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Summary

In this study we tested the effect of pollen and nectar
loading on metabolic rate (in mW) and wingbeat
frequency during hovering, and also examined the effect
of pollen loading on wing kinematics and mechanical
power output. Pollen foragers had hovering metabolic
rates approximately 10% higher than nectar foragers,
regardless of the amount of load carried. Pollen foragers
also had a more horizontal body position and higher
inclination of stroke plane than measured previously
for honey bees (probably nectar foragers). Thorax
temperatures ranked pollen > nectar > water foragers,
and higher flight metabolic rate could explain the higher

of variance (ANOVA) design, loaded pollen and nectar
foragers (mean loads 27% and 40% of body mass,
respectively) significantly increased metabolic rate by 6%.
Mean pollen loads of 18% of body mass had no effect on
wingbeat frequency, stroke amplitude, body angle or
inclination of stroke plane, but increased the calculated
mechanical power output by 16-18% (depending on the
method of estimating drag). A rise in lift coefficient as bees
carry loads without increasing wingbeat frequency or
stroke amplitude (and only minimal increases in metabolic
rate) suggests an increased use of unsteady power-
generating mechanisms.

thorax temperature of pollen foragers. Load mass did not
affect hovering metabolic rate or wingbeat frequency in a Key words: flight metabolism, loading, power output,
regression-model experiment. However, using an analysis kinematics, insect, honey befpis mellifera.

wing

Introduction

Many flying insects transport loads that substantially Currently, there is a conflict in the literature regarding
increase body mass. Load carriage requires an increase thre effect of load carriage on flight metabolic rate in honey
induced power, the component of aerodynamic power thdtees. Wolf et al. (1989) found that metabolic rates during
creates lift (Ellington, 1984c). These increases in inducetiovering and slow forward flight were positively correlated
power can be generated by increased wing stroke amplitudejth nectar load, increasing by approximately 40% when
wingbeat frequency and/or the mean lift coefficient averagedarrying loads equal to 75% of body mass. In contrast,
over the stroke, which together require an increase in metaboBBalderrama et al. (1992) and Moffat (2000) found that
rate, assuming constant total efficiency of force production (cinetabolic rates of honey bees were unrelated to load size (for
Lehmann, 2001). In this study we investigate the effect of loatbads up to 30% of body mass), but were linearly related to
carriage on metabolic rates (mW), thorax temperatures, winilpe reward rate of experimental flowers. These authors
kinematics and mechanical power output of flying honey beesuggested that behavioral activation may be a more important
Apis mellifera determinant of flight metabolic rate than increases in power

The loads carried by honey bee foragers range widely améquirements during loading (Balderrama et al., 1992;
can approach their maximal lifting capacity. Honey beedoffat, 2000).
typically carry pollen and nectar loads representing 20% and The prior studies of load-lifting in honey bees have all
35% of body mass, respectively, maximally reaching 80% oéxamined nectar carriage. Flight metabolic rate of honey bees
body mass (Winston, 1987). This load-lifting capacity is whatan be affected by the sugar content of hemolymph and the
would be expected from the ratio of thorax to body mass afrop (Gmeinbauer and Crailsheim, 1993), so it is conceivable
0.4-0.5 (Marden, 1987). that the results of Wolf et al. (1989) were confounded
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by variation in hemolymph sugar levels. However, the Materials and methods
Balderrama et al. (1993) and Moffat (2000) studies can be Animals

criticized because metabolic rates were averaged over periodsrpase experiments were conducted with European honey
including flight and non-flight (during which bees sat and fed,ee Apis mellifera ligusticaSpin. colonies, maintained in the

on nectar). We address this controversy in two ways. First, Wurtyard of the Life Sciences complex at Arizona State
compare loading effects on metabolic rates in pollen ang,;yersity. Colonies were two-story hives, with naturally
nectar foragers. We can directly compare our nectar-loading ;:aq queens. For the thoracic temperature and malate
data to prior studigs. In addition, because pollen foragers. %hydrogenase experiments, bees from a single three-story
not consume their load, there should be no confoundingj e \were studied. For the loading experiments, bees from five

effects of variation in hemolymph sugar levels when.,gnies were used. All experiments were run in spring and
comparing loaded and unloaded pollen foragers. Second, W&mmer.

examine the effect of load carriage on wing kinematics and
calculated mechanical power output in hovering pollenThoracic temperature of pollen, nectar and water foragers in
foragers. In bumblebees, loading causes similar increments in the field
metabolic rate and mechanical power output (Cooper, 1993); We measured thorax temperatures of 512 pollen, nectar and
it seems reasonable that honey bees should show a simil@ater foragers returning to a single hive in the field. After
pattern. measurement of thorax temperature, all the bees were frozen
The type of load carried (pollen or nectar) may also affecfor later measurement of malate dehydrogenase (MDH-1)
the metabolic cost of load carriage during flight. First, pollerphenotype. Testing for these effects within a single colony was
is carried externally on the pollen baskets of the legs, whereggitical as this allowed us to control for variation among
nectar is carried internally in the abdominal honey stomach;olonies.
potentially causing the center of mass of the animal to differ Returning foragers were collected from 07.00 to 09,00
with the two load types. Changes in the center of mass may .00 to 14.0% and 17.00 to 19.00 over 4 days in mid-June.
alter body angles, wing positions and angles of attack, or mashaded air temperatures near the colony entrance were
require correctional changes in the flight movements to prevepis—38°C; all temperatures were measured in shade, though the
such changes in body angle. We measured wing kinematifees had generally just flown in the sun. 24 pollen and non-
patterns in pollen foragers, and compare these to previous dgjgllen foragers were collected during each period using forceps
(Ellington, 1984a,b,c). insulated with styrofoam. We measured their thoracic
Secondly, honey bees tend to specialize on either pollen @mperature within § of capture using a Physitemp MT-29/T
nectar and such specialization is partially genetically basegypodermic needle  microprobe (29 gauge, time
(Calderone and Page, 1989; Robinson and Page, 1989; Fewalhstant=0.025) and a Physitemp BAT-10 thermocouple
and Page, 1993). Flight metabolic rates differ amonghermometer. Shaded ambient temperature was recorded at
genotypic lineages within a colony (Harrison et al., 1996a)30 min periods throughout the sampling period using another
leading to the question of whether genetic differences betwegRermocouple. Bees with visible pollen loads on their legs were
pollen and nectar foragers are also associated with metaboliassified as pollen foragers. To determine whether non-pollen
variation. To partially address this possibility, we tested foforagers were nectar or water foragers, we separated the thorax
genetic differences between our pollen and nectar forageghd abdomen with a razor blade, and removed the crop
using variation in allozymes of malate dehydrogenase-gontents by gently squeezing the abdomen. We determined the
(MDH-1), which has been linked to varation in flight solute concentration of the crop contents with a Fisher hand
metabolism in honey bees (Coehlo and Mitton, 1988; Harrisofefractometer (Santa Clara, CA, USA). We classified bees with
et al., 1996a). crop solute content concentrations of less than 5% as water
Thirdly, variation in metabolic rates between pollen ancforagers. Bees with less thambof liquid in their crops were
nectar foragers could be generated by variation in coolingiscarded. For this and all subsequent experiments, statistical
capacities during flight. Nectar foragers can extrude their crognalysis was performed using SYSTAT version 9, WiB.05
contents for evaporative cooling of the body, while pollenconsidered significant.
foragers lack this option (Heinrich, 1979; Cooper et al., 1985).
Thoracic temperatures affect flight force output and metabolic Effect of load type on malate dehydrogenase-1 variation
rate (Feller and Nachtigall, 1989; Nachtigall et al., 1989; Each bee used in the thorax temperature experiment was
Coelho, 1991; Hrassnigg and Crailsheim, 1999; Harrison antésted for malate dehydrogenase-1 (MDH-1) phenotype using
Fewell, 2002). With our respirometry chambers, we could notellulose acetate electrophoresis (Helena Laboratories
obtain thoracic temperatures quickly enough to ensure that tlsgstem). We crushed the head in L0®f extraction buffer
measured temperature would be similar to that during fligh{B-nicotinamide adenine dinucleotide phosphate and
Therefore, to test for an effect of load type on thermal balanadithiothreitol: 0.13 and 6.Bamoll-1 respectively, 0.00004
in flying honey bees, we compare the thorax temperatures dfiton X-100). We used a discontinuous buffer system;
pollen, nectar and water foragers while returning to the hiveellulose plates were soaked with tris-glycine soaking buffer,
across a range of ambient temperatures. and gels were run on a tris-malate running buffer (Hebert and
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Beaton, 1989). Homogenates were run fom2 at 250V, chamber from above and induce bees to hover in one area.
stained for MDH-1 (Hebert and Beaton, 1989), and scored fdvietabolic rates were only calculated during periods in which
the presence of three possible alleles, which we recorded bses hovered spontaneously with little vertical or horizontal
‘slow’, ‘medium’ or ‘fast’. movement. Because the effort of flight decreases near the
chamber’s edge (Raynor and Thomas, 1991), we also discarded
Effect of loading on hovering metabolic rate and wingbeat data from bees that flew within acn of the chamber wall.
frequency Hovering periods typically lasted 3+in, and all but five of
Experimental design the hovering periods were at leasts4@ length, with the
We collected workers foraging from artificial resourcemajority representing at least Irén of continuous hovering.
stations set up several meters away from the colonies. Th#overing metabolic rates were repeatable within individuals
resource stations consisted of dishes with sponges soaked(itata not shown).
40% sugar solution or with freshly ground pollen. Pollen and
nectar were replenished throughout the day. Bees that arrivédingbeat frequency
at the pollen dish and began to collect pollen were consideredWe recorded wingbeat frequencies onto audio tape during
pollen foragers; those bees landing on the nectar dish amdvering flight in the respirometry chamber using an optical
extending their proboscis for nectar uptake were considergdchometer (constructed at Arizona State University) (Unwin
nectar foragers. and Ellington, 1979). The tape was later analyzed using Sound
In one experiment (designated the Regression experimengditl] on a Macintosh computer by measuring the duration of
load mass varied continuously. We collected 86 bees that hd@-15 wingbeats at five intervals throughout the trial and
spent varying amounts of time on the resource dishes. In thisveraging these intervals.
case, data were analyzed with an analysis of variance Optical tachometers are potentially subject to errors
(ANOVA) design in which behavior (pollerersusnectar load associated with counting the fore and hind wings separately,
type) was considered an independent categorical factor amehd with counting pulses associated with wing tip fluctuations.
total mass (bee + load) was a covariate. In a second experimé&ie were particularly concerned with these possibilities as our
(termed the ANOVA experiment), load mass variedmeasurements of wingbeat frequency substantially exceeded
discontinuously. 20 unloaded foragers were collected as thdliose reported by Ellington (1984a,b,c) for honey bees.
arrived at the resource dishes, and 20 foragers were al3terefore, we induced several honey bees to fly in a glass
collected when they showed signs of departing from theylinder and measured their wingbeat frequency using the
feeding station (preening, retraction of proboscis in nectamptical tachometer while simultaneously recording their
foragers, or fast walking). For this second experiment, dataovering with hi-speed video photography at 36@éness .
were analyzed by a two-way ANOVA, with behavior (pollenUsing NIH Image, we digitized the video and measured the
versusnectar) and loading status (unloadexdsusloaded) as wingbeat frequency by counting the frames required per
categorical factors. Data for these two experiments weraingbeat. The two methods gave identical measurements of
analyzed separately for statistical purposes, but all othevingbeat frequency.
techniques were identical.
Mass measurements
Carbon dioxide emission during hovering After metabolic measurements, we froze bees in liquid
Bees were placed in the respirometry chamber witmmr2  nitrogen and transferred them to a —70°C freezer. We later
of capture from the foraging stations. We measured metabolibawed and weighed them to obtain total mass (bee + load)
rate indirectly using flow-through carbon dioxide respirometryusing a Mettler AE 240 analytical balance (sensitivity
at 24+1°C in a clear lucite cylinder, 5m in diameter and +0.01mg). Pollen loads were removed from the legs and
14cm long. Air free of CQand HO flowed through the weighed. We estimated load mass of nectar foragers by
chamber at 3.70min~1, monitored by an Omega FMA-5613 subtracting the average unloaded bee mass from the total mass
mass flow meter (Stamford, CT, USA). Calculated flowof the loaded bee. For the one bee in which load calculated in
velocity in the chamber was 3:6sL. To obtain C@ and this manner was (slightly) negative, we used a load mass of
H2O-free air, room air flowed through a Balston 75-52 FT-IRzero. We also measured thorax mass (including wings and legs
purge gas generator (Haverhill, MA, USA) and was furthemwithout pollen loads).
scrubbed by a column of Drierite and ascarite just prior to
entering the flight chamber. The excurrent air passed throughRgspiratory exchange rates and calculation of metabolic rates
column of magnesium perchlorate to remove the water vapor Calculation of metabolic rates from @@mission requires
before the C@content was measured with a Licor LI-6252,CO knowledge of the ratio of COproduced to @ consumed
analyzer (Lincoln, NE, USA), interfaced with Sable Systemgrespiratory exchange rate, RER), which depends on the
hardware and software (Las Vegas, NV, USA) and a computesubstrate catabolized. Although reported RERs are generally
To encourage bees to hover in the center of the tube, flighitO for honey bees (Rothe and Nachtigall, 1989), prior studies
trials were conducted in a dark room, and a light (batteryhave not reported whether the bees measured were pollen or
powered steady white light) was used to illuminate thenectar foragers. Potentially, substrate utilization might differ
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among pollen and nectar foragers if they consume antbp of outer edges of this top-view wing blur. The wing blur
metabolize part of the loads they carry. Therefore, wean also be seen in the side view and inclination of stroke plane
measured the RERs of ten flying pollen and nectar foragermas measured as the angle between this side-view wing blur
using closed system respirometry. and true horizontal (90to a suspended, weighted string in
We collected loaded pollen and nectar foragers fronthe viewing frame). By convention (Dudley, 1995), positive
resource dishes and placed them in ariDBrlenmeyer flask. inclinations of stroke planes correspond to angles above
After adding the bee, the flask was flushed famid with air ~ horizontal. A line parallel to the body axis was drawn and the
lacking CQ and water. The flask was then sealed, and the besmgle between this line and true horizontal was used as the
was mildly agitated to fly for 1tin at 24.7+0.1°C. We only body angle; by convention, positive body angles correspond to
analyzed data from bees that flew for at leasth@rbduring  angles below horizontal.
the 1C0min trial. We extracted a 6@l gas sample from the  Wings were removed from filmed bees and weighed to
flask via a septum. The gas sample was then injected into w&ithin 0.1pg using a Cahn C-31 microbalance (Cerritos, CA,
stream of dry, C®free air and drawn sequentially through aUSA) after rehydration for 28 by placing wings in a chamber
magnesium perchlorate column (to remove water), the CQOwith water-saturated air. Wing area and length was determined
analyzer (Anarad AR-411, Santa Barbara, CA, USA), amy filming one pair of wings for each bee and analyzing images
ascarite column (to remove @O the oxygen analyzer using NIH Image.
(Ametek S-3A, Pittsburg, PA, USA) and an Ametek R-1 flow We calculated mean lift coefficients averaged over the
controller. Output of the C£and @ analyzers was digitized stroke and power output for the filmed bees at the beginning
and analyzed with Sable Systems Datacan V hardware amging Ellington’s model (1984a,b,c) by substituting our
software. The RER was calculated as the ratio of the volummorphological and kinematic parameters into a Matlab
of COz emitted relative to the volume of,@onsumed. program, written by Lance Tammero and Erica Feuerbacher
(University of California, Berkeley, USA). The wingbeat
Effect of pollen loading on wing kinematics and mechanical frequency, stroke amplitude, body angle and body mass were
power output all substituted directly into the model. Power outppisflight
Honey bees have a pattern of periodic stationary hoveringiuscle were calculated, assuming that muscle mass constitutes
while collecting pollen. We induced pollen foragers to exhibit75% of the thorax mass (Heinrich, 1980). We calculated aspect
this stationary hovering by luring them to collect pollen off aratio ARusing the formula B2S-1 (Ellington, 1984a), wherk
spoon. During the foraging interval, pollen foragers exhibiteds wing length an&is the surface area of one set of wings (i.e.
virtually perfect hovering, only briefly darting to the spoon toright wings or left wings). Wing moments were obtained from
collect 1-2mg of pollen before hovering again while they averages for honey bees reported by Ellington (1984a).
packed the pollen onto their pollen baskets. Bees repeated theaditionally, profile power outputs during insect flight have
foraging—packing cycle 10-15 times until fully loaded, atbeen calculated assuming that dragke?P, where Re is
which point we captured them with forceps. The spoon waReynold’'s number (Ellington, 1984a,b,c); we term this the E
positioned within a filming stage, which consisted of aDrag Estimate. Recently, much higher estimates of drag and
Panasonic VHS video recorder (Los Angeles, CA, USA)profile power have been made for insect flightDhesophila
simultaneously filming the top and side views of the bee usinmelanogastethe lift to drag ratio=0.55 (Sane and Dickinson,
a mirror positioned at a 45° angle to horizontal. After capture2001), so we also calculated profile power assuming this ratio
we froze the bees in liquid nitrogen and later weighed theiapplies to honey bees, which we term the SD Drag Estimate.
pollen loads and bodies. In this case, thorax mass was
measured after removing both pairs of wings and all of the legs.
The wingbeat frequency of individual foragers were
measured from the moment of arrival until the bee showed
signs of departure, using an optical tachometer recording onfdoracic temperature
the videotape. Then wingbeat frequency was analyzedsat 5 Thorax temperature increased with air temperature, and load
intervals throughout the loading trial using Sound Edit type significantly affected the relationship between thorax
We used these data to calculate the mechanical power outggamperature and air temperature (TableLoad type had small
for 17 pollen foragers hovering in the unloaded and maximallgffects on the slopes and intercepts for regression lines relating
loaded state. Wingbeat frequencies were averaged for thré®rax temperature to air temperature (TdhleHowever, for
different sequences at the beginning and at the end of the triall three paired comparisons among load types, there was a
Videotape images were analyzed by capturing an image ®ignificant interaction between air temperature and load type
Apple Video recorder and importing into NIH Image whereeffects on thorax temperature (general linear model; nectar and
stroke amplitude, inclination of stroke plane, and body angleollen foragersE=21.2, d.f.=1, 420R<0.001; nectar and water
were measured (defined as in Dudley, 1995). The horizontébragers: F=20.6, d.f.=1, 259,P<0.001; pollen and water
movement of the wings can be observed as a blur wheforagers:F=114, d.f.=1, 342P<0.001). The predicted thorax
viewing the hovering bee from the top. Stroke amplitude watemperature of pollen foragers was approximately 0.6°C higher
measured as the angle between two lines drawn parallel to ttiean nectar foragers at 24°C air temperature, rising to 0.8°C

Results
Effects of load type (pollen versus nectar)
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Table 1.Linear regressions relating thorax temperature to air not the Regression experiment (R2g.Table2, 3). Pollen and
temperature for nectar, pollen and water foragers nectar foragers did not differ significantly in head width (pollen
foragers: 3.76+£0.01%,m; nectar foragers 3.77+0.018test,

Load type Intercept Slope F d.f. P
Table2). There was also a tendency for nectar foragers to carry
Eeﬁtar gggf(l)'ggo 8-2%8-8‘2‘8 igg i ;g? <8-881 heavier loads (Fig, Table3, significant Behavietoad status
ollen .0x0. 44%0. <0. H : ;
' interaction effect). There was evidence that larger bees carr
Water 26.5:1.35 0.41:0.040 99 1,90  <0.001 ) g y

heavier loads, as total mass significantly (positively) affected

values are meansseM. thorax mass and head width (TaB)e

The response of thqrax temperature to air temperatgre _d_iffered f light metabolism
all pairwise comparisons between load types (significant ai
temperaturex load type interaction term in linear regression Pollen and nectar foragers did not significantly differ
analyses, see text for details). in respiratory quotient (RQ) values (pollen foragers,
RQ=1.00+0.014,N=10; nectar foragers, RQ=1.01+0.025,
N=10; t-test,t=0.781,P=0.40), suggesting that both pollen and
higher at 38°C. Predicted thorax temperatures for waterectar foragers utilize only carbohydrate for catabolism during
foragers were 0.7°C below nectar foragers at 24°C air
temperature and 0.9°C lower at 38°C.

A Regression experiment
Malate dehydrogenase phenotype mmmm Total mass
Bees carrying different types of load had different MDH-1 == Thorax mass
. . L 100, === Load mass
phenotypes (Figl). MDH-1 phenotype differed significantly
between nectar and pollen foragegstést: G=57.2,P<0.001),
between nectar and water forage3=6.4, P<0.05), and 80 1
between pollen and water forage&-@7.4,P<0.001).
_ © 601
Body and load sizes -~
Mean body mass of unloaded bees was approximate g 40
73mg (Fig.2). Mean pollen loads were 24% and 27% of
unloaded body mass in the regression and ANOV/ 2.
experiments, respectively. Mean nectar loads were 32% al
40% of unloaded body mass in the two experiments #&ig.
Some nectar loads nearly equalled mean bee mass (the larc 0-
load was 70ng). Pollen foragers Nectar foragers
There was some inconsistent evidence that pollen foragers ¢ .
smaller than nectar foragers. Pollen foragers had significant B ANOVA experiment
smaller thoracic mass than nectar foragers in the ANOVA bt mmmm Total mass, unloaded
—= Tota mass, |oaded
=== Thorax mass, unloaded
100 - —— Thorax mass, |loaded I
— R— YA 1001  mm |oad mass
TS 80 == %MF E
o g == %MM 801
& 2 60 - =5
o QO jop)
s E 60
28 401 8
27 = 40
3 g 20 -
20
o i
Pollen Nectar Wate 0 | | |
Load type Pollen foragers Nectar foragers

Fig.1l. Stack graph showing the cumulative content (%) of therig.2. Average total (bee + load) mass, thorax mass, and load mass
foragers of each type being scored as FF (2 fast alleles), MF @f pollen (N=37) and nectarN=49) foragers in the Regression
medium, 1 fast allele) or MM (2 medium alleles) for malate experiment (A) and in the ANOVA experiment (RB=10 for each
dehydrogenase-1 phenotype. All pair-wise comparisons betwednrager type-status classification). In this and all subsequent figures,
load types were significanB(tests). F, fast; M, medium. values are meansste.M.
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Table 2. Fvalues for the Regression experiment, in which Table 3. Fvalues for the ANOVA experiment, in which
behavior (pollerversusnectar load type) was considered a behavior (pollerversusnectar) and load status (unloaded
categorical factor and total mass a covariate versudoaded) were considered categorical factors in a
Variable Behavior Total mass N two-way ANOVA
Metabolic rate (mW) 12.9%% 2.00 86 _ _ BehaviorLoad
Thorax mass (mg) 232 5 56* 86 Variable Behavior Load status  status interaction
Head width (mm) 0.02 6.06* 75 Metabolic rate (mMW)  14.89*** 5.60* 0.01
Wingbeat frequency (Hz) 0.13 0.19 75 Thorax mass (mg) 6.42* 1.39 0.01
Load (mg) 2.54 69.85** 86 Total mass (mg) 1.12 27.80%** 5.29*

Load (mg) 1.09 27.63%% 5.35*
**x P<0.001; *P<0.01; *P<0.05.

** P<0.001; **P<0.01; *P<0.05.
N=40 for all variables.

flight. Therefore, we converted GOemission rates to
metabolic rates (in mW) assuming 214l COy;1 (Gordon,
1982). Effects of load mass

Pollen foragers had higher metabolic rates than nectdrlight metabolism
foragers. In the Regression experiment, pollen foragers had aThere was no significant effect of load mass on metabolic
significantly higher metabolic rate per bee than nectar foragerate in the Regression experiment for either pollen or nectar
(averaging across all loads; pollen foragers: 60.550W9  foragers (Fig3, Table2). However, metabolic rates
nectar foragers: 56.5+0.86W, ANOVA, Fig.3, Table2).  significantly increased in loaded foragers by 6% in the
Similarly, in the ANOVA experiment, unloaded pollen ANOVA experiment for both pollen and nectar foragers
foragers had a metabolic rate approximately 10% higher thaig. 4, Table3).
unloaded nectar foragers (F#.Table3). Load status (loaded
versusunloaded) did not affect the difference in hoveringWingbeat frequencies
metabolic rates between pollen and nectar foragers 4Fig. In the Regression experiment, wingbeat frequencies did not

Table3; no significant behavisload status interaction). significantly vary with total mass in either pollen or nectar
_ _ foragers (FighA, Table2). The wingbeat frequency decreased
Wingbeat frequencies significantly with increasing thorax mass in both pollen and

Average wingbeat frequencies did not differ significantlynectar foragers (FigB).
between pollen and nectar foragers (Regression experiment,During the mechanical power output measurements, bees
averaging across all loads; 234+H5 and 233+1.Hz, varied in the amount of time they spent loading (averages146
respectively; FighA, Table2). range 83—-278) and so we examined how wingbeat frequencies
changed as a function of the percentage of total flight time at
the resource station. Mean final pollen load size in this study
e Nectar forages was 13.2+1.39ng (18% of mean body mashi=19), range

80 1 ©  Pollenforagas 5.2-26.4mg (6-35% of mean unloaded body mass). The mean
g [ ]
© 40 . ° 70, == Pollenforagers
~ 0go —= Nectar foragers
\%./ d O‘ .QOOO O. ¢ PY [ ] éh?
L 601 o0t Eo e . 8
o oo o % ° 2 659
IS) ° © o °© %% e ° E
3 ®e 0,° s o
@ 50 - b P ) [ ] L] ] §
= ° =

° o % 60
40 : . . - g
60 80 100 120 140
Total mass (bee + load) (mg) 55 .

. . . ) . Unloaded Loaded
Fig. 3. Metabolic rates during hovering of pollen (open circles) anc.

nectar (filled circles) foragers (Regression experimeetyustotal Fig. 4. Metabolic rates during hovering of loaded and unloaded
mass (bee + load). Pollen foragers had significantly higher totiqollen and nectar foragers from the ANOVA experiment. Both
metabolic rates than nectar foragers, but there was no significabehavior (pollenversusnectar) and load status (unloadeersus
effect of total mass on metabolic rate (see Tahle loaded) affected hovering metabolic rate (see Taple
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A . 275
260+ °
T ) N
‘I; e > ° L 2704
e * Lo ° >
§ 240+ '08 ° ° 5
®_o!
g o VBRgS o . 5 265/
B K 'og@c& . ° ° =
(5] 0 ®
2 220 o oe E
= ° £ 260
[e] — 4
= . s
200 . . . . . s
40 60 80 100 120 140 160 255
Total mass (bee + load) (mg) 0 20 40 60 80 100
Time spent loading (%)
o Nectar forages
B o Pollen forages Fig. 6. The effect of time (which is correlated with load amount) at
° . the resource station on average wingbeat frequency for bees during
< 260 1 the mechanical power output measurements. The increase in time
sy ° o © d o e represents a change from near zero to near-maximal pollen load.
> o 0% R Wingbeat frequency did not significantly change with time (linear
& 2401 regressionN=24, P>0.05).
g
k=]
8
S 201 140 -
£
= ° ° 120+ = = Unloaded
[ ]
200 ' ' ' ' ' 100- —= Loaded
25 30 35 40 45 50 o
o 80+
Thorax mass (mg) ?3’
Fig.5. (A) The relationship between wingbeat frequency (wingbea o 604
frequency) and total mass (bee + load, in mg) in pollen (open circle: 40 1
and nectar (filled circles) foragers hovering in the Regressio
experiment. There was no significant effect of behavior or total mas 20 -
on wingbeat frequency (see TaBle (B) wingbeat frequencyersus . ﬂ
thorax mass in Regression experiment. For pollen foragers (sol 0 T T T
line): wingbeat frequency=269-0.96 (thorax mas)).124,N=37, Stroke  Inclination  Body angle
P=0.035; for nectar foragers (broken line): wingbeat amplitude  of stroke
frequency=276-1.12 (thorax mass}70.130, N=49, P=0.025. The plane
slopes differed significantly (analysis of covarianBez = 3.56,  Fig. 7. Stroke amplitude, inclination of stroke plane and body angle
P=0.020). of unloaded and loaded (mean load=18% of body mass) pollen

foragers. There were no significant differences between unloaded
) _ o o and loaded animals-{ests N=17,P>0.05).
wingbeat frequency did not vary significantly with time spent

loading (Fig.6, regressior2>0.05), nor did it vary significantly

during pollen loading for 19 of 24 pollen foragers tested (lineathose carrying their maximal load before capture (Figaired
regressions on the data for individuals). Of the five that did-tests; stroke amplitud@=0.29,P>0.75; inclination of stroke
show significant changes in wingbeat frequency, four haglane: T=1.48, P>0.15; body angleT=0.59, P>0.50). Mean
significantly lower wingbeat frequencies with increasing loadstroke amplitude was 118+2.4°, mean inclination of stroke
size. Mean wingbeat frequencies of pollen foragers were highetane was 31+1.3°, and mean body angle was 14+0.8°. The
in the field (during the mechanical power output measurementg)ean final pollen load for the 17 bees successfully filmed for
than in the respirometry chamber (268.0+23 and these parameters was 14.1+0088, 19% of the mean
233.3+1.24Hz, respectively; ANOVAF=134.2,P<0.0001). unloaded body mass of foragers.

Stroke amplitude and angles of the wing and body Mechanical power output

Stroke amplitude, inclination of stroke plane and body angle Induced power (power used to generate lift) significantly
did not differ significantly between bees with zero load andncreased from the unloaded to the loaded state, regardless of
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Table 4.Components of flight muscle mass-specific rate, andjuite similar to the 18% increase in body mass due to loading

coefficients of drag, mean lift coefficients and efficiencies forthat these bees experienced. The lift coefficient (lift per wing
loaded and unloaded pollen foragers in hovering flight ~ stroke) also increased significantly from unloaded to loaded

status (18% increasetest, T=4.1,P=0.002), regardless of the

Variable Unloaded Loaded A X .
manner in which drag was estimated.
Induced power 71£2.1 94+£3.5 We calculated efficiency (power output/power input) for
Coefficient of drag unloaded and loaded pollen foragers since the body masses and
using E estimate 0.17+0.002 0.17+0.002 maximal loads were similar during the ANOVA experiment
using SD drag estimate 1.27+0.048 1.47+0.041* and the power output measurements (TdhleEfficiencies
Profile power were threefold higher when calculated using the SD drag
using E drag estimate 42427 38+1.8 estimates, and tended to be higher for loaded bees. However,
using SD drag estimate 289+10.7 323+11.9* we could not test these trends statistically as the power outputs
Inertial power 510.7+25.5 2964227 and metabolic rates were measured on different bees.
Total power
using E drag estimate 112+2.8 132+3.9* Discussion
using SD drag estimate 361113 alrx1s.er We found two surprising, but clear, results in this study.
Lift coefficient 0.68+0.028 0.80+0.023* First, pollen foragers have higher hovering metabolic rates than
Metabolic rate 2680 2849* nectar foragers, regardless of loading status. Second, loading
. increased the mechanical power output required to fly by a
Efficiency . fraction similar to the increase in total mass, yet honey bees
using E drag estimate 0.042 0.046 . ! y . y
using SD drag estimate 0.135 0.146 were able to carry these loads without any increase in wingbeat

frequency or wing stroke amplitude, and with relatively small

Power and metabolic rate, WHglight muscle; other parameters increases in metabolic rate.
are unitless.

Mean lift coefficients are averaged over upstroke+downstroke. Effects of load type (pollen versus nectar foragers)

Power output parameters were calculated using Ellington’s power Pollen foragers had metabolic rates during hovering that
model (Ellington, 1984b; E drag estimate) or assuming that the dragveraged 10% greater than nectar foragers FigsTable,
to lift ratio equals 0.55 (Sane and Dickinson, 2001; SD drag). Differences in flight metabolic rates between pollen and
estimate). _ nectar foragers were similar whether loaded or unloaded bees

*A significant difference between the unloaded and loaded stateSare compared (Figl, Table3). Thus, the higher hovering
(t-test,P<0.05,N=17). metabolic rates of pollen foragers cannot be explained by

biomechanical effects of the load type such as differences in
drag or center of mass.

which estimate of drag we used (Ta#)e The Reynold's These metabolic differences may reflect physiological or
number Re for the wings was calculated as 1669+38.9 forbehavioral plasticity. For example, pollen foragers might be
unloaded bees and 1664+37.3 for loaded bees. The coefficiembre behaviorally activated (excited or motivated) by their
of drag and the profile power (power used to overcome dragsource than nectar foragers. In support of this hypothesis,
on the wing) did not significantly differ between loading statesovering metabolic rate is correlated with sugar reward rate in
using the E drag estimate (Talle Using the SD drag honey bees (Moffat, 2000). Pollen may be considered a more
estimate, the coefficient of drag is proportional to therewarding resource by these bees.
coefficient of lift, so both the coefficient of drag and profile The metabolic differences between pollen and nectar
power significantly increased when calculated using the SEbragers could also be due to genetically based variation in
drag estimate (TabK). In neither case did inertial power muscle, wing morphology or neuroendocrine properties which
(power used to accelerate and decelerate the wing8)fluence hovering metabolism and/or wing kinematics. This
significantly increase with loading state. Estimates of profilgossibility is supported by the differences we found in malate
power and total power were approximately threefold greateidehydrogenase phenotype, and the many papers which have
when we used the SD drag estimate compared to when thedBcumented genetic effects on foraging behavior in honey bees
estimate of drag was used (Ta#l)e The substantial disparity (Calderone and Page, 1988; Robinson and Page, 1989; Fewell
between these two methods for calculating profile and totalnd Page, 1993).
power illustrates the need for further research in this area. Bees specializing on polleversusnectar collection might

Total power was calculated assuming perfect elastic storagise different wing kinematics; such differences could be
of inertial power, an assumption generally considered to bgenetically based or due to phenotypic plasticity. The only
nearest to reality (Dickinson and Lighton, 1995). Total powekinematic parameter that we measured for both pollen and
increased significantly by 16-17% regardless of the method ofectar foragers was wingbeat frequency, and the mean wingbeat
estimated drag and profile power (Tad)e This increase is frequency did not differ between pollen or nectar foragers.
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However, comparison of our data for pollen foragers with theossible evolutionary hypothesis for the higher flight metabolic
data reported for honey bees by Ellington (1984b) suggests thattes in pollen foragers: since pollen foraging is more likely to
pollen foragers may fly with their abdomens much nearer to theccur at cooler morning air temperatures (J. Fewell, personal
horizontal plane, and with a more inclined stroke plane thanbservations), pollen foragers may possess higher flight
nectar foragers. The bees studied by Ellington were probabiypetabolic rates to aid thermoregulation during flight.
nectar foragers, as these are the most common type of forager.
In our study, pollen foragers had a mean inclination of stroke Effects of load mass
plane of 31°, compared to a mean inclination of stroke plane of Load mass appears to increase flight metabolic rate, but only
11° in the Ellington study, while our pollen foragers had bodyslightly. Loaded pollen and nectar foragers had significantly
angles of 14° compared to 56° in the Ellington study. Note thatigher metabolic rates than unloaded pollen and nectar foragers
the absolute angles between the wing and body were identidalthe ANOVA experiment (Figd, Table3), but the increase
(45°) in both studies, indicating that the pollen foragers in thign metabolism (6%) was small compared to the 27% (pollen)
study are simply rotated forward along the pitch axis relative tand 40% (nectar) increases in body mass. We found no effect
the bees studied by Ellington. Perhaps a more horizontal boay load on metabolic rates in the Regression experiment
angle facilitates the packing of pollen into the corbicula. A moréFig. 3, Table2). Itis likely that this second result simply stems
inclined stroke plane directs less of the lift generating aifrom the fact that the effect of load on metabolic rate was so
vortices vertically downward, such that less lift is generated fosmall that it was obscured by individual variation; in other
the same power output. Thus, the higher metabolic rates durimgords, the regression experiment lacked sufficient statistical
hovering of pollen foragers could be due to pollen foragerpower despite reasonably large sample si2és86). The
requiring more power output to generate the same vertical liftoefficients of variation for hovering metabolic rate were 7.9%
as nectar foragers. and 10.6% for pollen and nectar foragers, respectively, in the
There was also some evidence that pollen foragers had smalRegression experiment, both of which were greater than the
thoraxes than nectar foragers; since mass-specific metabotbange in metabolic rate with load of 6% observed in the
rates tend to decrease with size, these mass differences coANOVA experiment.
contribute to the differences in metabolic rates between pollen Thus our results are intermediate between those of Wolf et
and nectar foragers. However, unloaded body mass and head (1989) who reported a stronger effect of loading on
width did not differ between pollen and nectar foragersmetabolic rate and those of Balderrama et al. (1992) and
(Tables2, 3), and thorax mass was not correlated with flighiMoffat (2000), who reported no effect of load on flight
metabolic rate (Pearson teBt0.05), all of which suggest that metabolism. The regression equations provided by Wolf et al.
body size differences are unlikely to explain the differences iK1989) predict that the mean loads observed in our ANOVA
flight metabolism between pollen and nectar foragers. Wingbeakperiment would lead to an increase in mean metabolic rates
frequency of both pollen and nectar foragers were negativelyf 25% for nectar foragers and 14% for pollen foragers. The
correlated with thorax mass (FBB), but wingbeat frequency comparison of the results of our Regression experiment (no
was not correlated with metabolic rate (Pearson e€1,05).  effect of load) with the results of Wolf et al. (1989) is quite
Wingbeat frequency and body mass are also negativeltriking, since some of the bees in the Regression experiment
correlated in euglossine bees (Casey et al., 1985). carried loads as great as the maximum carried in the study by
Differences in the thoracic temperatures of free-flying polleWolf et al. (1989), while having metabolic rates similar to
and nectar foragers appear to be at least partially mediated bgloaded bees (Fi§). One possible explanation for the
differences in flight metabolic rates. As in the study of Coopedifferences between our results and those of Wolf et al. is that
et al. (1985), pollen foragers had significantly higher thoracitheir data were based primarily on repeated measures of
temperatures than nectar foragers. We also found that watedividuals after consuming different amounts of nectar, while
foragers had the coolest thoracic temperatures. Nectar foragensr data were based on measures of different individuals who
extrude a droplet of nectar from their crops into theircarried different masses of nectar or pollen. In other words,
mouthparts during flight at high temperatures to evaporativelinter-individual variation may have obscured the loading effect
cool (Heinrich, 1979; Cooper et al., 1985). Thus, the observed our study. Arguing against this possibility is the observation
differences in thoracic temperature among pollen, nectar arttlat wing kinematic variables did not differ with loading, even
water foragers could be due variation in the ability of foragersvithin individuals (Figss—7).
to evaporatively cool themselves, as nectar and water foragersAn alternative possibility is that the difference between these
may have greater liquid crop content. Another possiblestudies reflects the different air temperatures used during the
explanation for higher body temperatures in pollen foragers isetabolic measurements (Wolf et al., 1989, 32°C; this study,
that pollen may add drag during forward flight, slowing forward24°C). The major difference between our results and those of
speed and convective cooling. However, if heat loss rates avgolf et al. (1989) are the metabolic rates measured for
similar for nectar and pollen foragers, the 5% difference iunloaded bees. Our unloaded nectar foragers had metabolic
thorax and air temperatures (at 24°C) between pollen and nectates 36% higher (5Versus42 mw bee?) than hovering bees
foragers (Tabld) can be completely accounted for by thein Wolf et al. (1989), while our maximally loaded nectar
greater metabolic rates of pollen foragers. This suggests anotleragers had metabolic rates virtually identical to those of Wolf
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et al. Unloaded hovering honey bees have lower metaboliaclination of stroke plane? In loaded individuals, the mean lift
rates and wingbeat frequencies at higher air temperaturexefficient averaged over the stroke significantly increased by
which aids in stabilization of thoracic temperature (Harrison ean amount similar to the increase in induced power within
al., 1996a,b; Roberts and Harrison, 1999). Perhaps unloadedlividuals (Tablet). The rise in mean lift coefficient averaged
bees hovering in cooler air (as in this study) are generatingver the stroke is likely to have occurred due to increased use
excess power and heat (relative to that required to hover) fof unsteady power generation mechanisms such as have been
thermoregulatory purposes, but are using steering mechanismesmonstrated fdvilanduca sextandDrosophila melanogaster
to maintain position. Bees flying in cool air could then use thigEllington et al., 1996; Dickinson et al., 1999). The hypothesis
excess power to carry loads without increasing metabolic ratéhat the hovering pollen foragers utilize such aerodynamic
thereby apparently increasing efficiency. In contrast, beesechanisms is also supported by the extraordinary body and
flying at warmer air temperatures (as in the Wolf et al., 198clination of stroke planes of hovering pollen foragers. Only
study) may reduce metabolic heat production and power outptiie hoverfly has been reported to fly with such an inclined
toward the minimum required for bees to hover (approximatelgtroke plane (Ellington, 1984c). Hoverflies utilize variable and
0.3W g1, Nachtigall, 1989; Harrison and Fewell, 2002), andcomplex wing movements whose aerodynamic and energetic
thus must increase their power output and metabolism in ordeonsequences remains unclear (Ellington, 1984c). Pollen
to carry loads. This hypothesis could be tested by examininigragers ofApis melliferashould provide an easily available
the interactive effects of load mass and air temperature and tractable model for future studies of the aerodynamics of
hovering metabolic rate and wing kinematics. hovering flight at high stroke planes.

In the filmed pollen foragers, total power output significantly
increased by 16-18% (depending on the drag estimate used)Robert Dudley graciously shared with us his spreadsheet
correlating well with the 18% increase in body mass of loadetbr calculating power output from kinematic variables and
foragers (Tabld). This increase in total power output for loadedwing morphology. Michael Dickinson provided the hi-speed
foragers is greater than the 6% increase in metabolic rateideo for measurements of wingbeat frequencies. Michael
suggesting an increase in muscle efficiency (poweDickinson and Sanjay Sane provided us with useful insights
output/power input) during loading. Increases in efficiency withnto power requirements of flight and made their data
loading have also been reported for bumblebees (Cooper, 1998yailable to us in order to choose an accurate estimate of drag.

Honey bees were able to generate this increased mechani¢é are forever in the debt of Lance Tammero and thank
power output without any detectable changes in wing kinematidSlennis Julian and Jaime Seddon for additional help in data
(Figs5—7). Long-eared bats increased their wingbeat frequenapllection. One anonymous reviewer, Kirk Anderson, Kendra
and stroke amplitude with increasing load (Rayner and Thoma§reenlee, Scott Kirkton, Robert Johnson and Wendy
1991). However, in honey bees, wingbeat frequency of loadedarussich made useful comments on the manuscript. This
foragers flying in the metabolic chamber remained constant wittesearch was supported by the National Science Foundation
increasing load size. These laboratory data were corroborated thyough a grant to Ecology Research Experience for
the data from the power output measurements in which pollddndergraduates, and by the Howard Hughes Medical
foragers in the field did not increase their wingbeat frequencinstitute, and by NSF 0093410 to J.H.F. and J.F.H.
while loading. The consistency in the laboratory and field studies
indicates that loaded foragers in the respirometry chamber did
not preferentially utilize air currents near the chamber wall References
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