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ECOLOGY AND BEHAVIOR
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Abstract Foraging behaviour of four honeybee species
(Apis mellifera A. cerana, A. dorsata and A. jlorea)
was studied in relation to energy production rates of
Prunus persica and a simultaneously blooming weed,
Lepidagathus incurva. Energy produced ranged from
a minimum of O.642±O.Ol joules (L. incurva)/flowerl
day to a maximum of 1.49±O.14 joules/day (P. per­
sica). The weed having higher nectar sugar concen­
tration and high flowering density attracted more
number of bees as compared to peach. The foraging
rates of bees were much higher on the weed and they
could harvest more energy per unit time from the
weed flowers. Evidently, food acquisition efficiency
and quality of food determines the foraging decision
of bees.
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Introduction

Pollinator-plant interaction has co-evolved as reci­
procal selective factors shaping the behaviour, phy­
siology and ecology of each other. In the course of
evolution, there has been a competition between the
plants for pollinators and between the pollinators for
plants (Heinrich and Raven, 1972). In recent years,
the "energetics" approach has been a major focus of
behavioural ecologists for studying foraging beha­
viour of insect visitors of flowering plants (Krebs and
McCleery 1983, Schaffer et a1.1979, Schmid-Hempel
1984, Southwick and Pimental 1981). Heinrich and
Raven (1972) emphasized the role of energetics in
flower foraging and in the evolution of bee flower
relationship. The food rewards from a plant species
is the quantity of food that can be collected per unit
time. This quantity is a function of the distance be-
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tween flowers and the speed with which food rewards
can be gathered from them. Acquisition of energy
rewards comes only with the costs. Time and energy
are spent during all foraging activities. The rate at
which flowers can be manipulated makes the dif­
ference between profit and loss. Flowers have dif­
ferent structure that require different pattern to be
learned through trial and error for acquiring food. All
this information is used to choose between flowers
of different species and to make foraging decisions.
MacArthur and Pianka (1966) developed a theoretical
and empirical construct, the optimal foraging theory
(OFT), which lead to a better understanding of for­
aging behavior. Emlen (1966) demonstrated the need
for a model where food item selection of animals
could be understood as an evolutionary construct
which maximizes the net energy gained per unit
feeding time. Optimal foraging theory (Schoener
1971, Pyke et al. 1977, Krebs 1978., Waddington and
Holden,. 1979., Waddington,. 1982) hypothesizes ani­
mals will forage in ways that maximized some mea­
sure of foraging efficiency. The "currency" (Schoener
1971) usually thought to be maximized is net rate
of energy intake although other possibilities exist
(Pyke et at. 1977). Natural selection is expected to
favor efficient foraging patterns and this expectation
forms the basis of a large body of optimal foraging
theory. Honey bees are the ideal subjects for testing
such theories as they can be easily observed working
on flowers. The purpose of this paper is to focus on
understanding and predicting some aspects of foraging
behaviour in four honey bee species, A. mellifera, A.
cerana, Apis jlorea Fab. and A. dorsata Fab., based
on energetics of foraging.

Materials and Methods

Observations were made on four honey bee species,
A. mellifera, A. cerana, A. florea and A. dorsata visi­
ting flowers of Prunus persica (peach) and a weed
(Lepidogathus incurva). The data were recorded on
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the alternate days during the experimental period. For
this purpose, five branches of uniform size from trees
of same age were randomly selected and number of
insect pollinators of each species were recorded by
visual counting method at the beginning of each hour.
And 1000 flowers for five minutes were counted from
0900-1700 h on all the days of observation. The mean
of these observations was constituted of reading for
each hour. In case of weed (1. incurva) five plots
of one m2 were selected randomly and the number
of bees of each species visiting the flowers on marked
plots were recorded in the beginning of each hour
from 0900 to 1700 h for 5 minutes at the each side
of the plots by visual counting method. The mean
of these 5 observations was constituted of a reading
for each observation period. The floral attractability
of the four honey bee species was evaluated on the
basis of density of bees visiting each crop in a unit
time (Abrol, 1992). Observations were restricted to
nectar collecting individuals only. Nectar was mea­
sured at 2 hourly intervals between 0900 and 1700
h with microcapillary pipettes. Nectar sugar concent­
ration was estimated with pocket refractometer (Erma,
Japan make).

The amount of sugar and energy content per flower
per day was calculated using the formula.

Amount of Nectar volume (Ill) x
sugar per Nectar sugar concentration (%)

Flower per 100
day (mg)

Energy per flower per day (joules) = Amount of
sugar per flower per day (mg)xI6.74

16.74 is the joule of energy obtained from 1 mg
of sugar irrespective of the type of sugar (Heinrich,
1975; 1 mg=4 cal=4x4.l86 joules=16.74 joules). The
energy intake was determined by the rate of flowers
visitation of each bee species. The time spent by a
bee gathering nectar was recorded using a chrono­
meter with an accuracy'of 0.1 sec. The rate of flowers
visitation per minute was calculated. The energy har­
vest per minute was calculated using the formula: rxe,
where Frate of flower visitation and e=energy per
flower. The recorded data were analyzed following
Sokal and Rholf (1981).

Results

The data presented in table 1 revealed that two plant
species differed significantly in production of nectar,
concentration of nectar, amount of total sugar pro­
duced and the energy content of flowers. Prunus per­
sica on an an average produced 0.28±O.04 ul of nectar
per flower per day as compared to Lepidogathus in­
curva which produced very less volume of nectar
0.08±0.01 III per flower per day. However, flowers
of Lepidogathus incurva on the other hand produced
nectar of very high sugar concentration (48.00±1.04)
as compared to P. persica (32.00±0.34). Total amount
of sugar and energy per flower in terms of volume
of nectar produced were higher than P. Persica.

Population density of bees on these two plant
species also differed significantly (Table 2). Flowers
of 1. incurva on an average attracted more number

Table 1. Nectar productivity and energy reward per flower in two plant species (N=20)

Plant species

Prunus persica

Lepidogathus incurva

CD at 5%

Nectar volume (ul)

0.28±0.04

0.08±0.01

0.42

Nectar sugar cone. (%)

32.00±0.34

48.00±1.04

6.24

Total sugar (mg)

0.0896±0.02

0.0384±0.021

0.034

Energy (joules)

1.49±0.14

0.642±0.01

1.20

Table 2. Population density of bees on two plant species

Observation Prunus persica Lepidogathus incurva
hour (h)

Am Ac A.d Af Mean A.m Ac Ad Af Mean

0900 1.60±0.2l 2.2±0.09 4.6±0.36 0.8±0.06 2.3±O.24 2.5±0.22 5.2±0.12 8.2±1.12 1.6±0.11 16.07±1.46

1100 3.0±0.11 2.0±0.17 6.4±0.54 1.8±0.14 3.3±O.54 3.6±0.26 7.6±0.82 1O.4±1.24 2.4±0.28 6.00±0.67

1300 2.6±0.24 2.8±0.32 6.2±O.68 3.4±0.52 3.75±O.38 5.4±0.73 8.2±1.02 8.6±O.92 3.0±O.32 6.3±0.53

1500 1.8±0.12 1.6±0.22 2.8±O.23 1.2±0.21 1.85±0.32 4.2±0.56 3.0vO.38 4.8±0.58 1.6±0.12 3.4±0.34

1700 1.2±0.14 1.4±0.13 1.2±0.13 0.0 0.95±O.10 3.O±O.23 2.6±O.21 3.8±O.63 O.8±0.21 2.55±O.42

Total 10.2±0.84 1O.0±0.67 21.2±1.36 6.4±0.57 18.7±1.58 26.6±2.12 35.8±2.84 9.4±0.83
Where. Am~Apis mellifera, Ac=A. cerana, Ad~A. dorsata. Af=A. florea; Values are mean±S.D of 80 observations



of insects during different hours of the day as com­
pared to P. persica. The data (Table 3) further revealed
that weed had a very high flowering density (51.0±2.2
million flowers/ha.) as compared to that of fruit trees
(17.6±1.81 million flowers/ha) and the weed also
attracted large number of pollinating insects (23.0±
1.64 million/ha.) as compared to the fruit trees (3.8±
0.61 million/ha.). The differences for flowering den­
sity and foraging populations between the weed and
the fruit trees were highly significant (p<0.05). The
data presented in table 4 revealed that all the four
species of honeybees, A. mellifera, A. cerana, Apis
jlorea Fab. and A. dorsata Fab had higher foraging
rates on Lepidogathus incurva flowers as compared
to Prunus persica and they could make more energetic
gains despite the later plant producing more nectar
and energy per flower. Evidently, availability of flowers
and energy harvest per unit of time seems to make
the differences in foraging preferences of the bees.
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Discussion

The pollinators adopt behavioural patterns to maxi­
mize net foraging returns from flowers (Abrol 1993,
Waddington, 1982, 1985; Pyke, 1982). For honey bee
collecting nectar, energy served as appropriate cur­
rency to assess the behaviour patterns. The study
revealed that flowers of P. persica were highly re­
warding followed by L. incurva (P<0.01; t-test; n=40)
(Table 1). Therefore on the basis of amounts of energy
produced, it was expected that flowers of P. persica
should be highly attractive to foraging insects com­
pared the other synchronously flowering and low­
reward plant species. However, foraging attractability
of A. mellifera, A. cerana, Apis jlorea Fab. and A.
dorsata Fab.as determined by their population density
on these plants (Table 2) showed a different pattern
and did not support the above hypothesis. Flowers

Table 3. Population dynamics of bees in relation to flowers on two plant species

Date of observation
Feb. 2002

Flowerslha (million)
L. incurva P. persica

Beeslha (million)
L. incurva P. persica

40.00 10.00
45.00 25.00
48.00 28.00
55.00 39.00
56.00 17.00
58.00 12.00

20.00 4.00
24.00 3.00
23.00 5.00
25.00 4.00
24.00 6.00
22.00 3.00

13
15
17
20
26
28

March, 2002
4 60.00 0.80 22.00 2.00

Note: Number of flowers and bees/m2 were counted on weed and number of flowers and bees per ha calculated. accordingly.

Table 4. Rate of energy intake for four honey bee species collecting nectar from two plant species

Bee species/parameter

Apls mellifera

Rate of flower visitation per minute while foraging(r)
Average energy per flower(e) joules
Average energy obtained per minutetrxe) joules

A cerana
Rate of flower visitation per minute while foraging(r)
Average energy per flower(e) joules
Average energy obtained per minuteirxe) joules

A florea
Rate of flower visitation per minute while foraging(r)
Average energy per flower(e) joules
Average energy obtained perminutetrxe) joules

A dorsata
Rate of flower visitation per minute while foraging(r)
Average energy per flower(e) joules
Average energy obtained per minutetrxe) joules

Plant species
Prunus persica Lepidogathus incurv

3.39±0.02l 24.82±2.1O
1.49±0.11 0.64±0.06

5.05 15.88

3.06±0.12 23.06±1.86
1.49±0.ll 0.64±0.06

4.55 14.75

1.82±0.26 4.76±0.28
1.49±0.11 0.64±0.06

2.71 3.04

3.60±0,47 18.60±1.20
1.49±0.11 0.64±0.06

5.36 11.90
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of Lepidogathus incurva providing far less energy per
flower per day but more in density than those of P.
persica were more attractive and significantly more
bees visited them (Table 2, 3). The contention that
flowers providing less amounts of energy are relati­
vely unattractive to foraging insects results in their
switching over to high-reward flowers is also subject
to follow behaviour patterns of foraging insects. The
selective preference of foraging honey bees seemed
to be related to their foraging rates and quality of
rewards being available from L. incurva flowers
(Table 3). The rates of the harvest can make large
differences in energy returns (pyke 1980; Pyke, 1982).
Though the flowers of L. incurva produced less energy
than that of P. persica but the bees could make more
energy profit from them per unit time, due to the
high density of flowers and higher foraging rates on
them (Table 3, 4). In general, the insect pollinators
are more sensitive to floral rewards and forage only
on those flowers from which they can maximize net
energy gains. Beginning with Emlen (1966) and Mac­
Arthur and Pianka (1966) several authors have sought
to predict the foraging behavior of animals by means
of mathematical models. These models are very si­
milar, in that they all assume that the fitness of a
foraging animal is a function of the efficiency of
foraging measured in terms of some "currency" (Sc­
hoener, 1971) -usually energy- and that natural selec­
tion has resulted in animals that forage so as to max­
imize this fitness. The pollinators forage on flowers
from which they can harvest more energy in a unit
time notwithstanding the energy content in them, than
on other flowers.

Acknowledgments The author thanks anonymous reviewers
for their invaluable suggestions and critical comments on an
earlier draft of this paper.

Literature cited

Abrol, D.P. 1992. Bioenergetics in bee flowers interrela­
tionships- an analysis of foraging behaviour. Korean J.
Apic 7 (I): 39-66.

Abrol, D.P. 1993. Intervarietal differences in pollinator attracti­
veness and fruit set in almond cultivars. In: Pollination
Biology in Tropics. Proc Int. Symp. Pol/no Trop. G.K
Veeresh., R. Urna Shankar and K.N, Ganeshiah (EDS).
lUSSI, Indian Chapter Bangalore, India. Pp.: 120-122.

Emlen,J.M.1966.The role of time and energy in food pre­
ference. American Naturalist, 100: 611-617.

Heinrich, B 1975 Energetics of pollination. Ann Rev. Ecol.
Syst. 6: 137-171.

Heinrich, Band P.H, Raven.1972. Energetics and pollination
ecology. Science 176: 597-602.

Krebs, J.R. 1978. Optimal foraging. In: Behavioural Ecology­
An evolutionary Approach. Krebs, 1.R.and Davies, N.B.

(Eds.), Blackwell Scientific Publications, Oxford.
Krebs, I.R. and R.H. McCleery. 1983. Optimization in beha­

vioural ecology. In: Behavioural Ecology-An evolutionary
Approach. Krebs, J.R. and Davies, N.B. (Eds.), Blackwell
Scientific Publications, Oxford, London.

MacArthur, R. H. and E. R. Pianka. (1966). On the optimal
use of a patchy environment. American Naturalist, 100:
603-609.

Pyke, G.H. 1980. Optimal foraging in nectar feeding animals
and co-evolution with their plants. In: Foraging Behaviour.
Kamil, A.c. and , TD. Sergent (Eds.). Garland, New York.

Pyke, G.H. 1982. Foraging in bumble bees: rule of departure
from an inflorescence. Can. J. Zool. 60: 417-428.

Pyke, G.H., H.R.Puliam, and E.L.Charnov. 1977. Optimal for­
aging: a selective review of theory and tests.Q. Rev. BioI.
52: 137-154.

Schaffer, W.M., J.B Jensen., D.E. Hobbs., J. Gurevitch., J.R.
Todd and V.M. Schaffer 1979. Competition foraging en­
ergetics and cost of sociality in three species bees. Ecology
60: 976-987.

Schmid-Hempel, P. 1984. The importance of handling time
for flight directionality in bees. Ecol. Sociobiol. 15: 303­
309.

Schoner,T. W. 1971. Theory of feeding strategies. Ann Rev.
Ecol. Syst. 2: 369-404.

Sokal, R.R. and F.J. Rholf. 1981. Biometry. W.H Freeman
&Co., San Francisco.

Waddington, K.D. 1982. Information used in foraging. In: The
Biology of Social Insects. Breed, M.D., C.D Michner and
H.E. Evans (Eds.). Boulder Westview Press. Pp24-27.

Waddington, K.D. and L.R Holden. 1979. Optimal Foraging:
On Flower Selection by Bees American Naturalist 114(2):
179-196.

Waddington, K.D. 1985. Cost intake information used in for­
aging. J. Insect Physiol.31: 891-897.


