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Found or Fly: Nutrient loading of dispersing ant queens decreases metrics of flight
ability (Hymenoptera: Formicidae)

Jackson A. HELMS & Michael KASPARI

Abstract

Young ant queens face two conflicting challenges. First, they must fly to mate, disperse and locate a nest site. Second,
they must found a new colony and raise their first workers with their own nutrient reserves. The Found or Fly (FoF)
hypothesis posits a fitness tradeoff between colony founding success and flight ability, mediated through abdominal
nutrient loading of young queens. It proposes that though heavier abdomens increase survival during the founding per-
iod, they do so at the expense of a queen's ability to mate, disperse, and survive the mating flight. We evaluate FoF by
characterizing the flight morphology of a common Neotropical year round breeder, Azteca instabilis (SMITH, 1862).
Abdomen mass varied among queens independently of body size and throughout the year. Heavier abdomens adversely
impacted three metrics of flight ability: flight muscle ratio, wing loading and drag. These patterns are consistent with
FoF. FoF links reproductive demands, morphology and dispersal ability, and provides a quantitative framework for under-
standing dispersal variation across the ants. FoF provides insight into several areas of ant ecology and evolution, includ-
ing alternative reproductive strategies, sexual dimorphism and invasions.
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Introduction

Flight is a key evolutionary development of the insects
(WAGNER & LIEBHERR 1992, DUDLEY 2000, GULLAN &
CRANSTON 2010) but its specialized physiological and mor-
phological requirements (ELLINGTON 1984, NORBERG &
RAYNER 1987, RAYNER 1988, DUDLEY 2000) constrain
many aspects of insect biology. Ants (Formicidae) are no
exception. The flight phase of an ant's life, however, is brief
and may be as short as one half hour for some queens
(MARKIN & al. 1971, HOLLDOBLER & WILSON 1990). Dur-
ing this time a young queen must perform the vital tasks
of mate location, sex, dispersal and nest site location (HOLL-
DOBLER & WILSON 1990, PEETERS & ITO 2001). Flight
exposes ants to environmental hazards (HOLLDOBLER &
WILSON 1990, NICHOLS & SITES 1991, PEETERS & ITO
2001, FIJERDINGSTAD & KELLER 2004) and mortality can
be as high as 99% (GORDON & KULIG 1996), making it the
deadliest phase in the life cycle. The combination of re-
productive consequences and mortality suggests that ant
queens experience strong selection during flight (BUSCHIN-
GER & HEINZE 1992, FIERDINGSTAD & KELLER 2004). At
the same time, flight is the least understood part of the
colony life cycle, with investigations of reproduction most-
ly limited to colony foundation and early growth (e.g.,
TSCHINKEL 1993, PEETERS & 1TO 2001).

Flight precedes colony foundation, when a young queen
sheds her wings, initiates oogenesis and lays her first eggs
(KELLER & PASSERA 1988, TSCHINKEL 1988, HOLLDOBLER
& WILSON 1990, PEETERS & 170 2001). Producing eggs
and rearing the first cohort of workers requires substan-
tial energy reserves — up to over 60% of queen body mass
(PEAKIN 1972, KELLER & PASSERA 1989) — especially for
the majority of species whose queens do not forage (Toom
& al. 1976, Voss & BLuM 1987, KELLER & PASSERA
1989, KELLER & Ross 1993a, DEHEER & al. 1999, JOHN-
SON 2006). Mature queens develop abdominal reserves of
fats and storage proteins by pre-flight feeding in their natal
colony (PEAKIN 1972, BOOMSMA & ISAAKS 1985, NIELSEN
&al. 1985, KELLER & PASSERA 1989, MARTINEZ & WHEE-
LER 1994, HAHN & al. 2004), and histolysis of flight mus-
cles after wing loss provides a supplementary protein source
(HOLLDOBLER & WILSON 1990, WHEELER & MARTINEZ
1995, WHEELER & Buck 1996, PEETERS & ITO 2001,
BROWN & BONHOEFFER 2003). Heavier abdomens store
more energy and increase colony founding success by in-
creasing the rate (WAGNER & GORDON 1999) or amount
(TSCHINKEL 1993, LIU & al. 2001, DEHEER 2002) of early
offspring production, and increasing survival during the
founding period (MINTZER 1987, NONACS 1992, BALAS



& ADAMS 1996, BERNASCONI & KELLER 1996, JOHNSON
1998, BERNASCONI & KELLER 1999, ADAMS & BALAS
1999, JOHNSON 2001).

At the same time, these weight increases, which can be
up to 290% of a queen's body mass (BOOMSMA & ISAAKS
1985), likely impact flight ability and thereby incur fitness
costs by reducing mating success (DAVIDSON 1982, FIER-
DINGSTAD & BOOMSMA 1997, WIERNASZ & al.1995, VOGT
& al. 2000, WIERNASZ & CoLE 2003), dispersal distance
(FORTELIUS & al. 1987, SUNDSTROM 1995, ZERA & DENNO
1997, RUPPELL & al. 1998, LACHAUD & al. 1999, GU &
al. 2006) and predator evasion (FJERDINGSTAD & KELLER
2004). Several metrics of insect flight ability are tied to
abdomen mass. Heavier abdomens adversely impact flight
muscle ratio and wing loading (HEDENSTROM 1992, MAR-
DEN 1987, 2000, DUDLEY 2000). Nutrient loading may also
increase drag by altering abdomen shape (DUDLEY 2000).
These changes alter flight speed and reduce maneuverability,
maximum flight time and overall flight performance (NOR-
BERG & RAYNER 1987, RAYNER 1988, HEDENSTROM 1992,
DuDLEY 2000, MARDEN 2000, VOGT & al. 2000). The oppo-
sing effects of abdomen mass thus suggest that constraints
associated with flight may limit founding performance.

We summarize this situation in what we call the Found
or Fly (FoF) hypothesis, which posits a fitness tradeoff be-
tween colony founding success and flight ability mediated
by abdomen mass. FoF has three assumptions: Al) queen
abdomen mass is a plastic trait that varies with feeding be-
havior or food availability; A2) heavier abdomens increase
founding success; and A3) heavier abdomens decrease flight
ability. A tradeoff between colony founding and flight abi-
lity has long been recognized in the context of the evo-
lution of flightless or nondispersing queens (WINTER &
BUSCHINGER 1986, BUSCHINGER & HEINZE 1992, TINAUT
& HEINZE 1992, SUNDSTROM 1995, HEINZE & TSuJl 1995,
MCINNES & TSCHINKEL 1995, RUPPELL & al. 1998, RUP-
PELL & HEINZE 1999, LACHAUD & al. 1999, HEINZE &
KELLER 2000, PEETERS & 170 2001, STEINER & al. 2006,
PEETERS 2012, PEETERS & al. 2012). FoF, however, ex-
plicitly recognizes variation in flight ability among dis-
persing queens and thereby extends this tradeoff to all ants,
highlights morphological links between ecology and repro-
ductive strategy, and provides a framework for quantifying
variation in dispersal ability.

Although the role of abdomen mass in colony found-
ing (A2) is well documented, its effects on flight ability are
poorly understood. Here we evaluate the remaining as-
sumptions of FoOF — abdomen mass variation (A1) and its
relationship to flight ability (A3) — by examining the flight
morphology of Azteca instabilis (SMITH, 1862) (Dolichode-
rinae), a common Central American species. Azteca insta-
bilis is a habitat generalist with a representative life cycle
in which young queens go on mating flights and found
new colonies in hollow tree trunks (LONGINO 2010). Rath-
er than having a pulsed mating season where queens fly for
only a brief period each year, A. instabilis queens fly and
mate year round (KASPARI & al. 2001a, KASPARI & al.
2001b), providing an ideal system for examining variation
in nutrient loading and flight ability. Queen mass of tem-
perate seasonal maters may vary between flights or with
food supply (e.g., TSCHINKEL 1993, ODE & RISSING 2002,
FJERDINGSTAD & KELLER 2004), but we know of no studies
of annual variation in queen investment from a tropical
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species. Using A. instabilis as a model we document how
abdomen mass variation affects three flight ability metrics,
and explore how abdomen investment can mediate a trade-
off between founding and flight.

Materials and methods

We collected alate queens during their mating flights on
Barro Colorado Island, Panama (9° 9' 19" N, 79° 50' 15" W),
a lowland seasonally wet forest. Two modified Pennsylva-
nia black-light traps were hung from the canopy on a ridge
120 ma.s.l.,, 3 m and 27 m above ground level (KASPARI
& al. 20014, b). Traps were run continuously and checked
weekly for one year beginning in mid June 1991. Ants were
initially preserved in 70% ethanol and then transferred to
95% ethanol. Azteca instabilis, an abundant generalist and
year round flyer (KAsPARI & al. 2001a, b) with a repre-
sentative life cycle, was chosen as a model to evaluate FoF.
Queens are larger than workers, with a queen to worker
head width ratio of 1.34 (LONGINO 2007), are believed to
found colonies claustrally in hollow tree trunks (LONGINO
2010), and may fly long distances to find suitable nest
sites (BRUNA & al. 2011).

Ninety queens from throughout the year were selected
for morphological analysis. To ease comparison with other
insects, we here use the word "abdomen" to refer to what is
properly called the "gaster”, and "thorax" in place of "meso-
soma". Linear measurements — head width, abdomen length
and abdomen height — were made to 0.1 mm with an ocu-
lar micrometer under a dissecting microscope. Head width,
a standard measure of body size, is the maximum width of
the head in full-face view, excluding the eyes. Abdomen
length is here defined as the maximum linear measure-
ment of the abdomen from the dorsal point of attachment
of the petiole. Abdomen height was measured as the max-
imum vertical measurement of the abdomen when oriented
horizontally in lateral view. After linear measurements the
wings, legs, abdomen and head were removed with sur-
gical scissors, keeping the thorax and petiole intact, and all
parts dried at 60 - 65°C for 48 hours. The abdomen, hind-
wings, forewings, thorax + petiole, and entire body were
weighed to the nearest 0.001 mg with a Cahn microbalance.
Storage in alcohol may reduce specimen dry mass (PORTER
1992), adding some noise to the mass data. Mass loss per
se would not add bias, but because fat is slightly soluble
in ethanol, fatter queens may lose more mass during stor-
age than thinner ones. This would reduce the observed
differences between queens, adding a conservative bias, if
any. Finally, we made wing measurements for each speci-
men. We made slides of one forewing and one hindwing
from each queen and photographed them with a reference
ruler using a Leica dissecting microscope camera. ImageJ
software (SCHNEIDER & al. 2012) was used to measure the
lengths and areas of the forewing and hindwing. After pro-
cessing one individual was found to be a different species
and was removed from analysis, and one record was re-
moved as an outlier. Several specimens that had dried dur-
ing storage in ethanol showed anomalous mass measure-
ments and were removed from analysis. Ultimately, 73
individuals were analyzed of the 90 processed, collected
from 26 weeks of the year. Some analyzed individuals
lacked measurements due to missing or damaged body
parts. We excluded those individuals when relevant and
note the sample size for each analysis.



We tested the assumption (A1) of abdomen mass plas-
ticity in two ways. First, to see if abdomen investment
varies independently of intrinsic body size we compared
abdomen mass to head width. Second, we compared week-
ly samples throughout the year with a Kruskal-Wallis test
(SOKAL & ROHLF 1995) to see whether abdomen mass
varies over time. Seasonal changes in environmental condi-
tions are one possible source of temporal variation in ab-
domen mass. To examine whether abdomen mass changes
in response to seasonal environments, we compared abdo-
men mass between the wet and dry seasons. The less pro-
ductive dry season on Barro Colorado Island lasts approxi-
mately from January 1 to May 1 (LEIGH & al. 1996) and
corresponds to weeks 1 through 17.

To evaluate how heavier abdomens affect flight ability
(A3) we compared three standard morphological metrics —
flight muscle ratio, wing loading and drag reference area —
to abdomen mass. Flight muscle ratio (FMR), the ratio of
flight muscle mass to body mass, may be the most impor-
tant predictor of insect flight ability (MARDEN 1987, 2000,
DubLEY 2000). FMR is proportional to acceleration and
load lifting ability and a higher FMR increases maneuver-
ability and flight endurance. FMR was calculated by divid-
ing thorax + petiole mass by total body mass. While not a
direct measure of flight muscle, the thorax consists predo-
minantly of flight muscle and thorax mass is often used
as a surrogate for flight muscle in insects, including ants
(FIJERDINGSTAD & BOOMSMA 1997, VAN DYCK & MATTHY-
SEN 1999, NORBERG & LEIMAR 2002, DILLON & DUDLEY
2004, DARVEAU & al. 2005, MERCKX & VAN DYCK 2006).
The petiole was left attached for practical reasons, and is
unlikely to affect the results because it is small compared
to other body parts, especially the thorax. Using thorax +
petiole mass as a surrogate for flight muscle slightly over-
estimates FMR, introducing a conservative bias, as it might
mask reductions in FMR with increasing abdomen mass.

Wing loading (Nm), the ratio of body weight to wing
area, is negatively related to maneuverability, flight endur-
ance and maximum flight speed, and positively related to
minimum power and speed requirements for flight (NOR-
BERG & RAYNER 1987, RAYNER 1988, HEDENSTROM 1992,
DuDLEY 2000, VOGT & al. 2000, DARVEAU & al. 2005).
To calculate wing loading, body mass was divided by the
total area of all four wings and converted to Nm™.

Drag, proportional to a cross sectional reference area,
decreases overall flight performance (DUDLEY 2000). To
assess changes in abdomen drag with nutrient loading we
used a volumetric reference area, V2* (mm?), a biological-
ly relevant measure that links mass and shape (ALEXANDER
1990, VOGEL 1994). We calculated abdomen volume with
the formula for a prolate spheroid, using abdomen length
as the major axis and abdomen height as the minor axis,
and raised the resulting volume to the two thirds.

To further characterize flight morphology two wing
characters — aspect ratio and wing mass density — were
calculated and compared to abdomen mass. Aspect ratio,
defined here as (4 x forewing length?) / total wing area, is
a measure of wing shape. Narrower wings have higher as-
pect ratios and increased aerodynamic efficiency (NORBERG
& RAYNER 1987, RAYNER 1988, DUDLEY 2000). Wing mass
density (mg / mm?) is a measure of wing stiffness and
durability, calculated by dividing the total wing mass by
total wing area. Although we measured aspect ratio and
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Fig. 1: Abdomen mass of young queens varies weekly
throughout the year (n = 73, Kruskal-Wallis, P = 0.03),
reflecting the plasticity of this trait. Weeks 1 through 17
correspond to the dry season on Barro Colorado Island.
Box plots show medians, quartiles and outliers. Weeks 1,
28 and 44 have only one measured queen.

wing mass density as part of a general characterization of
flight morphology, we didn't expect abdomen mass to af-
fect either measure since they are developmentally deter-
mined wing traits and unrelated to plastic changes in ab-
domen mass.

Before comparing flight metrics to abdomen mass we
checked each for a relationship with head width to correct
for body size. FMR, wing loading and aspect ratio were
not related to head width. Drag and wing mass density in-
creased with head width. In those cases the residuals from
the regression versus head width were plotted against ab-
domen mass.

All statistics were performed in R (R CORE TEAM 2012).
Variables were visually examined for normality by plotting.
Regressions were standardized major axis regressions us-
ing the "Imodel2" package (LEGENDRE 2011) to account
for measurement error of independent variables (MCARDLE
1988). To calculate residuals of regressions against head
width ordinary least squares regression was used, which is
more appropriate for prediction (SOKAL & ROHLF 1995).
Regressions of flight metrics against abdomen mass were
tested for heteroscedasticity using the "car" package (FOx
& WEISBERG 2011). To account for experimentwise error
we applied the Holm-Bonferroni correction (HoLm 1979)
to p-values of regressions of flight metrics against abdomen
mass.

Results

We analyzed 73 queens from 26 weeks of the year that var-
ied over 1.5 fold in body mass and 1.2 fold in linear body
size. Body mass averaged 21.7 (= 2.2, n = 66) mg, average
abdomen mass was 14.2 (£ 1.9, n = 73) mg, and average
head width was 2.4 (x 0.09, n = 73) mm. Abdomen mass
varied 1.8 fold and was unrelated to head width (r* = 0.02,
P > 0.2, n = 73), indicating that the nutrient load of a queen
is unrelated to her intrinsic body size. For example, the
entire observed range of abdomen mass values, from 10.4
to 18.6 mg, were associated with the modal head width of
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2.4 mm. Median abdomen mass of queens varied weekly
throughout the year (Kruskal-Wallis, P = 0.03, Fig. 1)
from a low of 10.7 mg in week 22 to a high of 16.0 mg in
week 12 (low and high from weeks with > 3 queens), but
was the same over the more productive wet and less pro-
ductive dry seasons (medians = 14.5 vs. 14.4 mg, respec-
tively, Kruskal-Wallis, P > 0.9). Variation in abdomen
mass among queens and from week to week, unrelated to
variation in intrinsic body size, supports the assumption
(A1) that abdomen mass is a plastic trait.

Heavier abdomens adversely impacted all three metrics
of flight ability. As expected, the two wing characters, as-
pect ratio (mean 6.3 £ 0.3, n = 43) and wing mass density
(mean 0.0041 + 0.0006 mg / mm?, n = 43), were invari-
ant with abdomen mass. Flight muscle ratio (mean 0.20
0.021) decreased over 30% from the lowest to highest
abdomen mass (P < 0.03, Fig. 2a). Wing loading (mean
2.67 £ 0.23 Nm™) increased about 40% over the range of
abdomen mass (P < 0.03, Fig. 2b). For drag reference area
(mean 10.11 + 1.5 mm?), size-corrected values increased
about 2 mm? with abdomen mass (P < 0.03, Fig. 2c). In-
creased abdomen investment, based on these morpholo-
gical metrics, likely reduces maneuverability and flight
endurance, and increases power requirements, supporting
the assumption (A3) that heavier abdomens decrease flight
ability.

Discussion

The Found or Fly (FoF) hypothesis extends a recognized
tradeoff between founding and dispersal in the evolution
of flightless queens (e.g., SUNDSTROM 1995, HEINZE &
KELLER 2000), to posit a fitness tradeoff between colony
founding and flight success among flying queens, medi-
ated by abdomen investment. Using a common Neotrop-
ical species as a model, we provide the first comprehen-
sive characterization of an ant's flight morphology. In doing
so, we document 80% variation in abdomen investment
among queens, with commensurate variation in flight abi-
lity metrics. This relationship between abdomen investment
and flight morphology establishes a framework with po-
tential for understanding dispersal variation across the ants.

The observed range of abdomen masses has several con-
sequences for flight and reproduction. Comparing hypothe-
tical queens with abdomen masses of 10.5 and 18.5 mg,
corresponding to total body masses of 17.5 and 25.5 mg,
the heavier queen would have %/; the flight muscle ratio
and 1.5 times the wing loading of the lighter, and experi-
ence higher abdomen drag. As a rough approximation, the
lighter queen therefore can be expected to lift 1.5 times as
much weight as the heavier (MARDEN 1987), accelerate 1.5
times as quickly (MARDEN 2000), take turns 33% more
sharply or 1.2 times as fast (MARDEN 1987, 2000), fly for
longer periods of time (MARDEN 2000), have lower wing-
beat frequencies and metabolic demands (DARVEAU & al.
2005), and be able to fly both faster (VOGT & al. 2000)
and 18% slower than the heaviest queens (NORBERG &
RAYNER 1987). Improved maneuverability, flight endurance
and flight speed range suggest that lighter queens are bet-
ter able to locate and choose mates, mate aerially, escape
predators, disperse farther and find suitable nest sites. The
heavier queen, on the other hand, if she invests all the extra
weight into offspring production, would be able to produce
more offspring more quickly during the founding period.
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Fig. 2: Nutrient loading adversely impacts flight ability
metrics. a) Flight muscle ratio (FMR) declines with nu-
trient loading. Reduced FMR decreases maneuverability,
flight endurance, acceleration and load lifting ability. b)
Wing loading increases with nutrient loading. Higher wing
loading reduces maneuverability, maximum time aloft and
maximum flight speed, and increases minimum speed and
power required for flight. c) Drag increases with nutrient
loading. V** is proportional to drag, which reduces over-
all flight performance. Drag values are residuals from or-
dinary least squares regression on head width.

In the fire ant Solenopsis invicta a hypothetical difference
of 8 mg dry weight, assuming a live to dry weight ratio of
2 (TSCHINKEL 1993), could be expected to produce 65 to
90 more initial workers (TSCHINKEL 1993, DEHEER 2002).
Similarly, in the harvester ant Pogonomyrmex barbatus the
faster egg production associated with a difference of 8 mg
dry weight would mean attaining maximum egg produc-
tion six days sooner (WAGNER & GORDON 1999). Although
these cost and benefit estimates are necessarily crude, they
illustrate the fitness tradeoffs queens and colonies face when
loading nutrients.



Two issues arise as to whether abdomen mass is a suit-
able surrogate for nutrient investment. First, heavier ab-
domens may result from flight fuel loading rather than nu-
trient investment for colony founding. Like other hymeno-
pterans, ants use glycogen as flight fuel, not fats (BEENAK-
KERS 1969, TooM & al. 1976, JUTSUM & QUINLAN 1978,
PASSERA & KELLER 1990, PASSERA & al. 1990, VOGT &
al. 2000). Glycogen storage is not restricted to the abdo-
men, makes up only a small percentage of body mass (1 -
10%), and is quickly depleted during flight (Toom & al.
1976, PASSERA & KELLER 1990, PASSERA & al. 1990,
SUNDSTROM 1995). Conversely, abdominal fat alone can
comprise the majority of a queen's body mass (KELLER &
PASSERA 1989) and is not used in flight. We are therefore
confident that variation in abdomen mass, especially among
queens captured in flight, accurately captures variation in
nutrient reserves.

Second, some nutrients are stored in the thorax. Queens
histolyze their flight muscles after wing loss, providing a
supplemental nutrient source during colony founding (HOLL-
DOBLER & WILSON 1990). Most of the energy and amino
acids used in colony founding, however, come from ab-
dominal fats and storage proteins, with flight muscle only
of secondary importance (WHEELER & MARTINEZ 1995,
WHEELER & Buck 1996, BROWN & BONHOEFFER 2003).
While species that rear offspring entirely with their own
nutrient reserves are believed to have absolutely larger flight
muscles, these function mainly to carry the extra abdomi-
nal loading (PEETERS & ITO 2001), and are actually smal-
ler relative to total body mass (J.A. Helms & M. Kaspari,
unpubl.). At any rate, queens don't adjust flight muscle con-
tent in preparation for colony founding and differences in
nutrient loading among polymorphic queens are reflected
in abdomen mass rather than thorax mass variation (e.g.,
KELLER & R0SS 1993a, 1993b).

FoF makes predictions about a variety of phenomena
associated with the brief but critical flight phase. For ex-
ample, we expect queens practicing reproductive strategies
with different nutrient demands (KELLER & PASSERA 1989)
to vary predictably in flight and dispersal ability. Similarly,
we expect male abdomen size and flight ability to vary with
mating strategy (DAVIDSON 1982) and sperm load (FJER-
DINGSTAD & BOOMSMA 1997). Better dispersal ability as-
sociated with low levels of queen abdomen investment
(KELLER & Ro0Ss 1993a, 1993b, YAMAUCHI & OGATA
1995, RUPPELL & HEINZE 1999) may even contribute to a
species' invasiveness. Incorporation of flight into our un-
derstanding of the ant life cycle promises to shed light on
numerous aspects of ant ecology and evolution, including
alternative reproductive strategies, sexual dimorphism,
population dynamics, gene flow and conservation.
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