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Abstract
Variation in wing design and wing loading according to body weight is well studied across taxa of birds
and flying insects. Comparable studies have not been made in the few insects that show substantial size
variation within the same phenon of a single species. We examine body measures of adults of the social
wasp Dolichovespula maculata (Linnaeus, 1763), with particular attention to the limbs and wing loading.
As expected, measures of the length of the legs scales isometrically with overall body weight and size.
Against expectation, wing size also scales isometrically with body weight and size. This does not match the
general pattern of comparison across species of flying animals, in which larger individuals have relatively
larger wings, as a partial compensation for greater wing loading. We suggest that wing size in D. maculata
may be constrained by the demands of life in a crowded nest.
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Introduction
Ever since Thompson’s (1917) classic study, it has been understood that body form
varies with overall body size in meaningful ways. Furthermore, body form in flying
animals is believed to be tightly constrained by the heavy mechanical and energetic
Copyright Christopher K. Starr et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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demands of flight (Alexander 2002). A key parameter in studies of scaling and design
of flying animals is wing loading, the ratio of body weight to wing surface area. In
a broad comparative study of 143 species of birds with body weights ranging from
2.6 g to 11.6 kg, Poole (1938) showed that in larger species the wings are somewhat
larger relative to linear body size, but somewhat smaller relative to body weight, so
that wing loading increases with body size. This pattern as since been widely corroborated in birds (e.g. Pennycuick 1972, 1987; Dorst 1974; Warham 1977; Alexander
2002). The scaling relationship, then, is a compromise between geometric similarity
and constant wing loading. The several interspecific studies of bees and other insects
give results consistent with this pattern (Byrne 1988; Danforth 1989; Dyer 1991;
Bullock 1999; Dudley 2000; Davreau et al. 2005). As another well established rule in
birds, larger species tend to have higher aspect ratio, the ratio of wing length to width,
so that their wings are relatively narrower (Warham 1977; Pennycuick 1987, 2008;
Alexander 2002). One might reasonably expect to find within the same relationships
within a given species, i.e. a) a compromise between constant body size and constant
wing loading, and b) greater aspect ratio in larger individuals. However, this question
is not as readily tractable within as between species. While some taxa of flying animals
show interspecific size variation across an order of magnitude or more, same-sex adults
are close to uniform within most species that fly well. Many social wasps and bees
show substantial variation among nestmate females, but in most of these the queens
and workers are of two distinct phena. Among the very few groups in which females
show substantial, continuous size variation with only a statistical difference between
castes are pocket-making bumble bees (Apidae: Bombus spp.) (Plowright and Laverty
1984; Goulson 2010) and some vespine wasps (Vespidae) (Edwards 1980; Greene
1991; Yamane and Yamane 2021). Dolichovespula maculata (Linnaeus, 1763) is among
the species that fit this pattern well (Greene 1991). This robust social wasp (Fig. 1) is
found over the greater part of North America north of Mexico, in much of which it
is common (Akre et al. 1980; Kimsey and Carpenter 2012). It builds a nest of several
horizontal combs surrounded by an envelope of several layers of rough carton (Fig. 2),
typically on a tree, bush or side of a building. Several aspects of this species have been
investigated (Greene 1991; Archer 2006). Felippotti et al. (2009) noted that the size
of new nest cells tends to increase during the colony cycle, with different sizes among
cells of the same age. This is consistent with a more or less continuous size distribution
among same-sex nestmates. Our working prediction, then, is that the compromise between geometrical similarity and uniform wing loading known from studies across species will be mirrored in the pattern within this single species. At the same time, there is
no reason to expect a similar relationship in the other limbs, the legs. We predicted that
leg length will increase isometrically with a linear measure of body size in D. maculata.

Materials and methods
Our material was drawn from three colonies of Dolichovespula maculata collected in
2005 and 2006 in Avery, Caldwell and Watauga Counties, North Carolina, USA. The
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Figure 1. Dolichovespula maculata adult female. Source: Wikimedia Commons.

colonies were killed and preserved by freezing in airtight plastic bags very soon after
collection. The wasps were removed briefly for dissection of their venom glands for a
pharmacological study and then re-frozen until utilized for the present project in July
2007. We thawed them in a refrigerator for several hours and then chose samples of
147 females and 54 males representative of the size range in the available material. We
weighed these (wet weight) to the nearest microgram, then air-dried them at 60 °C for
at least 12 hours and weighed them again (dry weight). Earlier studies show a strong
positive correlation between the two weight measures in insects (e.g. Darforth 1989).
As an additional convenient index of overall body size, we measured the length of the
mesoscutum along its midline to the nearest 0.04 mm with an ocular micrometer in
a dissecting microscope. This is analogous to Cane’s (1987) use of the width of the
mesoscutum as a relative measure of overall size. We took photomicrographs of the
forewing and hind leg against a one-millimeter grid, then used these micrographs to
record forewing length, forewing width and hind-tibia length (Fig. 3) to the nearest
0.01 mm, indifferently using the left or right limb. In those few cases where the ends
of both forewings were frayed, we measured the length of the first discal cell and extrapolated this to estimate forewing length. There was no discernible difference among
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Figure 2. Cross-section of a mature nest of Dolichovespula maculata. Source: BugGuide.net.

Figure 3. Linear measures of limbs in Dolichovespula maculata a forewing length from base of the costal
vein to tip of the wing b length of first discal cell c maximum forewing width d length of fore-tibia.
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specimens in the relative sizes of the forewing and hindwing. Similarly, preliminary
measurements showed no significant variation in aspect ratio of the forewing among
individuls. In all females the width/length ratio of the forewing was between 0.276
and 0.313, with clustering around 0.29; the males showed a very similar pattern. Accordingly, we accept forewing length as the sole index of linear wing size within this
one species. Similarly, there was no discernible variation in the relative lengths of the
three legs or their component parts, so that the length of the hind-tibia serves as a
convenient index of overall leg length. A preliminary examination showed no evident
difference between the sexes in the pattern of size variation. However, the size ratio of
the largest over the smallest females in our sample was 8.00 (dry weight) or 1.46 (linear
measure), while the corresponding figures for males were 5.68 and 1.34. As a result,
we restrict our analysis to females, with the working assumption that our results apply
equally well to males.

Results
As expected, given our attempt to draw the 147 females from the full size range of
the available material, their wet weights, dry weights, mesoscutum lengths, forewing
lengths and hind-tibia lengths were not normally distributed (Shapiro-Wilk test, p <
0.01). All compared pairs of parameters showed a strong positive correlation across
specimens of different sizes (Spearman’s ranked correlation, rs between 0.87 and 0.97,
p < 0.01). The trendline of dry weight (y) as a function of wet weight (y) departed
slightly from linear: y = 0.44×¹·⁰⁹. Accordingly, dry weight is the preferred index of

Figure 4. Mesoscutum length as a function of dry weight in Dolichovespula maculata females.
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Figure 5. Forewing length as a function of A dry weight and B mesoscutum length in Dolichovespula
maculata females.

overall body weight, as smaller individuals may have lost more water than large individuals during the months frozen despite the sealed containers. Fig. 4 shows the relationship between mesoscutum length and dry weight, the two measures of overall body
size used here. Linear wing size as manifested by the length of the forewing is isometric
with a linear measure of dry weight (Fig. 5). Likewise, hind-tibia length as a measure
of leg length is isometric with a linear measure of dry weight (Fig. 6). With forewing
length as a linear measure of relative wing area, our results indicate a marked increase
in wing loading with increased body size (Fig. 7).

Wing loading in a social wasp

387

Figure 6. Hind-tibia length as a function of A dry weight and B mesoscutum length in Dolichovespula
maculata females.

Discussion
It is convenient that whole-body dry weight is a fairly constant fraction of wet weight
across all sizes. This corroborates the use of dry weight as a practical measure of overall body size in studies of land arthropods. As expected, wing loading is appreciably
greater in larger individuals of both sexes. However, the isometry of wing size as a
function of with body weight was not expected and goes against the predicted compromise between geometric constant relative wing area and constant wing loading, as
noted in cross-species studies of taxa of flying animals. Why do larger individuals of
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Figure 7. Wing loading according to body size in Dolichovespula maculata females.

Dolichovespula maculata, as actively flying insects, not have relatively larger wings as
a partial compensation for greater wing loading? The conspicuous allometric differences in body proportions among nestmates in many ants (e.g. Hölldobler and Wilson
2011) would seem to speak against developmental constraints. On the other hand,
Dolichovespula maculata’s overall lack of allometry across a substantial range of body
sizes could be seen as an indication of such developmental constraints. As a working
conjecture, we suggest that the crowded inner environment of the nest may impose a
high cost on limbs that project unduly from the body.

Conclusions
Despite considerable size variation among same-sex individuals, Dolichovespula maculata adults are isometric in all studied pairs of linear body measures. In particular, the
wings are not relatively larger in larger individuals, which therefore show substantially
greater wing loading. We hypothesize that wing size is constrained by the need to live
and move inside a highly restricted nest space.
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