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Summary. Crop-filling by honeybees foraging at 
sources of  variable nectar flow at a fixed distance 
from the hive has been shown to maximize energet- 
ic efficiency, defined as ratio of  energy gained to 
energy spent. Predictions based on maximisation 
of rate of energy gain, defined as net energy gained 
per unit time foraging, are significantly different 
from observed behaviour (Schmid-Hempel et al. 
1985). In this paper we consider the effect of  vary- 
ing travel times in addition to flow rate. The pre- 
dictions of an extended version of our theoretical 
model are confronted with experimental results ob- 
tained by Nflfiez (1982). Nflfiez found that bees 
filled their crops more fully for higher flows and 
longer travel times. We show that when the cost 
of  carrying a load is considered, this trend can 
be predicted by maximising either energetic effi- 
ciency or net rate of gain. Figure 1 shows, however, 
that maximisation of net rate of  gain can only pro- 
duce an acceptable quantitative fit if unreasonably 
high costs are assumed to result from carrying the 
load. Energetic efficiency instead generates a good 
quantitative fit for acceptable assumptions about 
this cost (Fig. 2). 

Introduction 

Optimality accounts of behavioural patterns are 
often too specific. Models are formulated so as 
to fit a given environment (Kacelnik and Cuthill 
in press), natural or experimental, seldom having 
the ability to make precise quantitative predictions 
beyond that environment. The serious consequence 
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of this limitation is that results are not commonly 
replicated. In this paper we test the performance 
of a model of  crop-filling in honeybees (Apis melli- 
fera) developed in one environment (Schmid-Hem- 
pel et al. 1985) when compared with data collected 
in a different situation. The logic of the original 
model is maintained, but its mathematical formu- 
lation is modified to make it applicable to a differ- 
ent set of  results. 

We reported elsewhere (Schmid-Hempel et al. 
1985) on crop-filling by bees foraging in a food 
source at a fixed distance from the hive (30 m) 
and providing a range of inter-flower times ap- 
pros equivMent to sucrose flows of 0.6 to 
2.4 mg/min at the source. The results were consis- 
tent with the maximisation of  the ratio of  energy 
gained per unit of  energy spent. This currency is 
usually named ~ energetic efficiency". The model 
used to formulate the  predictions considered the 
energetic cost of  transporting the load in the short 
flights between flowers while the bee was in the 
inflorescence (patch), and the cost of  carrying the 
load back to the hive. Both costs were assumed 
to be proportional to the load, resulting in optimal 
loads that were for some inter-flower-times less 
than full crops. The effects of  load on flight veloci- 
ty were not included, and the model was solved 
by numerical iteration on the number of florets 
visited. 

As an alternative possible currency, we tested 
the predictions of  a model based on maximisation 
of energy delivered to the hive per unit time (deliv- 
ery rate). The qualitative trends predicted by this 
model were similar to those obtained when the effi- 
ciency currency was used, but the results did not 
agree quantitatively with the observations. Why 
should honey bees maximise energetic efficiency 
instead of  rate of  energy delivered per unit of  time ? 
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W e  argued  tha t  this pol icy migh t  be f avoured  be- 
cause o f  a c o m b i n a t i o n  o f  e lements  in the bees '  
l ife-history. Firstly,  individual  workers  seem to be 
cons t ra ined  by  a l imited flight budge t  (Neuk i rch  
1982) so tha t  by  maximis ing  delivery per  uni t  o f  
expendi ture  they m a y  in fact  be maximis ing  the 
to ta l  a m o u n t  o f  nectar  del ivered dur ing the life 
o f  each  worker .  Secondly,  and  consider ing n o w  
the interest  o f  the hive as a reproduc t ive  unit,  the 
convers ion  o f  sugar  into workers  m a y  be l imited 
by  a n u m b e r  o f  addi t iona l  factors ,  result ing in 
m o r e  drones  and  queens being p r o d u c e d  in a sea- 
son if  worke r s  max imise  forag ing  p e r f o r m a n c e  per  
individual  t han  if  individuals  achieve greater  deliv- 
ery rates  a t  the expense o f  shor ter  lives. This  ra t io-  
nale was pos t -hoc ,  and  subject  to the possibi l i ty 
tha t  its val idi ty  is l imited to cer ta in  si tuations.  We  
reasoned  tha t  the s t rength  o f  the a r g u m e n t  wou ld  
be increased if  the mode l  was m a d e  m o r e  general  
and  if  it was  accura te  in predic t ing behav iou r  in 
different  c i rcumstances .  In  par t icular ,  ou r  experi-  
ments  did no t  explore  the effects o f  bo th  flying 
distance and  nec tar  concen t ra t ion ,  b o t h  i m p o r t a n t  
env i ronmen ta l  var iables  for  which the mode l  can  
m a k e  specific predict ions.  A m o n g  var ious  previous  
studies o f  c rop  filling in h y m e n o p t e r a  in re la t ion 
to env i ronmen ta l  var iables  the e x p e r i m e n t  re- 
po r t ed  by  Nfifiez (1982) offered an  ideal oppo r tu -  
nity to test  the predic t ions  o f  our  model ,  as it was  
conduc ted  in the species for  which the mode l  was  
deve loped  and  for  which  physiological  p a r a m e t e r s  
are best  known.  The  same theoret ical  f r a m e w o r k  
can be used to explore  o ther  cases o f  par t ia l  c rop  
filling in social h y m e n o p t e r a  (viz P f l u m m  1971) 
but  in this pape r  we restr ict  ourselves to the analy-  
sis o f  honeybees .  

Nfifiez (1982) m e a s u r e d  the p a t c h  residence 
t ime o f  bees collecting nectar  f r o m  an artificial 
f ood  source.  In  addi t ion  to vary ing  the nec tar  flow, 
he var ied  the dis tance between the source  and  the 
hive, using values m u c h  closer to na tu ra l  environ-  
ments  t han  those used by  S c h m i d - H e m p e l  et al. 
(1985) (see Visscher  and  Seeley 1982). 

Qual i ta t ively,  Nfifiez found  tha t  the bees filled 
their  crops  m o r e  fully when  the nec tar  f low was 
higher and  when  the t ravel  t ime was longer.  The  
cor re la t ion  be tween load  and  t ravel  t ime is a com-  
m o n  finding in central  place forag ing  (see Kace ln ik  
and  H o u s t o n  1984 and  Kace ln ik  and  Cuthil l  1986). 
I t  is s o m e w h a t  surpris ing here because  the f low 
o f  nectar  in this exper iment  did no t  decrease wi th  
t ime in the patch ,  i.e., Nfifiez (and also Schmid-  
H e m p e l  et al.) used non-deple t ing  patches.  Also,  
the results could not  be expla ined in te rms  o f  a 
rigid decision rule based  on  overal l  f ood  availabil i-  

ty because  while higher flows increased overal l  ra te  
of  gain, longer  t ravels  descreased it, and  yet  b o t h  
t r ea tments  resulted in bigger loads.  Nfifiez called 
a t t en t ion  to the bees '  need to exchange  in fo rma-  
t ion, which  results in a cer ta in  cost  o f  long ab-  
sences f r o m  the hive, and  suggested how this m a y  
accoun t  for  the observed  qual i ta t ive trends.  W e  
find his a rgumen t s  plausible,  bu t  we a im at  show- 
ing tha t  a purely  energetic  mode l  tha t  ignores  in- 
f o r m a t i o n  exchange can  p roduce  accura te  quant i -  
ta t ive predict ions.  

Model developments 

If Nfifiez' bees were maximizing efficiency, it ought to be possi- 
ble to formulate a model based on the same principles as that 
of Schmid-Hempel et al. (1985) but capable of dealing with 
the environment offered by Nfifiez' experiment. In order to 
do this, we modified the model by describing the loading pro- 
cess as a continuous function instead of a discrete process based 
on number of florets. In addition, and because the flight dis- 
tances were much greater in Nfifiez' experiment (100 m to 
2,000 m instead of 30 m) we added the effects of loads on flight 
velocity. This new model makes it possible to find an expression 
for the optimum load as a function of time in the patch, instead 
of iterating on the number of florets visited as before. The 
predictions of this model were compared with the data pre- 
viously reported by Nfifiez, but the process required some un- 
orthodox numerical techniques in order to estimate parameter 
values. We see these innovations as a fundamental part of the 
content of this paper, together with our specific claim for the 
evidence supporting efficiency maximisation. 

The model 

Our argument depends on the fact that metabolic rates and 
flight velocity are functions of crop load. The maximum capaci- 
ty of a bee's crop, LM, is approximately 60 gl, equivalent to 
36 mg of sucrose (see Appendix). 

Assuming that the effects of carrying weight on both meta- 
bolic expenditure and velocity are proportional to the weight 
itself, we can calculate the rate of energy delivery to the hive 
as a function of crop filling. To do this, we shall consider the 
energy balance during the outward trip, the time in the inflores- 
cence and the inward trip. 

Outward trip. The energy spend during this stage (Co) is 

Co = B D/v (1) 

where B: metabolic rate during unloaded flight (Ixg sugar s-1); 
v: flight velocity during unloaded flight (m s-1) and D: Dis- 
tance between hive and foraging patch (m). The bee is assumed 
to know beforehand how far it is going to travel, and to leave 
the hive with exactly Co gg of sugar in its crop, thus reaching 
the patch with an empty crop. The net balance on arrival at 
the patch is -- Co. 

On the patch. The rate of change in net crop load (L, gg) while 
in the patch is given by 

L = Q - Bp - aL (2) 

where Q: solution flow in the inflorescence (~tl s-~), Bp: meta- 
bolic rate during unloaded foraging in the patch (~tg sugar s-1), 



and a is the parameter of linear increment in foraging metabolic 
rate as a function of load (s- a). For simplicity we write 

L = F -  aL (3) 

where F =  Q - Bp. 
Integrating (3) gives 

L( t) = F/a + k~ e- , t  (4) 

where kt is the constant of integration. Since the bee arrives 
with an empty crop (i.e. L(0)=0), it follows that k~ = - F / a ,  
so that 

L(t) = (F/a) (1 - e -"') (5) 

Inward flight. Metabolic rate is assumed to be a function of 
carried load, but load changes during flight due to consump- 
tion. The rate of change in L is given by 

L =  - - B - - k L  (6) 

where k ( s - i )  is the factor expressing the linear increment in 
flight metabolic rate due to the carried load. To calculate the 
net load at the end of an inward trip that starts at x = 0 and 
ends at x = T we integrate (6), which gives 

L(x) = k z e - k X - B / k  (7) 

where kz is the constant of  integration. We find k2 by consider- 
ing the load at the start of the inward fligth. Calling this load 
Lo, for x = 0 we get Lo = k z -  B/k, i.e., k2 = Lo + B/k and thus, 

L(7) = (ro + B/k) e - kr _ B/k (8) 

where Lo=(F/a) (1 - e  -at) and T = D  (1/v+zLo), with z (s m -x 
~tg-1) expressing the drop in velocity as a function of crop 
load. Notice that we ignore the effect on velocity of the change 
in load during flight. This is because doing otherwise would 
unduly complicate the equations without introducing almost 
any change in the predictions. 

Finally, let tn denote the time in the hive during which 
the metabolic rate is B/t. The energy expenditure in the hive 
is therefore Bn tn. We can now find the payoff corresponding 
to a given time in the patch for each of the two currencies, 
rate of energy delivery, R(t), and energetic efficiency, E(t). 

Net energy delivery rate, R( t )  

This currency is defined as the net energy gained per unit of 
time. From the above equations, 

R(t) = (L(7)-- B D/v-- Bn tn)/(t + D/v + T+ tn). (9) 

Energetic efficiency 

This currency is the energy gained per unit of energy spent. 
From the previous definitions, 

E(t) = Qt/(Q t -  L(7) + B D/v + B n tH). (10) 

Finding the optimum t 

We can now seek the value of  t that maximises R(t) and E(t). 
It is possible to differentiate the equations for R(t) and E(t) 
with respect to t and set the result equal to zero, but the result- 
ing equations are complicated and have to be solved numeri- 
cally. It is more straightforward to find the optimum numeri- 
cally from the equations for R and E (Eqs. 9 and 10). 

Corresponding crop loads can be found by the equation: 

L* = Q t*. (11) 
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Results 

Both currencies predict successfully the trend in 
Nfifiez' results: optimal loads under either model 
are decelerating positive functions of  both flow and 
travel time. The quantitative predictions however 
are widely apart. 

As discussed in the previous section, the quanti- 
tative predictions depend on a number of  physio- 
logical parameters, but most notably on the as- 
sumed costs (in terms of metabolic rate and flight 
velocity) of  carrying the load. In general, the lower 
these costs, the larger the predicted optimal loads, 
so that when the load-related costs are assumed 
to be low, predicted loads are larger than anatomi- 
cal constraints allow for, and one expects to see 
the bees filling their crops. Nevertheless, as the 
assumed costs are increased, the two currencies be- 
have very differently in quantitative terms. Because 
of this difference, it is possible to separate the cur- 
rencies by their performance in terms of quantita- 
tive fitting of  the experimental results. We can do 
this by iterating on the value of  the fundamental 
parameter a (metabolic increase due to carrying 
the load, see Appendix) in order to find the range 
of values for which each of the currencies results 
in a good quantitative fit to the behavioural data. 
Once these values are known, it is possible to test 
the two currencies in two respects: a) How good 
is the fit when predictions for each currency are 
based on its most favourable parameter assump- 
tion? and b) Do the required values of metabolic 
cost fall within possible physiological values ? This 
technique is a variant of  "inverse optimality" 
(McFarland 1977; Kacelnik et al. 1981). 

Figure 1 shows the goodness of fit of  both ver- 
sions of our model for an extended range of values 
of the parameter a, the increase in metabolism per 
mass of  load transported. For  both currencies 
there is a range in values of a, extending roughly 
for a third of a logarithmic cycle, where the sum 
of the squares of the deviations between predic- 
tions and results is minimum, and where there is 
no significant difference between predicted and ob- 
served loads (P<0.05,  t-test). As discussed in the 
previous section, and in the Appendix, the true 
value of  a must be below 3 x 10 .5 (units: s-Z), 
that is below the range in values of a where the 
rate model behaves satisfactorily but above the 
range where efficiency fits the data. On this basis 
it is possible to exclude rate maximisation but 
maintain efficiency maximisation as consistent 
with the bees' behaviour. The observed crop loads 
are shown plotted against predicted loads using 
the "best guess" for the value of a in Fig. 2. 
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smallest t value between predictions and results for the effi- 
ciency model ( t =  0.888).  Empty circles represent the efficiency 
model and filled circles represent the rate model 

Notice that at travel times beyond that for 
which complete crop filling is predicted, no correla- 
tion between travel time and observed load is pos- 
sible. This travel time is of  course a function of  
flow, but for intermediate flows in N6fiez' experi- 
ment, the efficiency model with its best parameters 
predicts full loading slightly above 1,000 m, so that 
one ought to expect that the effect of  travel time 
on load would be only noticeable below this dis- 
tance. This is indeed what Nfifiez reported: loads 
increased in the range between 100 and 1,000 m 
but did not vary between 1,000 and 2,000 m. One 
interesting discrepancy between our predictions 
and the observed results is that according to the 
model high flows would favour filling of  the crop 
at all the experimental distances, but this was not 
observed in the data. Instead, at and below 600 m 
crop load increased with flow but reached a pla- 
teau below the maximum. 

Discussion 

Our main conclusion is that honey bees foraging 
for nectar fill their crops to an extent consistent 
with the maximisation of  the ratio between energy 
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delivered to the hive and energy spent by the indi- 
vidual worker. 

This result is the same as reported previously 
(Schmid-Hempel et al. 1985), and is consistent with 
the hypothesis that individual honey bee workers 
may be limited in the amount of  work they can 
perform in their life span. 

There is additional independent evidence con- 
sistent with efficiency maximisation: Waddington 
(1985) reported that the attractive value of a food 
source as evaluated by the recruiting dance is af- 
fected positively by its rate of food delivery and 
negatively by energy expenditure, but that the ef- 
fects were not additive on an energetic scale: costs 
had greater effect than intake. This is consistent 
with an utility function in which the value of each 
food source is proportional to the energy obtained 
and to the reciprocal of  the cost, rather than to 
cost with negative sign. Efficiency has this proper- 
ty, while rate maximisation, does not. 

Our study underlines the necessity of  formulat- 
ing optimality models in precise quantitative form. 
Here, two versions of a model agree with the quali- 
tative trend observed in the data, but one of them 
requires unreasonable values of a crucial physio- 
logical parameter in order to fit the results quanti- 
tatively. Used in this way, optimal foraging models 
have the additional advantage of  highlighting 
physiological properties that may have been over- 
looked and that have ecological significance, pro- 
viding a framework for the integration of physio- 
logical and behavioural ecology. 

As an example of  this advantage, it is interest- 
ing to note that Seeley (1985) in his detailed analy- 
sis of  the strategy of honey bee foraging calculated 
that the gross rate of energy intake is a close ap- 
proximation of the net rate of intake (his Fig. 5), 
and concluded that it is fair to characterize patches 
by the gross energy obtained by a bee that filled 
its crop fully. This is not our conclusion. The mod- 
al distance of foraging trips in a variety of habitats 
is around 600 m (Seeley 1985) and both the data 
collected by N6fiez and our theoretical calculations 
indicate that bees do not (and should not) fill their 
crops at those distances. Thus, for most foraging 
trips the behaviour of the bees is consistent with 
a rather precise effect of  energy costs, i.e. with the 
analysis in terms of  net rather than gross estimates 
of energy gain. 

Our emphasis has been on the perfomance of  
two alternative energetic hypotheses, and we 
showed that our current knowledge allows us to 
reject one of  them (rate maximisation) but not the 
other (efficiency maximisation). In the current con- 
troversial climate surrounding the application of 

optimality to animal behaviour it is perhaps worth 
pointing out the obvious: while the rejection of 
one model is an unambiguous step forward, being 
unable to reject another model is not equivalent 
to prove it to be fight. A good quantitative fit 
ought instead to be considered good inductive evi- 
dence in favour of  the interpretation of the biologi- 
cal phenomena embodied in the model. We are 
not as yet in a position to make claims about the 
uniqueness of our interpretation. 

Appendix 

Parameter values used in the model 

The experimental situation from which our present data set 
is derived (Nfifiez 1982) is different in important details from 
the situation described earlier (Schmid-Hempel et al. 1985). In 
choosing the numerical values for our model parameters we 
took account of these differences, although using the same set 
of measurements as available from the literature. 

Metabolic rate while in the hive Bw No measurements of this 
rate in the literature are known to us. As in Schmid-Hempel 
et al. (1985), we assume this value can be approximated by 
the value for the rate of a walking bee, thus Bn = 0.25 gg s-  1 
(10ml Oz g-~ h -1) at a hive temperature in the range of  
30o-35 ~ C. 

Travel between hive and food source. In his experiments, Nfifiez 
(1982) does not report the actual time spent in flight between 
hive and source, but rather the time the bee was absent from 
the source until return. We derive the flight time by assuming 
a constant velocity v of 8 m s-1 for the unloaded bee, similar 
to Boch (1956), von Frisch (1965, p. 195), and Levchenko (in 
Nfifiez 1982), together witla taking into account distance. The 
average weight of the unloaded bee is 70 rag, and a full crop 
load is taken to be 36 mg of sugar (i.e. 60 gl of 50% w/w 
sugar solution), as suggested by the observed average maximal 
crop load in the experiments (Fig. 3, Nfifiez 1982). To calculate 
the flight time for the loaded bee on her way back to the hive, 
we assume that flight velocity decreases linearly with the weight 
of the crop load, with slope z=2.1 • 10 -6 s m - 1  ~ g - Z .  A fully 
loaded bee thus has an average flight speed of 5 m s-1, in 
broad agreement with the findings of Boch (1956) and Heran 
(1962). Scholze et al. (1964) measured the energy consumption 
of freely flying bees. These figures have to be corrected to ac- 
count for the extra load (a piece of wire) their experimental 
bees permanently carried with them. When this is done, Scholze 
et al's rates are very close to the ones reported by Sotavolta 
(1954) and Rothe (1983). We used B=I .50  ~tg s 1 which corre- 
sponds to Rothe's value of 62 ml 02 g -  1 h -  1). This value is 
lower than the one used in Schmid-Hempel et al. (1985), since 
in the latter case, the bees spent virtually all of their flight 
time in a presumably more expensive manoeuvering flight. As 
justified in our earlier study, the increase in metabolic rate of 
flying is roughly 1% per mg of crop load, therefore k = 3 x 10- 5 
s-1 (1 mg of load = 0.5 mg of sugar). 

At the food source. The food source used by Nfifiez (1982) 
mimicked the natural situation of a dense array of flowers in 
that the bees had to fly frequently from one flower to the next 
in order to collect "nectar" .  Thus, the patch residence time 
reported by Nfifiez is composed of periods of extracting nectar, 
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while sitting on flowers, interrupted by short bouts of flights 
between "flowers". Though Nflfiez did not report the durations 
of these different activities, the flower visitation rates given 
by him (7 to 10 flowers min-1), together with the physical di- 
mensions of the feeding apparatus, allow one to estimate the 
relative proportion of total patch time that is spent in flight 
or sitting on flowers. Given that the change-over time, i.e. flying 
between two flowers, is in the order of 2 s, we estimate that 
30% of the patch residence time is actually spent in flight. 
Thus the metabofic rate in the patch before taking into account 
the load is Be=0.45 gg s -1 (30% of B). The numerical value 
of a - increase in metabolic rate with load in patch - is the 
least known among any of the parameters needed for the model. 
In addition, we found that the model is quite sensitive to varia- 
tion of this value. The magnitude of a is influenced by assump- 
tions about the magnitude of metabolic rate of the unloaded 
bee (B), the proportion of the time in the patch that the bee 
is in flight, and the increase in rate with crop load during flight 
(k). A reasonable upper limit results from assuming that a 
equals k, i.e. that the bee spends all its time in the patch flying. 
Under this assumption a=  3 x 10-5 s-1. A more likely value 
of a results from assuming that only about 30% of the patch 
time is spent in flight, in which case a=0.90 -5 s -1. In spite 
of this three-fold possible variation in the value of a crucial 
parameter, the range of possible values is narrow enough to 
separate the predictions of the two models (see Fig. 1). 
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