body measuresisvery
high. In most cases, variation in body length explained 91 to 99%
of the variation in the size of the focal part. As aresult, even small
shape changes could be detected. It follows that when the data
showed isometry, this conclusion was very strong. Nevertheless,
only the head length, the most ventral headwidth, the mandibles
and the legs were actually isometric with total body length. Most
other parts showed substantial allometry to the body as a whole,
some positive, and some negative. Allometry was especially strong
in the head. The change in head shape with sizeis easily seen, asis
therelative size of the antennaand the club (Figs. 1A, 5). The shape
of the alinotum was also conspicuously different in large and small
workers (Fig. 6). Less conspicuous but probably not lessimportant,
the gaster is relatively larger in larger workers.

The subparts of a tagma may have different relationships
to the whole body and to their parent tagma. Thus, although the
total antennal length was strongly allometric to body length, the
flagellum (without the club) and scape were isometric to the total
antennal length. The club contributed disproportionately to the
decline of therelative size of the antennain relation to body length.
Similarly, one of the headwidths was isometric to the body length
but allometric to the other two headwidths. Although all legs were
isometric to body length, and all parts of legs 1 and 2 wereisometric
to the length of their respective legs, femur 3 was allometric to the
length of leg 3.

Among ant species, polymorphism is always associated
with division of Iabor, with some (often loose) degree of matching
between worker size and particular types of tasks (Holldobler and
Wilson, 1990). However, the functional meaning of the shape
changes is mostly unknown, although it invites speculation. The
relativeincrease of head size, especially dorsally, may be associated
with changesin the mandibular muscles. A musclethat increasesin
sizeisometrically is expected to become relatively weaker (Calder,
1984). Perhaps allometric increasesin mandibular muscles maintain
a constant relationship between strength and size. The absolute

Fig. 6. Alinotum of a small worker of Solenopsis invicta (in grey-scale)
superimposed on the silhouette (black) of alarge worker scaled to the same
alinotum length. The more humped shape of the larger worker ainotum is
visible, as are several smaller shape differences.
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Figure7. Intercolony differencesin the alometric constantsfor three randomly
chosen colonies of Solenopsis invicta. There were no significant differences
among colonies in any of the parameters.

strength would, of course, increase with size in any case.
Interestingly, mandible length is isometric to body length. Similar
principles may apply to the change in alinotum shape, with the
relatively more humped alinotum of large workers accommodating
alarger mass of muscle to conserve relative strength.

| sometry between leg length and body length suggeststhat,
to the extent that maximum running speed depends upon leg length,
running speed ought to increaseisometrically to body size. In army
ants, leg length is associated with running speed (Franks 1985).
However, in three species of Pogonomyrmex, running speed did
not increase with body size (Morehead and Feener, 1998), suggesting
that the functional consequences of morphological differences are
often difficult to predict.

A relatively larger gaster suggests a relatively greater
maximum crop volume, which inturn suggestsagreater crop-storage
of food. Glancey et a. (1973) claimed that large workers stored oil
for long periods, but experimental flaws and the work of Howard
and Tschinkel (1981), Wilson (1978), Ricksand Vinson (1972) cast
doubt on this claim. Howard and Tschinkel (1981) found that
whereas large workers do not imbibe more liquid food on a per
weight basisthan small ones, they do retain it longer. Although this
lends some support to the food storage function of large workers,
the evidence does not clearly link worker function with relative
gaster size, and by proxy, crop size. Perhaps the meaning of the
increased relative gaster size of large workers lies in the ability to
accommodate relatively greater fat stores, as large workers are
reported to do (Tschinkel, 1993).

Fig. 8 shows that the body is a mosaic of negative and
positive allometry and isometry. Relative growth does not appear
to be patterned as a gradient along the body axis. The negatively
allometric antennae are attached to the positively allometric head,
and theisometric legsto the mixed allometric alinotum. Our findings
are more readily interpretable under the competition model of
Nijhout and Wheeler (Nijhout and Wheeler, 1996; Emlen, 2000b).
Most of the imaginal disc growth that produces the adult body in
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For a total length increase of 2.0-fold

AL=1.9
AH=2.2

Figure 8. Side view of afire ant worker of Solenopsis invicta summarizing
the sizeincrease of each body part for adoubling of total body length. A value
of 2.0 indicates isometry, less than 2.0 negative allometry and greater than
2.0, positive allometry.

antstakes place during metamorphosis, after the larvae have stopped
feeding. The imaginal discs therefore compete for fixed resources,
and increased growth rate of one must be compensated by decreased
growth by another. Which particular discs grow at the expense of
which others cannot be determined without experimental analysis.
In dung beetles, growth of the exaggerated male horns exerts a
negative influence on the growth of nearby structures— horns on
the front of the head reduce antennal size, those on the center of the
head reduce eye size and those on the thorax reduce wing size (Emlen
2000a,b, 2001). Thisinfluence wanes with physical distance. Clear
indications of inter-disc competition areweak in S. invicta, perhaps
because allometries are weak and their costs are low. The negative
allometry of the antennae is difficult to explain in this manner
because the antennae are attached to a head region that isisometric.

Nijhout and Wheeler's model deals only with overall disc
growth, but it is apparent that the several dimensions of animaginal
disc need not grow at the samerate. In contrast to competition among
discs of S. invicta, resource competition within discs of some
appendages seems quite clear— the third leg is isometric with the
body, but the proportion made up by the femur, tibia and tarsus
changes with leg (and body) size, suggesting that within-disc
competition among leg segments may occur. Similarly, the negative
allometry of the antennais disproportionately the result of negative
club allometry. In the development of legs in Drosophila, Abu-
Shaar and Mann (1998) showed that mutually antagonistic
interactions among several devel opmental geneswithin theleg disc
convert an initial gradient of gene activity into discrete domains,
each of which corresponds to a leg segment. Differences in such
antagonistic interactions might change the relative sizes of the
domains, and thus the segments, within an appendage, as seen in
the antennaand metathoracic leg of S. invicta. In Drosophila, much
of the change in shape of the leg disc during evagination results
from cell rearrangement and changesin cell shapes, rather than cell
division or growth (Fristrom, 1976). The within-disc growth rate

differences that lead to the changes in head shape (Fig. 1) are of a
gradient, rather than a discrete nature. Perhaps such gradients are
the origin of the constraints on the evol ution of head shapes described
by Franks and Norris (1987).

The great range of body size in S. invicta arises from
reprogramming the critical size for initiating metamorphosis;
workers of less than 0.75 mm headwidth are minors, all others are
majors. Theworker population thus consists of two subpopulations,
a majority of minor workers having a small mean size and low
variability, and a minority of major workers with a greater mean
size and much larger variability. Together, these subpopulations
overlap dlightly to form the familiar right-skewed size distribution.
Theimaginal discsin majors can grow much more becausethey are
in alarger body that has more resources. Greater growth magnifies
the allometric differences intrinsic in the growth constants of the
imaginal discs. However, unlike the situation in dimorphic ants,
the smallest majors overlap with the largest minors, and the growth
constants of their discs seem to be identical, with no signs of
multiphasic regressions. In addition, no clear signs of large
compensatory effects or damped growth at extreme sizes are
apparent. The mild allometries of S. invicta probably do not exact
such costs.

Lack of variation of the regression parameters among
coloniesis perplexing. If the size/shape relationship is to be subject
to natural selection, there must be variation of the parametersamong
colonies. In the Australian ant, Camponotus consobrinus, different
families of workerswithin polygyne colonies differ significantly in
their proportion of soldiersand intheir allometric growth trgjectories
(Fraser et a., 2000). Variation between colonies disappeared after
adjustment for within-colony family variation, suggesting that much
of thevariation in polymorphism may be of genetic origin (although
environmental influences were not completely ruled out). It is
possible that such inter-colony variation would appear in our data
if more colonies were sampled, or that the observed variation is
sufficient for natural selection to get a grip on. It is also possible
that North American S. invictaisrelatively invariant asaresult of a
loss of genetic diversity through the founder-effect bottleneck that
occurred during transit from South America (Ross et al., 1987).
The lack of variation is especially odd because colonies vary
significantly in so many other biologically important characteristics,
including physiological, behavioral and physical traits.

All colonies we studied were mature and contained the full
range of worker sizes. By contrast, newly founded colonies contain
only very small, monomorphic workers called minims or nanitics.
Polymorphism appears and increases as colonies grow (Nowbahari
et al., 2000; Tschinkel, 1988; Wilson 1983, 1985b). In S. invicta, it
resultsfrom an increasing proportion of major workers (see above).
Major workers develop when a certain size threshold is surpassed
in an early larval instar and the critical size for pupation is
programmed upward (Wheeler, 1990, 1991). All workers of greater
than about 0.75 mm headwidth are majors. During the first half-
year of colony life, the mean size of both minors and mgjors
increases, but thereafter, polymorphism increases only because the
proportion of major workers continues to climb as an ever larger
proportion of early-instar larvae exceed the threshold size for
reprogramming. However, this mechanism addresses only the final
worker size. The question of how the allometries described in this
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paper appear and develop during colony growth is mostly open. Do
the allometric constants gradually take on their mature values (those
described in this paper) as colonies grow, or do they have their
final valueswhen thefirst mgjors are produced? In other words, do
individual worker growth rules change with colony size, or isworker
shape a function only of worker size, not colony size? The answer
is relevant to interpreting the functional meaning of size/shape
relationshipsin social insects. In Cataglyphisniger, the characteristic
allometry is only established at colony maturity (Nowbahari et al.,
2000). Few comparable studies exist.
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Appendix |. The raw measurements of S. invicta body parts. Seetext for details.

Worker) wTO SCAPEDO FLAGELO | CLUBO FEMURO TIBIAO TARSUSO | FEMUR_ TIBIA_20 | TARSUS FEMUR TIBIA_30 | TARSUS HD_LEN
No.O 20 20 30 30 GTO
10 .4800 .8080 1.0810 .55601 .88601 .6240 .7130 .9350 .6190 9430 1.1480 .7500 1.39800 1.0030
20 4100 7270 1.0140 .5360 7720 .5450 7390 7890 .5330 8130 9820 .6470 1.1900 .9010
30 .3500 .6920 1.0240 .5160 .7880 .5180 4410 .7850 5770 4700 9550 .6930 .6440 .8000
40 .6000] .7160 .9940] .5450] .80801 .5730 .6330 .8370 .5450] 8400 8930 .6830 1.3830 .89901
50 .4400 .7050 1.0830 .5360 .8760 .6180 .6810 1.0420 .6750 1.3250 1.0300 .7160 1.2940 .8790
60 .3300 .7900 .8540 .4550 .9280 .6190 1.1500 .7010 .5310 6550 7350 4790 .6550 .7700
70 4300 .8070 .8350 .4850 7680 .5620 .6710 .7830 .4900 1.1030 9860 .6390 1.2230 1.2230
80 .6200 .8170 1.12201 .5410 9790 .6470 54700 .9610 .6440 9750 1.1540 .7430 1.4040 1.0290
o0 .8300 90601 1.20401 5720 1.0820 .7060 .8670 1.0480 .7140 1.09901 1.2790 91501 1.6390 1.2020
100 .3200 7340 .9890 .5330 8200 .5010 .6950 .8130 .5340 .8310 1.0260 .5590 1.2870 .8720
110 .39001 .7630 .9910 49100 85901 .5730 .6580 .84101 .5600 .8410 1.0550 .69201 1.2240 .9680
120 .5300 8350 1.0560 .5000] 9370 .5520] .8230 92201 .6200 9170 1.1280 .7820 1.3830 .98201
130 .8200 8800 1.1930 .5850 1.0390 .6630 .8680 1.0590 .6700 1.0360 1.0730 .8740 1.4180 1.0620
140 .46001 7410 .9620 .5370 .8380 .5590 7140 82501 .5470 8780 1.0030 .6250 1.1020 .89701
150 .28001 68901 .9720 .48701 .7950 .5400] .6840 88801 .49401 8150 .94401 .62501 1.28000 .8330
160 .38001 78001 1.0550 .5200 .9090 .5760 .8110 .89001 .5540] 9620 1.03000 .7380 1.29500 9290
170 7400 7890 1.0990 .5360 9330 .6160 7610 .9060 .6440 9400 1.1220 7510 1.3800 .9650
180 .2700 .6930 .9830 4640 7980 .5490 .6920 7960 .5360 8230 9810 .6590 6590 .8350
190 .2400 .6550 .9010 4610 7010 .5250 .6080 .7320 4600 7810 86901 .5850 1.0880 7940
200 .2900 .7000 .8950 .4580 7330 .5060 .5750 7480 .5120 7500 8960 .6470 1.1420 .8130
210 .2500 .6050 .9030 4520 6760 .4650 .6270 .6680 .4860 7230 8170 .5870 1.0540 .7510
2201 .64001 92701 1.21201 .61601 1.1550 .6720 .9530 92401 .6970 9900 1.22400 .8530 1.5240 1.1160
230 .5800 8350 1.1390 6460 9260 6910 .8230 9600 6090 9960J 1.1380 .8130 1.4020 1.0470
240 .3700 7170 9770 5360 5360 5610 .6810 7960 5560 8170 1.0030 .6580 1.2500 .8480
250 .3100 68101 95201 5370 7550 5100 .6430 76801 5090 7820 .9030 .66101 1.1790 .8210
260 1.3200 99801 1.3200 65501 1.22200 8720 .94100 1.2410 8790 1.3150 1.4640 1.0930 1.8680 1.3230
270 1.53000 97401 1.3290 65001 1.2310 8220] .86601 1.1520 8870 1.22201 1.4110 1.0210 1.8530 1.3850
280 .8600 .9190 1.1620 5690 1.0750 7350 8500 1.0110 7270 1.1040 1.2910 .9050 1.6340 1.1300
290 1.06000 .9480 1.1810 6150 1.1130 7980 8870 1.0550 7700 1.10601 1.3780 .9100 1.6740 1.1470
300 .66001 .88601 1.16700 5310 1.0460 7330 84201 1.05600 7030 1.08401 1.2670 .88001 1.5910 1.0910
310 2.2100 1.1090 1.44200 6900 1.3650 9670 1.1740 1.3900 .8970 1.2670 1.5050 1.0800 2.0110 1.4710
320 2.1500 1.10600 1.44700 7230 1.28000 92901 1.03800 1.30600 .9450] 1.24100 1.5330 1.1550 1.9280 1.4610
330 1.68001 1.01800 1.36601 63501 1.1650 8790 1.0290 1.1810 .8440 1.25601 1.5010 1.0420 1.8940 1.3720
340 2.0000 1.0410 1.4270 6740 1.3080 9160 .9570 1.3280 9170 1.2460 1.5160 1.0450 1.9150 1.4020
350 1.7800 1.0100 1.1200 6250 1.1950 .9110 1.0080 1.1720 .8520 1.2680 1.4650 1.0490 1.8140 1.4070
360 .9700 .9430 1.3080 5710 1.0990 .8080 .9380 1.1520 .7830 1.1900 1.3760 .9860 1.7990 1.2320
370 .5700 .7600 1.1360 5150 .92401 .5940 .8840 88501 .6640 9600 1.1480 7770 1.4940 1.0130
380 .2200 6590 9560 4290 .7330 .4550 .6220 7230 .4430 7460 .8460 .6080 1.0990 .7800
390 .1300 6810 9290 4910 .7950 4670 .6640 .7280 .5100 7740 .9010 .6310 1.1650 .8490
400 .68001 86001 1.20701 .6240 1.0090 .6520] .8780 1.0070 7270 1.0180 1.19600 .84701 1.5180 1.0910
410 .4500 6200 .8550 4310 .6840 4760 5770 6710 .4480 7000 8470 .5480 1.0840 .7450
420 .2300 7180 .9440 .5140 .7950 .4560 6900 7150 .5230 7710 9370 .6500 1.1540 .8050
430 .9900] 8830 1.2560]1 64701 1.0840 .8210 952[] 1.19500 7770 1.1710 1.19800 .9870 1.66200 1.23800
440 1.2600 .9560 1.3440 6700 1.1990 8770 1.0240 1.2060 .8840 1.20200 1.4140 1.0130 1.8550 1.3140
450 .9000 .9410 1.2950] 63801 1.1140 8020 9330 1.1450 .7460 1.1190 1.3430 .92401 1.7120 1.2100
460 .5600 8550 1.1580 5870 1.0230 .6760 .8280 1.0330 7040 1.0560 1.2570 .8490 1.5140 1.0780
470 .8000 95801 1.2550] 6150 1.0620 7210 .96601 1.1160 .7650 1.10200 1.3010 .96001 1.63800 1.1740
480 .88001 89901 1.29901 65101 1.16600 .7540 9770 1.1610 .8390 1.12001 1.3740 .9680 1.7560 1.2350
490 1.6200 1.0890 1.4640 .7050 1.3130 9120 1.0660 1.2950 .9010 1.1020 1.5360 1.0800 1.8210 1.4130
500 .69001 88201 1.22401 .60401 99001 7120 .8770 1.00600 .7080 1.08501 1.2150 .96001 1.5760 1.1260
510 .51001 8710 1.16701 .55701 1.0350 68801 .8210 1.0020 .6640 9880 1.18900 .8430 1.54000 1.0350
520 .7200 9320 1.2760 6450 1.0590 7430 .9060 1.0980 7120 1.0900 1.2910 .9200 1.5720 1.1740
530 .7600 89401 1.2150 5740 1.0350 7240 .7850 1.0540 .68601 1.03701 1.25600 .8540 1.5450 1.0940

Continued on next page.
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Appendix | continued from page 10.
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HD_WID_ | HD_WIT_ | HD_WIT_ | GASTR_LO| GAST_WI | PET 1 L0 | PET 2 L0 | PET_LHO | PET2H | ALLLEN | ALI_HTO | LEG 10 LEG_200 LEG_30
10 20 30 DO O GO

86601 8120 7850 7780 8220 24410 27700 32800 30300 111500 2480 2.2230 2.4960] 3.2950]
7680 7290 6610 6550 7270 3850 2320 3000 2640 9830 2320 2.0560 2.1350 2.8200
7340 6410 6800 7310 7340 4390 2370 2490 25600 1.0200 2430 1.7470 1.8330 2.2920
7950 7650 7480 7330 7580 3970 2640 3050 2820 8350 2720 2.0140 2.2230 2.9500]
79800 7880 7210 83100 78601 4040 28100 30700 2810 9860 2680 2.1750 3.0410] 3.04000
71600 64900 67900 68000 7100 3820 2410 28500 25400 87500 26500 2.6980 1.8870 1.8700
7150 6850 6780 7670 7510 38900 3640 2760 25000 1.0030 2900 2.0010 2.3750 2.8480
9240 88700 8180 93600 88700 4300 26700 34400 3220 118900 3010 2.1730 2.5810] 3.3010
1.0980 10380 1.0340 1.1160 9830 50400 3060 3660 3840 1.3530 3710 2.6550 2.8610 3.8340
7460 69101 7210 7530 70800 40900 2470 28601 28200 9380 23000 2.0160) 2.1770) 2.8710]
7680 7240 7250 7470 7430 4050 2950 3110 29400 1.00400 2410 2.0890 2.2420 2.9700
8660 8350 8350 3860 8480 4520 2920 3310 30800 1.1280 3130 2.3130 2.4580 3.2940
1.0000] 9470 9020 1.0510 9930 4390 3400 3820 3620 1.2480) 3910 2.5710 2.7650 3.3640
7410 7160 7020 0 0 0 0 0 0 0 0 21110 2.2500] 2.7300]
7450 6880 68801 66101 66501 35700 2240 29100 2710 9880 2780 2.0190 2.1970] 2.8490]
8210 7500 7680 8240 8270 4240 2420 3100 3410 1.1030 3610 2.2960 2.4060 3.0630
8280 8000] 7810 8390 8490 4010 2370 3290 29400 1.06900 2810 2.3100 2.4910] 3.25300
7350 6830 6710 7000 6760 39900 2230 2810 2650 9460 2940 2.0390 2.1550 2.2990]
68501 6280 6480 68001 6700 39900 1530 2720 2370 8510] 2320 1.83400 1.9720 2.5410]
7050 6430 6610 7200 6610 3490 2240 2670 2560 9430 3140 1.8140 2.0090 2.6850
6550 5940 6010 6370 6330 3950 2270 2270 2370 9100 2450 1.7670 18770 2.4590]
1.0270) 9640 89301 1.02000 98501 4420 2990 38000 35900 1.26600 3070 2.7790 2.6110] 3.6000]
93000 87700 8390 9450 93000 4390 31600 3620 3210 1.1700 29901 2.4400 2.5650] 3.35200
7330 69601 6340 78801 74500 40400 2450 29601 26500 98701 23801 1.7790 2.1680] 2.9100]
6720 5910 6670 7570 7170 4300 2430 2910 2640 9500 2280 1.9070 2.0590] 2.7430
1.3050] 1.2450] 1.1560] 1.3120 1.2020 50500 36100 4750 4220 15470 45600 3.0340 3.4350] 44250
1.2450 1.2150] 1.0510 1.1820 1.3020 65300 2860 4710 4340 1.4760) 4640 2.9190 3.2610 4.2840
1.0840] 1.0140 99601 1.06100 1.0810 53000 3040] 4250 3700 1.3220 3010 2.66100 2.8420] 3.8300]
1.1490 1.0610 1.0170 1.00400 1.1400 6330 2600 4330 3900 1.4820 4050 2.7980 2.9310 3.9620
1.0660 9900 9150 1.10600 1.0540 4710 2630 4030 3650 1.3210 33600 2.6200 2.8430 3.7390
1.4420] 1.4910 1.23600 1.45700 154600 7290 3590 53800 59200 1.7670 5450 3.50500 3.5530] 4.5960
1.4350] 1.39100 1.2930] 1.38700 16190 65400 37900 55400 53200 1.83200 53501 3.2460] 3.49200 46160
1.3690] 1.36400 1.19200 1.36300 1.4900 5320 3900 52700 29600 1.70000 5120 3.0720 3.2810] 44380
1.4490 1.4140 1.2860) 1.3310 1.6050 7000 38600 5450 5130 1.7490 6510 3.1800 3.4910 4.4760
1.3940] 1.4010 1.2190 1.3440 15250 66501 3830 53000 5010 175500 5370 3.1140 3.29200 43290
1.2040) 1.1740 1.0460) 1.2370) 11770 63000 3750 4260 4280 1.5180) 4260 2.8450) 3.1240 2.1610
9290 87700 83200 92601 9180 4370 2840] 35501 32500 1.19300 33000 2.40200 2.5090] 3.4190]
6880 6200 6160 7120 6410 3410 2360 2510 2400 9060 2550 1.8090) 1.0120 2.5540]
7150 6430 6440 6930 7030 4610 2430 2680 2320 9310 2520 1.9270 2.0110 2.6970
1.0200] 95700 8840 1.0440 9810 4820 3090 3760 34400 1.2610 3030 2.53800 2.75200 3.56200
64400 6070 59401 7010 6310 3010 22401 2370 23400 86301 2260 1.7370 1.8200 2.4790]
7160 6540] 68101 7620 69501 4710 25100 26800 2600] 9770 2450] 1.9410 2.0100] 2.7410]
1.2130 1.1630 1.0740 1.2700 1.2080 5970 3690 4460 2000 1.4430 4140 2.8580 3.1420 3.8470
1.3450] 1.30800 1.19400 1.2950] 1.3500 56600 3650 50501 4370 156500 4340 3.10000 3.29200 4.2820
1.1750] 1.1470 1.0310 1.1670 1.2070 53000 3510 4150 4140 1.3920 3970 2.8490 3.0100] 3.9790
1.0220] 96201 9110 1.0410 99400 52800 3370 34400 3490 1.2750 2370 25270 2.79200 3.6200]
1.0950 1.0490) 9970 1.1570 1.1090 4790 2940 4220 3790 1.3520 3220 2.7500 2.9830 3.9000
1.1530 1.0720 1.03500 1.0180 1.2220 5730 3310 4390 3970 1.3690 3530 2.8970 3.1200 4.0980
1.4080] 1.3730 1.24600 1.49400 1.56600 7400 4230 56001 49900 1.7670 5310 3.2910 3.2980] 44370
1.0740 1.0130 9700 9890 1.0750 5530 3170 3680 3550 1.3050 3030 2.5790 2.7990 3.7510
97100 89601 88701 9460 9270 44500 29001 36400 34600 1.20500 28100 2.5440] 2.6540] 35720
1.0730 1.02800 9660 1.1240 1.06000 5190 3330 3830 3770 1.3590 3140 2.7070 2.9000] 3.7830
1.0300] 98200 96201 0420 1.0230 42900 3190 39000 36800 1.3010 28501 2.5440] 2.7780 3.6550]




