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Preface

Honey bees (Apis mellifera L.) are the main pollinating agents for numer-
ous plants and fruit trees and, hence, play a key role in agriculture and
more generally in the maintenance of ecological biodiversity. Although
these social insects are not the targets of all the different agrochemical
treatments used in crop protection, they are widely affected by pesticides.
In addition, during their foraging flights, in which they collect nectar,
pollen, plant resins, and water, honey bees inadvertently come into contact
with a wide array of inorganic and organic pollutants, and these are often
taken back to the colony. These xenobiotics can induce lethal and sub-
lethal effects. They can also accumulate in the different members of the
colony and in their products such as honey or royal jelly. Because of their
foraging activity, honey bees can also be considered as mobile multimedia
samplers that average the concentrations of pollutants over time and
throughout large spatial areas. Consequently, they can be used as bioindi-
cators of chemical or radioactive contamination.

The 15 chapters of Honey Bees: The Environmental Impact of Chemi-
cals discuss these different subjects in depth. Besides presenting various
tests and specific methodologies, a huge amount of ecotoxicological data,
never previously published, is provided. Similarly, specific problems such
as those related to the contamination of non-Apis bees, genetically modi-
fied plants, or regulatory constraints are addressed.

We hope that the readers will find this book to be a valuable source of
reference as well as a source of stimulation for further ecotoxicological
studies on terrestrial ecosystems.

We express our sincerest gratitude to the authors for careful prepara-
tion of their contributions. We also acknowledge the assistance of the
referees for their critical analyses and valuable comments.

James Devillers
Minh-Ha Pham-Delegue






1 The ecological importance of
honey bees and their
relevance to ecotoxicology

J. Devillers

Summary

In this chapter, the biology, behavior, and ecological role of the honey bee
(Apis mellifera) are briefly presented. The high degree of social organi-
zation of these insects is described. Their pollinating activity, allowing the
production of crops and wild plants and the conservation of the biodiver-
sity, is discussed. Finally, the usefulness of the honey bee for detecting
xenobiotics in the environment and assessing the adverse effects of agro-
chemicals and other man-made chemicals is introduced.

Introduction

The contamination of the environment by toxic substances is linked both
to industrialization and to intensive agriculture. Xenobiotics reach the
aquatic and terrestrial ecosystems from discharges and leaks of industrial
products, consumer waste and urban sewage, from farming and forestry
runoff, and from accidental spills.

Some of these compounds, because of their high lipophilicity, accumu-
late in animal tissues, particularly in predators occupying the top of the
food chains. In addition, they may be dispersed over great distances by
winds and water currents. These chemicals can also affect the ability of
living organisms to reproduce, to develop, and to withstand the many
other stress factors in their environment, by depressing their nervous,
endocrine, and/or immune systems.

Consequently, it is important to estimate the environmental fate and
ecotoxicological effects of these different xenobiotics. While the former
task can be performed with the use of multimedia models [1] and by mea-
suring the concentrations of these contaminants in the different environ-
mental compartments and the biota, the latter task requires testing the
chemicals against representative species in the ecosystems.

Consequently, the aim of this chapter is to show the relevance of the
honey bee (Apis mellifera) to terrestrial ecotoxicology. After a short
presentation of its taxonomical status, the biological cycle of the honey
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bee colony will be summarized and some of the morphological, physiologi-
cal, and behavioral characteristics of the different members of the hive will
be stressed. Then, the ecological importance of this social insect will be
presented and, finally, the value of A. mellifera as a bioindicator of
environmental contaminations and as a test organism in terrestrial ecotox-
icology will be discussed.

Taxonomical position

Bees are insects belonging to the order of Hymenoptera which also
includes wasps, ants, ichneumons, chalcids, sawflies, and lesser known
types. There are about 25000 described species of bees, divided into 11
families, numerous subfamilies, tribes, and genera, and still more species
and subspecies. Most of them are solitary organisms living without social
organization. Honey bees belong to the family Apidae, which includes
other social bees such as the bumble bees (Bombinae) and the stingless
bees (Meliponinae). The subfamily Apinae consists of one tribe, Apini,
comprising one genus, Apis. There are four species within this genus which
are florea, dorsata, cerana, and mellifera. Apis florea (the little honey bee)
and Apis dorsata (the giant honey bee) are tropical bees building single-
comb nests in low bushes and in trees, respectively. The lifestyle of Apis
cerana (the Eastern honey bee) is similar to that of Apis mellifera (the
Western honey bee) and hence, A. cerana is used in apiculture with
modern moveable comb hives. The numerical strength of A. cerana
colonies is usually much less, and honey yields are smaller. It is therefore
being rapidly supplanted by imported mellifera races, chiefly A. m. ligus-
tica.

Two dozen geographic races of the Western honey bee, Apis mellifera,
have been recognized, adapted to a range of environments from the cold
continental climate of Eastern Europe, through the moist temperate
climate of the Atlantic seaboard, the warmth of the Mediterranean, and
the heat of the tropics and semi-deserts. Only four of these races need be
considered for apiculture in Europe, namely A. m. mellifera, A. m.
ligustica, A. m. carnica, and A. m. caucasica which present different mor-
phological and behavioral characteristics [2, 3].

The biological cycle of the honey bee colony

The common honey bee is a social insect nesting in colonies typically com-
prising a single queen, drones, and numerous workers (Table 1.1).

The queen and the reproduction process

A queen is easily distinguished from the other members of the colony. Her
body is large, especially during the egg-laying period when her abdomen is
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Table 1.1 The inhabitants of the hive and their characteristics (adapted from ref. 4)

Queen Drone Worker
Relative size ~ Large Large Small
Number 1 ~2000r 0 20000 to 200000
Lifespan 2 years depending ~ 21-32 days spring 20-40 days summer
on number of 90 days summer 140 days winter
spermatozoids or until mating
0 winter
Sex Female Male Sterile female
Functions Mates with drone =~ Mates with young Makes comb
Lays 1500 eggs/day queen Tends larvae, young
(200000 eggs/year) drones, queen
Secretes pheromone Cleans hive
Gathers nectar, pollen,
propolis
Evaporates nectar
Caps cells
Defends hive

Starves drones
Lays drone eggs
Moves larvae for
making new queen

greatly elongated. Her wings cover only about two-thirds of the abdomen,
whereas the wings of both workers and drones nearly reach the tip of the
abdomen when folded. A queen’s thorax is slightly larger than that of a
worker’s, and she has neither structures to collect pollen nor functional
wax glands. Her sting is longer than that of a worker’s, but it presents
fewer and shorter barbs.

The main activity of the queen is to lay eggs and to keep the workers
uninterested in reproduction through pheromonal control. If the queen
stops producing pheromone or laying eggs, one of her most recent eggs
will be moved to a specially prepared queen cell to produce a new queen.
The queen is constantly attended and fed royal jelly by the workers. A
queen generally mates 6 to 10 days following emergence. She may go out
on several mating flights, mating with several drones on each flight. Addi-
tional mating flights are performed until the spermatheca contains about 5
million to 6 million spermatozoa. The queen controls the release of sperm
with her so-called sperm pump. If an egg is fertilized, it will develop into a
female bee (queen or worker), but if not fertilized, a male bee will result.
Consequently, drones have only one set of chromosomes (haploid)
acquired from the queen. Bees are holometabolous. After 3 days, the egg
hatches into a voracious worm-like larva growing and molting each day for
about 4 days. It then goes into a resting stage, the pupa, which lasts for
another few days in a capped cell until the bee emerges as an adult, called
imago. This process takes 16-24 days depending on the season and class of
bee. The length of the egg stage is the same for all three castes, but the
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larval and pupal stages are shortest for the queen and longest for the
drone.

Egg-laying usually starts within a week after mating, and a queen can
continue to lay fertilized eggs throughout most of her life, usually 2 to 5
years. When the sperm supply begins to be depleted, the workers prepare
to replace or supersede her. The old queen and her new daughter may
both be present in the hive for some time following supersedure [3-5].

The drones

The drones are the largest bees in the colony. The drone’s head is much
larger than that of either the queen’s or the worker’s. Drones have no
sting, pollen baskets, or wax glands since they are designed for mating
only. Drones take their first flights at about 8 days old and are sexually
mature at 12 days old. Only a few of them are tolerated in the hive at
spring and fall, more in the summer, but none in the winter. In fact, the
workers keep them out of the hive to starve to death in the autumn. Their
normal lifespan is 8 weeks or less [3-5].

The workers

The workers are the smallest and the most numerous individuals in the
colony. They are sexually undeveloped females and under normal hive
conditions they do not lay eggs. Worker bees have specialized structures,
such as brood food glands, scent glands, wax glands, and pollen baskets,
which allow them to perform all the tasks of the hive.

The tasks of the workers depend on their age, their genetic background,
and the needs of the colony. Worker bees less than 2 weeks old clean the
cells and then feed the larvae from the secretion of their hypopharyngeal
glands. The workers also attend the queen. When bees are about 12 to 15
days old, their wax glands become functional and comb building is possible
according to a well-defined process.

Older house bees work with honey, pollen, wax, and propolis. Nectar-
collecting field bees are met by house bees and trophallactic exchanges
occur. The conversion of nectar into honey requires the physical removal
of water and the addition to the nectar of the enzyme invertase included in
the salivary glands of the bees. This enzyme breaks down sucrose into
glucose and fructose. Pollen pellets are deposited in empty cells near the
brood nest by the pollen-collecting workers. In the cells, the pollen under-
goes a maturing process to what is commonly called bee-bread. Propolis-
collecting bees also serve as propolis storage reservoirs [5]. Propolis is not
stored in combs or elsewhere, but is removed from the corbiculae of these
field bees and used in the hive as needed to fill cracks, to embalm dead
animals, and for other purposes.

Workers also use their wings to help to ventilate the hive. While venti-
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lation can be performed by bees of different ages, this activity occurs
mainly when workers are about 18 days old. When workers are about 15 to
20 days old, their job is also to defend the hive.

After 2 weeks as house bees, workers take short flights for orientation
and defecation. After 3 weeks, the workers become foragers, gathering
pollen, nectar, water, or propolis for the colony. Water collectors can com-
prise 10 percent of all foragers, but this percentage increases considerably
during heat stress. Propolis collectors are rarely observed.

The schedule of worker bee activities is highly flexible and depends on
physiological, ecological, and behavioral factors [6]. During autumn, a
reduction in brood rearing and an increase in pollen consumption result in
a population of long-lived “winter” bees having increased fat bodies and
protein reserves. The normal 6-week adult life of “summer” bees may be
extended to several months in these “winter” bees [3-5].

Sensory organs and communication processes

Reproduction, the search for food, and the social life in the hive require
highly developed sensory organs and powerful communication processes.

Eyes and vision

The faceted compound eye of the honey bee is sensitive to ultraviolet radi-
ation. Conversely, it is blind to red light. White flowers, which only par-
tially reflect ultraviolet as a rule, appear colored to a bee. Certain color
combinations, while invisible to the human eye, are not only visible but are
also very attractive to bees. Some flowers that appear entirely yellow to
the human eye reflect ultraviolet from the outer ends of the petals [3].
Only the inner part, then, appears yellow to the bee, directing it to the
nectar source. The eye of the honey bee only roughly perceives geometric
shapes [3].

Antennae, pheromones, and chemical communication

The honey bees present two types of receptors on their antennae. The first
type allows the bees to detect the different odors of flowers. The second
type is more specific and is used to detect pheromones produced by the
queen and the workers; it allows the recognition of individuals belonging
to the same colony since each colony presents a specific odor [7].

The “dance language”

A widely known and main behavioral specificity of honey bees is the com-
munication of information about food sources and the recruitment of for-
agers by the so-called “dance language” discovered by Karl von Frisch in
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1919 [8]. This accurate transmission of information concerning direction
and distance of foraging areas leads to efficient exploitation of food
sources by the colony.

In brief, after a bee has discovered a new source of food, the insect
returns fully loaded to the comb, delivers nectar or pollen, and informs the
other bees about the new food source, communicating information about
the location and quality of the food source by means of various dance-like
movements. Information about the plant species is conveyed by the odor
of the flower, which adheres to the bee’s body. The other bees detect this
information through receptors on their antennae. Information about the
quality and quantity of the food source is conveyed by the liveliness and
duration of the dance movements of the bee. If the food source is unusu-
ally rich and of high quality, certain sounds are also made to convey this
information. The location of the food source is indicated by the rhythm of
the dance and by the orientation of the axis of the tail with respect to
gravity. If the food source is near the hive, a “round” dance is performed.
A “tail-wagging” dance indicates that the food source is more than
50-80m away. This dance transmits precise information about direction as
well as distance. The number of dance cycles performed by the bee in a
certain length of time is inversely related to the distance of the food
source. The sun and gravity are used in conveying directional information.
During the flight to the food source the bee determines the angle between
the line of flight and the sun. The angle to the vertical at which the bee
dances, on the vertical face of the honeycomb, describes the angle
between the line of flight to the food source and a line drawn in the
direction of the sun. A run 80° to the left indicates that the source is 80°
to the left of the sun. Because the position of the sun changes during the
day, the dance angle also changes in the course of the day [7]. The tail-
wagging dance is also performed when the swarm is searching for a new
dwelling [9].

Nutrition

The bee visits flowers in search of nectar and pollen, or visit trees for har-
vesting resin to make propolis. The propolis is used as glue and caulk to
seal cracks in the hive. Bees also collect honeydew secreted by insects of
the family Aphididae.

Pollen is stored in broodcomb cells and is the main supply of protein
and vitamins for the hive. Pollen is 6 to 28 percent protein by weight and
usually contains the 10 amino acids essential for bees [4].

Nectar is from 5 to 80 percent sugar but is less than 0.2 percent in
protein, so nectar is the carbohydrate supply for the hive [4]. The conver-
sion of nectar into honey requires the physical removal of water by rapid
movements of the wings of the bees and the addition to nectar of the
enzyme invertase included in the salivary glands of the bees. When the
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amount of water remaining in the nectar is less than 18 percent, the
mixture is called honey and the bees cap off the cells.

A mixture of honey and pollen is called “bee-bread” and is the food for
most larvae and bees. Future queens are fed with large quantities of “royal
jelly” which is similar to bee-bread but contains more mandibular gland
secretions and more honey (34 percent vs. 12 percent) [4].

Finally, water is also collected by bees and used primarily as a diluent
for thick honey, to maintain optimum humidity within the hive, and to
maintain appropriate temperatures in the brood area. The amount of
water required and collected by a colony is generally correlated with the
outside air temperature and relative humidity, strength of colony, and
amount of brood rearing in progress [4, 10].

Ecological importance of the honey bee

Wind is the main pollinating agent. In fact, most of the forest trees, almost
all grasses and grains, with the exception of some that are completely self-
pollinated, and many weeds are wind-pollinated. The flowers of most
wind-pollinated plants are either male or female. The male flowers
produce an abundance of pollen to be transported by the wind. The
female flowers usually have large stigmatic areas to receive the pollen [11].

Nearly 200000 animal species play roles in pollinating the 250000
species of wild flowering plants on our planet [12]. Among them, about
1500 species of vertebrates such as birds (e.g. hummingbirds) and
mammals (e.g. bats, lemurs) serve as pollinators [12]. However, the main
pollinators are insects: they include bees, wasps, moths, butterflies, beetles
and so on. Bees are the most efficient and the only dependable pollinators,
because they visit flowers methodically to collect nectar and pollen and do
not destroy the flower or the plant in the process.

Consequently, bees provide substantial benefits to the maintenance of
the biodiversity and the productivity of both natural and agricultural
ecosystems [13, 14]. However, with regard to agricultural ecosystems, it is
important to stress that only 15 percent of the 100 or so crops that feed the
world are serviced by domestic honey bees, while at least 80 percent are
pollinated by wild bees and other wildlife [12].

Unfortunately, both wild bees and domestic honey bees are in decline.
Thus, for example, the number of commercial US bee colonies plummeted
from 5.9 million in the late 1940s to 4.3 million in 1985, and 2.7 million in
1995. The loss of one quarter of all managed honey bee colonies since 1990
signals one of the most severe declines US agriculture has ever experi-
enced in such a short period. There are fewer bee hives in the US today
than at any time in the past 50 years [12]. This demise has been brought
about by the spread of diseases and parasitic mites, invasion of African-
ized honey bees [12], climatic fluctuations, industrialization, and exposure
to pesticides and other chemicals. Xenobiotics can either poison the bees
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or impair their reproduction. These chemicals can also eliminate nectar
sources for pollinators and/or deplete nesting materials. Consequently,
there is a need to protect the honey bees and the others pollinators
because of their ecological importance.

The relevance of the honey bee to ecotoxicology

Sentinels for detecting environmental contamination

Honey bees commonly forage within 1.5km of their hive and exceptionally
as far as 10 to 12km, depending on their need for food and its availability
[3]- During these foraging flights, they randomly sample the environment to
gather nectar, pollen, honeydew, resin, water, and so on. They also collect
dusts of various origins on their body hair. It is important to note that the
honey bees only collect bioavailable contaminants. Consequently, these
insects are powerful unbiased samplers which can be used for detecting
organic or inorganic chemicals in the environment. In this process, both the
bees and their products (i.e. honey, wax, royal jelly) can be used, depending
on the physicochemical properties of the pollutant(s) and the goal of the
study. However, for hydrophobic chemicals (e.g. polychlorinated biphenyls,
PCBs) [15, 16], the use of these other matrices is preferable.

The “Bee Alert” project developed by Bromenshenk et al. [17, 18]
clearly illustrates the above concept. This system uses domestic honey
bees, hives equipped with sensors, chemical analysis, and computer facili-
ties for the early detection of the presence of contaminants in the environ-
ment [18].

Estimating the ecotoxicological risk of chemicals in terrestrial
ecosystems

In terrestrial ecotoxicology, the two main animals used for assessing the
adverse effects of chemicals are the domestic honey bee and birds (e.g.
mallard, quail, pheasant). Besides their ecological importance, the honey
bees are interesting as test organisms because they are easy to rear and
manipulate. Because of its worldwide distribution, the species A. mellifera
is widely used as a test organism. This point is crucial for regulatory pur-
poses. However, differences of sensibility due to the existence of geo-
graphic races must not be underestimated in the comparison of toxicity
results. The domestic honey bees are also interesting to use in ecotoxicol-
ogy because their biological cycle is particularly well known and relatively
short. Numerous individuals presenting similar characteristics can be
obtained at low cost. With this organism, laboratory tests as well as field
experiments can be performed under controlled conditions. Different end-
points can be used (e.g. contact, oral) yielding different ecotoxicological
information.
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All pesticides used for crop protection have to be tested against the
honey bee for estimating their ecotoxicity. In this context, protocols and
guidelines have been designed [e.g. 19-21] and hence a huge amount of
ecotoxicity data on agrochemicals is available in the literature [22].
However, most of these data only deal with short exposures, i.e. LCy, or
LD,, obtained after 24 or 48 hours of exposure. In fact, there is a lack of
information on the sublethal effects of pesticides on honey bees [23, 24]. It
is also important to stress that even if pesticides are very important in agri-
culture, they only represent very few of all the xenobiotics that might cont-
aminate the environment. The number of substances registered with the
Chemical Abstracts Service (CAS) was 212000 in 1965, 16 X 10° in 1996,
18 X 10° in 1998, about 23.5 X 10° in April 2000, and more than 29 X 10° in
February 2001 [25-27]. For all these man-made chemicals, used for a
variety of purposes, there is a total lack of information on their ecotoxicity
against the honey bee. Furthermore, while in aquatic toxicology, QSAR
(quantitative structure—activity relationship) models [e.g. 28-30] are now
widely used to fill the data gaps, in terrestrial ecotoxicology, the number of
structure—toxicity models is very scarce, due to a lack of ecotoxicity results
for industrial chemicals and other substances not used in crop protection.
Thus, an analysis of the QSAR literature reveals that only one QSAR
model has been designed for predicting the toxicity of pesticides to the
honey bee [31] and it is impossible to find other structure—toxicity models
for other classes of chemicals.

Conclusion

The aim of this chapter was to provide some basic information on the
biology, behavior, and ecology of the honey bee (Apis mellifera). These
social insects present a high degree of organization. Because of their polli-
nating activity, they play a key role in ecology in maintaining the biodiver-
sity and the production of crops and wild plants. Their economic
importance is also clearly shown when, for example, we consider the
worldwide production of honey [32] (Table 1.2).

Table 1.2 World production of honey (X1000 tons) [32]
Continent 1991 1992 1993 1994 1995 1996 1997 1998

Africa 109 117 129 131 138 142 142 142
North and Central 222 216 223 195 183 174 178 184
America

South America 87 87 95 97 105 100 95 95
Asia 334 328 326 354 365 362 386 391
Europe 180 182 181 291 319 278 280 281
Oceania 29 29 30 38 27 35 35 35

Total 961 959 984 1106 1137 1091 1116 1128
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Finally, this chapter describes briefly how the honey bees can be used as
sentinels for detecting various pollutants or as test organisms for estimat-
ing the terrestrial ecotoxicity of xenobiotics. These key roles will be more
thoroughly discussed in the other chapters of the book.
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2 Volatile and semi-volatile
organic compounds in
beehive atmospheres

G.C. Smith, J.J. Bromenshenk,
D.C. Jones, and G.H. Alnasser

Summary

A colony of honey bees is an effective environmental sampling device for
volatile and semi-volatile organic compounds (VOCs and SVOCs) in a
complex ecosystem setting. Over the past six years, we have developed a
thermal desorption/gas chromatography/mass spectrometry (TD/GC/MS)
technique using commercially available carbon molecular sieve tubes to
screen beehive atmospheres for the presence of VOCs and SVOCs. Hive
air is withdrawn at about 0.100dm*min through a small copper tube
inserted between frames in the center of the beehive. Besides detecting
the compounds normally released by honey bee physiology, hive stores,
and hive construction components, we also see a broad range of com-
pounds that are environmental contaminants. These fall into categories of
fossil fuel constituents, industrial solvents, pesticides, and explosives.
Hives can be deployed over regional landscapes or clustered near known
contaminated sites to yield useful guidance on clean-up prioritization.
More recent work introduces xenobiotic VOC taggants to feeders as an
aid in studying the foraging pattern of bees.

Introduction

Honey bees (Apis mellifera L.) are excellent monitors of environmental
quality [1-3]. They have been employed as in situ monitors of elemental
contaminant exposure and associated effects for more than twenty years.
Comparative case histories and guidelines for the use of honey bees as
sentinel species have been published [2, 4-9]. More recently, the use of
bees has been extended to include real-time monitoring of colony con-
dition (i.e. flight activity, temperature regulation in the brood nest) and
routine monitoring for volatile and semivolatile organic contaminants in
studies for the US Army at Aberdeen Proving Ground, Maryland [10-14].

In the process of monitoring organic contaminants, it has also been
necessary to characterize the complex background of organic compounds
found naturally inside beehives. Beehives located in uncontaminated envi-



Volatile organics in beehives 13

ronments contain compounds released by the bees themselves (e.g.
pheromones, other chemicals released to repel pests and predators,
metabolites, etc.), compounds from hive stores (e.g. honey, beeswax,
pollen, and propolis), and volatile compounds from the materials out of
which hives are constructed (wood, paint, plastic, etc.). We show here that
beehive atmospheres also contain compounds from vehicles, farms, indus-
tries, and households in the hive vicinity.

This paper summarizes the types of compounds found by our technique
while biomonitoring for a variety of volatile and semi-volatile organic con-
taminant residues. Briefly, hive atmospheres were drawn through multibed
sorption traps and subsequently analyzed by thermal desorption/gas
chromatography/mass spectrometry (TD/GC/MS).

Methods and materials

Fingerprinting studies

Fingerprinting studies for hive components were conducted at the Univer-
sity of Montana’s research apiaries on seven dates during July 1996 (Table
2.1). Ambient air was concurrently sampled so that contaminants present
in the urban airshed of our apiary could be identified and accounted for in
all other samples.

To fingerprint the active physiology of honey bees by themselves, a
stainless steel cage was fabricated to contain about 4000 individuals. The

Table 2.1 Fingerprint studies

Categor Sample dates (1996)
gory

Honey bees 715,716,717

Hive stores
Unoccupied 1995 hive box (no bees or frames)  7/5,7/6,7/7

Unoccupied hive 56 (no bees, with frames) 711
Propolis A 7/19, 7/20
Propolis B 7/19,7/20
Hive materials

Unpainted 1995 wood 715,716,717
Unpainted 1996 wood 715,716,717
Painted 1996 box 715,716,717
Old plastic parts 711

New plastic parts 711
Vinyl-coated screen 7/19,7/20
Old condo 7/19,7/20
New condo 7/19, 7/20
Clock drive assembly 7/13
Aluminum foil 713

Ambient air 7/5,716,7/7,7/11(2), 7/19, 7/20
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top of the cage was outfitted with a syrup bottle to feed the bees during
the 8- to 10-hour pumping periods. Pumping was done in the open air, free
of any hive enclosure that could contribute extraneous substances.

Hive stores were evaluated by pumping on a previously occupied
upper-story box with and without honey frames. These samples had con-
tributions from both hive stores and hive materials. Two samples of propo-
lis from Missoula colonies were placed in loosely capped glass vials for
pumping.

Hive components profiled included unpainted wood, painted wood,
machined plastic parts, vinyl-coated screen wire, and completely instru-
mented “condo” units [14]. The effect of aging on the loss of volatile and
semi-volatile components from hive boxes was assessed by comparing
unpainted wood from 1995 and 1996 lumber inventories. We also com-
pared a condo used during the 1995 field season to a newly completed
1996 model.

Air sampling

Air samples were collected on 11.5cm X 6mm OD X4mm ID three-phase
Carbotrap 300 thermal desorption tubes (Supelco) or four-phase Carbotrap
400 tubes. These sorbent tubes house a sequence of graphitized carbon and
molecular sieves of increasing activity that sorb volatile and semi-volatile
organic compounds over a molecular size range from C, to C;,,.

Desorption tubes were connected to constant flow pumps set at rates
between 0.080 and 0.150 dm*/min. The distal end of the sorption tube was
attached to copper tubing (2mm ID X 3mm OD) with a brass compression
fitting and a vespel/graphite ferrule. The copper tube was inserted directly
into the hive interior between the wooden frames that support the wax
combs (Figure 2.1). The outlet end of the sorbent tube was connected to a
constant flow pump (SKC, Inc.) with a 1-m section of Smm ID X 8 mm OD
Tygon tubing. Pumping periods ranged from 8 to 12 hours.

Tygon
Tube

Beehive Out
E —

Pump |

Figure 2.1 Schematic diagram of a hive with air-sampling train.
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Sample tubes were sealed in individual vials and stored in a dedicated
4°C sample refrigerator until analyzed.

Thermal desorption analysis

Sample tubes were desorbed in a direction opposite to sampling flow.
After a 4-min helium purge to remove incidental moisture, tubes were
subjected to a 10-min desorption cycle at 250°C. Each tube was then given
a 6-min cooling flush. A helium flow rate of 0.025 dm*/min was used in the
desorption tube. Make-up helium flow from other paths on the multi-
station desorber (Tekmar LSC2000) yielded a total flow of 0.040dm?*/min
going into the focusing trap (10cm Carbopack B graphitized carbon, 6¢cm
Carboxen 1000 molecular sieve and 1cm 1001 molecular sieve). The focus-
ing trap was desorbed and flushed into the gas chromatograph for 1 min
(injection port 220°C, septum purge flow of 0.003dm*/min) and was split
1:20 thereafter.

Chromatographic separations were accomplished on a Hewlett Packard
GCD instrument containing a 60m X 0.32mm ID Restek RTX-502.2 capil-
lary column (phenylmethyl polysiloxane, 1.8 um coating). The helium flow
was 0.001 dm*/min and the total time for an analysis was 50 min (5 min at
initial temperature 40°C, ramp 5°C/min to 220°C, 9 min hold time at
220°C). Mass spectra were collected over a range of 35 to 450 amu.

Computer matches with the National Institute of Science and Techno-
logy (NIST) database initially identified compounds. Many, though not all,
were subsequently confirmed using commercial mixtures of analytical
standards. The concentrations of all compounds were computed on a rela-
tive scale (ion abundance/dm® air sampled) but are not reported here.
Compounds of interest to regulatory agencies have been rigorously quan-
tified [11-14].

Results

To place our hive atmosphere findings in perspective, we have compiled
lists of specific compounds whose presence in bees and beehives have been
documented in the honey bee literature by previous researchers. The data
for these tables come from several review articles and selected papers. We
have not attempted to conduct a comprehensive review of this large body
of work. Honey bees exhibit pheromonal parsimony. The same compound
may have different functions in different contexts. Also, many
pheromones have not been characterized. As this knowledge base
expands, we are changing our interpretation of the function of identified
compounds. Queen pheromone may not so much inhibit worker’s ovaries
as signal the presence of a queen, and brood pheromones may provide the
stimulus to prevent workers from laying eggs [15]. Because propolis is
highly variable in its composition, we have included compounds reported
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to be characteristic of different geographic regions [16]. Propolis is a
resinous material obtained by bees from woody plants. It is made up of an
indeterminate number of substances and has no specific chemical formula
[17].

A typical hive atmosphere chromatogram from our TD/GC/MS tech-
nique is shown in Figure 2.2. Identified compounds have been system-
atized into four categories, each with a summary table. Table 2.2 lists
compounds reported as honey bee semiochemicals. Semiochemicals are
produced in glands that secrete to the exterior of the insect, and include
pheromones, which are chemicals used to communication between indi-
viduals of the same species. Table 2.3 consists of compounds associated
with hive stores. Table 2.4 presents compounds emanating from materials
and components from which beehives are assembled. Table 2.5 documents
compounds arising from non-bee sources. Within each category, com-
pounds have been listed in formula order. Table 2.6 contains selected
levels for hazardous air pollutants that have been collected from hives in
our studies in the vicinity of Chesapeake Bay, USA.

Compounds detected with our TD/GC/MS technique are designated
with an “X” in the next-to-last column of each table. Compounds that we
had analyzed by EPA Methods 8081A (pesticides) and 8082 (PCBs) are
designated with a “Y” in the tables. Whenever possible, we also provide
CAS numbers for reported compounds. CAS numbers proved difficult to
obtain or have not yet been assigned to some of the biologically derived
chemicals (i.e. recently discovered semiochemicals and botanicals in
propolis).

Discussion

Chromatographic considerations

Because of the general nature of our sampling technique and the sub-
sequent TD/GC/MS analysis, only certain categories of volatile and semi-
volatile compounds were detectable — nonpolar organics (alkanes, alkenes,
alkynes, cycloalkanes, aromatics, terpenes, PAHs, biphenyls), partially
oxygenated organics (alcohols, ethers, ketones, aldehydes, acids, esters),
organonitrogen and organosulfur compounds (amines, amides, hetero-
cycles), and organochlorine compounds (solvents, pesticides). Highly polar
molecules were generally missed with our technique. This is a con-
sequence of choosing sorbents that target nonpolar species and a
chromatographic column coated with a substance of intermediate polarity.
Use of other sorbents and different column coatings could enhance the
ability to find other classes of compounds.

Masses of compounds ranging from 35amu up to those associated with
selected C,, organic compounds were detected on the Carbotrap tubes.
The molecular weight cut-off was constrained by the maximum tempera-
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Figure 2.2 Total ion chromatogram of a typical hive atmosphere sample. Selected
peaks have been labeled with the identity of the compound and reten-
tion time in minutes. Seen here are compounds from bees (nonanal at
34.57 min), from plant resins in propolis or hive boards (a-pinene at
28.24 min), and from non-bee contaminants (toluene at 21.89 min and
tetrachloroethene, PCE, at 23.69 min).

ture to which the carbon-based sorbents could be subjected — about 350°C.
Higher molecular weights are accessible with silica-based sorbent mater-
ials, which can tolerate temperatures up to 600°C. This was demonstrated
in side-by-side tests done recently in conjunction with Oak Ridge National
Laboratory [111]. Compounds of higher molecular weights, for example
many polycyclic aromatic hydrocarbons associated with petroleum and
creosote, were seen more readily.

Approximately 25ng of analyte were needed for detection above back-
ground noise in the mass spectrometer. This quantity was usually accumu-
lated during an 8-hour pumping period at a 0.100dm*min flow velocity.
Our current sampling train has added two tubes in front of the Carbotrap
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Table 2.3 Volatile and semi-volatile organic compounds found in hive stores

Hive store Formula MW  Ref. TD CAS no.
Nectar/Honey
Alcohols [24] X
Alkaloids [24]
Ethereal oils [24]
Organic acids [24] X
Beeswax
Alkanes
n-Cy to n-Cyy [88, 89]
Alkenes (88, 89] X
Alkadienes [88, 89] X
Diesters [88, 89]
Free acids [88, 89]
Lipids [88, 89]
Monoesters [88, 89]
Pollen
Sterols [100]
Propolis
Hydrocarbons/Acids/Flavonoids
Propylene glycol GC;H,0, 76 X 57-55-6
Isobutyric acid C,H;0, 88 X 79-31-2
N-Methylpyrrole H; 81 X 96-54-8
Tiglic acid CsH;0, 100 X 80-59-1
5-Methyltetrahydrofuran-3-one CsH;0, 100 X 34003-72-0
Benzoic acid C,H,O, 122 [101] X 65-85-0
Benzaldehyde CH,O 106 X 100-52-7
Methyl benzoate CH;0, 136 X 93-58-3
6-Methyl-3,5-heptadien-2-one <H,, 124 X 1604-28-0
Phenethyl alcohol CgH,,0 122 X 60-12-8
Acetophenone Hg 120 X 98-86-2
4-Methylenecyclohexylmethanol CH,,O0 126 X 1004-24-6
1-Octanol <H g 130 X 111-87-5
Vanillin C3HO; 152 [101] 121-33-5
Cinnamic acid yH3O, 148 [101] 621-82-9
Hydrocinnamic acid CH,,0, 150 [101] 501-52-0
1-Nonyne oHg 124 X 3452-09-3
3,7-Dimethyl-1,3,6-octatriene CioHie 136 X 29714-87-2
Eucalyptol 10His 154 X 470-82-6
B-Myrcene C,oHys 136 X 123-35-3
1-Phenyl-2-butanone 1oHip 148 X 1007-32-5
Palmitic acid C,sHO, 256 [101] 57-10-3
Benzyl cinnamate 6Hi O, 238 [101] 103-41-3
Kaempferid C,H,0s 300 [101]
3,4-Dimethoxynaringenin HisOs 316 [101]
Betuleol C;H,0; 330 [101]
1-Nonacosanol 5oHeo 424 [101] 25154-56-7
Tetracosyl hexadecanoate CyoHgO, 592 [101]
Pentacosyl hexadecanoate 1HgpO, 606 [101]
Heptacosyl hexadecanoate C;Hi O, 634 [101]
Octacosyl hexadecanoate uHgO, 648 [101]
Nonacosyl hexadecanoate C;sHyO, 662 [101]
Triacontyl hexadecanoate 16Hep O, 676 [101]
Dotriacontyl hexadecanoate CyiHyO, 704 [101]
Tetratriacontyl hexadecanoate soH1000, 732 [101]
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Table 2.4 Volatile and semi-volatile organic compounds from hive construction

components
Sources Formula MW  Ref. TD CAS no.
Wood boards
2,3-Dimethyloxirane C,H;O 72 X 1758-33-4
2,2,3.3-Tetramethylhexane C,,H,, 142 X 13475-81-5
2-Ethylcyclobutanol C¢H,,0 100 X 35301-43-0
Hexanal CH,;,0 100 X 66-25-1
1-(1-Methylethoxy)-2-propanone CH,0, 116 X 42781-12-4
1,2-Diethylcyclobutane CeHy 112 X 61141-83-1
a-Pinene C,Hye 136 X 80-56-8
B-Pinene CHye 136 X 127-91-3
3-Carene C,Hye 136 X 13466-78-9
4-Carene C,Hye 136 X 5208-49-1
D-Limonene C,oHye 136 X 5989-27-5
B-Myrcene C,oHy4 136 X 123-35-3
a-Phellandrene CHye 136 X 99-83-2
Ocimene C,Hye 136 X 29714-87-2
Camphene C,Hye 136 X 79-92-5
Vinyl screen
3-Buten-2-one C,H,O 70 X 78-94-4
1-Methylazetidine C,HyN 71 X 4923-79-9
Methylcyclopentane C¢H, 84  [102] X 96-37-7
o-Hexylhydroxylamine CH;sNO 117 X 4665-68-3
Butylcyclopropane CH,, 98 X 930-57-4
Hexyl pentyl ether C;H,,O 172 X 32357-83-8
Polyethylene parts
2-Butoxyethanol CH,,0, 118 X 111-76-2
o0-Xylene CgH,p 106 X 95-47-6
Ethylbenzene CgHy 106 [102] X 100-41-4
2-Octene CiHo 112 X 111-67-1
1-Ethyl-2-methylbenzene CH,, 120 X 611-14-3
1,2,3-Trimethylbenzene CyH,, 120 X 526-73-8
Propylbenzene C,H,, 120 [102] X 103-65-1
1,1,3-Trimethylcyclohexane CyHyg 126 X 3073-66-3
Tetradecane C, Hy, 198 X 629-59-4
Painted box
Isobutyl formate CH,,0, 102 X 542-55-2
1-Hexyn-3-o0l CH,,O 98 X 105-31-7
Phenol C¢HO 94 X 108-95-2
2-Methylpyridine CHN 93 X 109-06-8
2-Propylfuran CH,,O 110 X 4229-91-8
Hexyl butanoate C,H,,O, 172 X 2639-63-6
Butyl butanoate CH,O, 144 X 109-21-7
2,2, 4-Trimethyl-1,3-pentanediol CH,;0 146 X 144-19-4
1-(2-Butoxyethoxy)ethanol CGH;;0; 162 X 54446-78-5
cis-1-Cyclopropyl-2-ethenyl- CH,, 122 X 61141-61-5
cyclobutane
2,4-Dimethyl-3-heptene C,H,g 126 [103] X 2738-18-3
3,4,5-Trimethyl-1-hexene CyHyg 126 X 56728-10-0
O-Decylhydroxylamine C,H,;NO 173 X 29812-79-1
1,4-Dihydro-1,4-methano- CuHy 142 X 4453-90-1
naphthalene
1-Methylnaphthalene C,Hy 142 X 90-12-0
Clock drive
Cyclopentanone C;H;O 84 X 120-92-3
cis-Hept-4-enol CH,,0 114 X 6191-71-5

2-Ethyl-1-decanol CoH,O 186 x  21078-65-9
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Table 2.5 Volatile and semi-volatile organic compounds from non-bee sources

Sources Formula MW  Refs. TD CAS no.
Wood/vegetation combustion sources
Oxygenates
2-Butenal C,HO 70 [104,105] x 4170-30-3
2,3-Butanedione C,H,0, 86 [104,105] x 431-03-8
Furfural CH,0, 96 [104,105] x 98-01-1
2,3-Pentanedione C;H;0, 100 [104,105] x 600-14-6
2,5-Dimethylfuran C¢HO 96 [104] X 625-86-5
2-Hexanone C.H,,0 100 [104,105] x 591-78-6
Isoamyl acetate CH,,0, 130 X 123-92-2
2-Methylbenzaldehyde CH;O 120 [104] X 529-20-4
Anethole C,H,O 148 X 104-46-1
l-a-Terpineol C,0H,s0 154 X 10482-56-1
cis-Linalool oxide C0H50, 170 X 5989-33-3
Other
Chloroform CHClL, 119 [103,106] x 67-66-3
1-Butanol CH,,0 74 [107] X 71-36-3
Isoprene CsHg 68  [103,106] x 78-79-5
Benzene C¢H, 78  [103,106] x 71-43-2
Toluene C,Hg 92 [103,106] x 108-88-3
o-Xylene CgH,, 106 [103,106] x 95-47-6
m-Xylene CgH,, 106 [103,106] x 108-38-3
p-Xylene CgH,, 106 [103,106] x 106-42-3
1,3,5-Trimethylbenzene CH,, 120 [106] X 108-67-8
Naphthalene C,Hg 128  [103] X 91-20-3
1,1’-Biphenyl C,H, 154 [108] X 92-52-4
Vehicle emissions/creosote
Alkanes
n-Cyy to n-Cs, [107]
Dimethyl sulfide C,H,S 62 X 75-18-3
Propane C;Hq 44 X 74-98-6
Isobutane CH,, 58 X 75-28-5
Pentane C;H,, 72 X 109-66-0
2-Methylbutane CH,, 72 X 78-78-4
3,3-Dimethyloxetane CsH,,0 86 [102] X 6921-35-3
2-Methylpentane CH,, 86 X 107-83-5
n-Hexane CH,, 86 X 110-54-3
n-Heptane CH,, 100 X 142-82-5
3-Methylhexane C.Hy¢ 100 X 589-34-4
2,2 4-Trimethylpentane CeH g 114 X 540-84-1
n-Octane CgHyg 114 [102] X 111-65-9
2-Methylheptane CgHyg 114 X 592-27-8
3-Ethylhexane CeHq 114 X 619-99-8
2,3-Dimethylhexane CeH g 114 X 584-94-1
4-Methyloctane CyH,, 128 X 2216-34-4
2,4-Dimethylheptane CoH,, 128 X 2213-23-2
n-Nonane CyH,, 128 X 111-84-2
2-Methylnonane C,H,, 142 X 871-83-0
n-Decane C,oH, 142 X 124-18-5
n-Dodecane C,Hye 170 X 112-40-3
Tridecane C3Hyg 184 X 629-50-5
4,6-Dimethylundecane C;Hy 184 X 17301-23-4
Cycloalkanes
1-Methyl-2-methylenecyclo- CsHg 68 X 18631-84-0

propane
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Table 2.5 Continued

Sources Formula MW Refs. TD CAS no.
Cyclopentane C;H,, 70 X 287-92-3
Ethylcyclobutane CHy, 84 [102] X 4806-61-5
Methylcyclohexane CH,, 98 X 108-87-2
cis-1,2-Dimethylcyclohexane CgHy6 112 X 2207-01-4
1,2,4-Trimethylcyclohexane CyHyg 126 X 2234-75-5

Alkenes
Divinyl ether C,H,O 70 X 109-93-3
2-Methylpropene C,Hg 56 X 115-11-7
1-Pentene C;H,, 70 X 109-67-1
3,3-Dimethylcyclobutene C.H,, 82 X 16327-38-1
2-Hexene C.H,, 84 [102] X 592-43-8
4-Methyl-1-pentene CH,, 84 X 691-37-2
2-Heptene CH,, 98 X 592-77-8
4,4-Dimethyl-1-pentene CH,, 98 X 762-62-9
1,3,5,7-Cyclooctatetraene CgHg 104 X 629-20-9
3-Methyl-1-heptene CeHg 112 X 4810-09-7
2,3-Dihydro-1-methyl-1H-indene  C,;H,, 132 X 767-58-8

Alkynes
5-Methyl-1-hexyne CH,, 96 X 2203-80-7

Allenic dienes
1,2-Butadiene C,H, 54 X 590-19-2
cis,trans-1,3-Pentadiene C;Hjg 68 X 504-60-9
Cycloheptatriene ,Hg 92 X 544-25-2
1,2-Heptadiene CH,, 96 X 2384-90-9
1,2-Dihydrobenzocyclobutene CyHg 104 X 694-87-1
3,7-Dimethyl-1,3,6-octatriene CoHye 136 X 29714-87-2

Aromatics
Benzene C¢Hg 78 [102] X 71-43-2
Toluene C,Hg 92 [102] X 108-88-3
Styrene CHg 104 X 100-42-5
Ethylbenzene CH,, 106 X 100-41-4
o-Xylene CgH,, 106 [103,106] x 95-47-6
m-Xylene CeH,, 106 [103,106] x 108-38-3
p-Xylene CgH,, 106 [103,106] x 106-42-3
B-Methoxystyrene C,H,,0 134 X 4747-15-3
Cumene C,H,, 120 X 98-82-8
Propylbenzene C,H,, 120 X 103-65-1
Mesitylene CH,, 120 X 108-67-8
1,2,4-Trimethylbenzene C,H,, 120 X 95-63-6
Isopropenyltoluene C,oHy, 132 X 26444-18-8
tert-Butylbenzene C,oHyy 134 [102] X 98-06-6
sec-Butylbenzene CHyy 134 X 135-98-8
n-Butylbenzene C,oHy, 134 X 104-51-8
p-Cymene CoHyy 134 X 99-87-6
1,2,3,5-Tetramethylbenzene C,Hy, 134 X 527-53-7
1,2-Dimethyl-2-butenylbenzene C,Hy6 160 X 50871-04-0

Acid and acid derivatives
Formic acid CH,0, 46 X 64-18-6
Acetic acid C,H,0, 60 X 64-19-7
Isobutyric acid C,H,0O, 88 X 79-31-2
3-Furoic acid C;H,0, 112 X 488-93-7
Methoxyacetic acid anhydride C.H,,04 162 X 19500-95-9
Hexanoic acid C:H,,0, 116 X 142-62-1
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Table 2.5 Continued

Sources Formula MW  Refs. TD CAS no.
Benzoic acid C,H,O, 122 X 65-85-0
6-Nonynoic acid CyH,,0, 154 X 56630-31-0

Amides
Formamide CH,;NO 45 X 75-12-7
Acetamide C,H,;NO 59 X 60-35-5

Amines
2,2-Dimethylaziridine CHyN 71 X 2658-24-4
O-Isobutylhydroxylamine CH,; NO 89 X 5618-62-2
Benzothiazole C/H,NS 135 X 95-16-9
2-(2-Aminoethyl)pyridine CH N, 122 X 2706-56-1

Aldehydes
Acetaldehyde C,H,0 44 [102] X 75-07-0
Furfural CsH,0, 96 X 98-01-1
4-Pentenal CH;O 84 X 2100-17-6
Isovaleraldehyde CH,,0 86 X 590-86-3
5-Methyl-2-furfural CH,O, 110 X 620-02-0
5-(Hydroxymethyl)-2-furfural C¢HO; 126 X 67-47-0
Benzaldehyde C,HO 106 X 100-52-7
4-Heptenal CH,,0 112 X 62238-34-0
2,4-Dimethylpentanal CH,,0 114 X 27944-79-2
Heptanal CH,,0 114 X 111-71-7
Terephthalaldehyde CH,O, 134 X 623-27-8
3-Methoxybenzaldehyde CH;0, 136 X 591-31-1
2-Ethylhexanal CgH,;sO 128 X 123-05-7
Octanal CsH,,O 128 X 124-13-0
Cinnamaldehyde C,H;O 132 X 104-55-2
Dodecanal C,H,,0 184 X 112-54-9
Nonanal C,H;O 142 X 124-19-6

Ketones
Acetone C;H,O 58 X 67-64-1
1-Hydroxy-2-propanone CH,0, 74 X 116-09-6
3-Buten-2-one C,H,O 70 X 78-94-4
2-Butanone CH,O 72 X 78-93-3
3-Hydroxy-2-butanone C,H;0O, 88 X 513-86-0
4,4-Dimethyl-2-oxetanone C;H,0O, 100 X 1823-52-5
3-Methyl-2-butanone CH,,0 86 X 563-80-4
2-Pentanone C;H,,0 86 X 107-87-9
2,3-dihydro-3,5-dihydroxy- C.H;O, 144 X 28564-83-2

6-methyl-4H-pyran-4-one
2-Hexanone CH;,0 100 X 591-78-6
5-Methyl-2-hexanone CH,,O0 114 X 110-12-3
2-Heptanone CH,,0 114 X 110-43-0
Acetophenone CH;O 120 X 98-86-2
4-Methyl-2-heptanone CgH,,O 128 X 6137-11-7
1-Cyclopropyl-2-(2-pyridinyl)- C,H;;NO 161 X 57276-32-1
ethanone

Alcohols
Methanol CH,O 32 [102] 67-56-1
Ethanol C,HO 46 [102] X 64-17-5
2-Propanol C;H,O 60 X 67-63-0
2-Methyl-1-propanol CH,,0 74 X 78-83-1
2-Methyl-2-propanol C,H,,0 74 X 75-65-0
1,3-Butanediol CH,,0, 90 X 107-88-0
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Table 2.5 Continued

Sources Formula MW Refs. TD CAS no.
3-Methyl-3-buten-2-ol CH,,0 86 X 10473-14-0
2-Methyl-1-butanol CH,,0 88 X 137-32-6
3-Methyl-1-butanol CH,,0 88 X 123-51-3
2-Pentanol CsH,,0 88 X 6032-29-7
2-Methylcyclopentanol CH,,0 100 X 24070-77-7
Cyclohexanol C¢H,,0 100 X 108-93-0
1-Hexanol C¢H,,0 102 X 111-27-3
Benzene methanol CH,O 108 X 100-51-6
3-Methyl-2-cyclohexen-1-ol CH,,0 112 X 21378-21-2
trans-2-Hepten-1-ol CH,,0 114 X 33467-76-4
Benzene ethanol CsH,,0 122 X 60-12-8
2-Ethyl-1-hexanol CgH,0 130 X 104-76-7
1-Octanol CgH ;O 130 X 111-87-5
Borneol C,0H;s0 154 X 507-70-0
Hexadecanol C,,H5,0 242 X 36653-82-4

Ethers
Heptyl hexyl ether C;;H0 200 X 7289-40-9

Polycyclic aromatic hydrocarbons (PAHs)
Naphthalene C,oHg 128 [107,109] x 91-20-3
Acenaphthene C,Hy 154 [109] 83-32-9
1,6-Dimethylnaphthalene C,H,, 156 X 575-43-9
2-Ethylnaphthalene C,Hy, 156 X 939-27-5
1,3-Dimethylnaphthalene C,H,, 156 X 575-41-7
1,5-Dimethylnaphthalene C,H, 156 X 571-61-9
1,7-Dimethylnaphthalene C,H,, 156 X 575-37-1
2,7-Dimethylnaphthalene C,H, 156 X 582-16-1
1,2,3,4-Tetrahydro-2,6-dimethyl-  C,H,, 160 X 7524-63-2

naphthalene

Biphenyls
1,1’-Biphenyl C,Hy 154 [107] X 92-52-4
3-Methyl-1,1'-biphenyl CiHy, 168  [107] X 643-93-6

Industrial compounds/solvents

Halogenated compounds
Trichlorofluoromethane CCLF 136 X 75-69-4
Tetrachloromethane CCl, 154 X 56-23-5
Bromodichloromethane CHBr(Cl, 164 X 75-27-4
Dibromochloromethane CHBr,Cl1 208 X 124-48-1
Tribromomethane CHBr, 253 X 75-25-2
Trichloromethane CHCl, 118 X 67-66-3
Bromochloromethane CH,BrCl 128 X 74-97-5
Dibromomethane CH,Br, 174 X 74-95-3
Dichloromethane CH,Cl, 84 X 75-09-2
Tetrachloroethene C,Cl, 164 X 127-18-4
Hexachloroethane C,Clq 239 X 67-72-1
Trichloroethene C,HCl, 131 X 79-01-6
1,1,2,2-Tetrafluoroethane C,H,F, 102 X 359-35-3
1,1-Dichloroethene C,H,Cl, 97 X 75-35-4
cis-1,2-Dichloroethene C,H,Cl, 97 X 156-59-2
trans-1,2-Dichloroethene C,H,Cl, 97 X 156-60-5
1,1,1,2-Tetrachloroethane C,H,Cl, 166 X 630-20-6
1,1,2,2-Tetrachloroethane C,H,Cl, 166 X 79-34-5
1-Chloro-1,1-difluoroethane C,H;CIF, 100 X 75-68-3
1,1,1-Trichloroethane C,H,Cl, 132 X 71-55-6
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Table 2.5 Continued

Sources Formula MW  Refs. TD CAS no.
1,1,2-Trichloroethane C,H,Cl, 132 X 79-00-5
1,2-Dibromoethane C,H,Br, 188 X 106-93-4
1,1-Dichloroethane C,H,Cl, 99 X 75-34-3
1,2-Dichloroethane CH,CL, 99 X 107-06-2
1,1-Dichloropropene C,H,Cl, 111 X 563-58-6
cis-1,3-Dichloropropene CH,Cl, 111 X 542-75-6
trans-1,3-Dichloropropene C,H,Cl, 111 X 10061-02-6
1,2,3-Trichloropropane C;H,Cl, 147 X 96-18-4
1,2-Dichloropropane C,H,Cl, 113 X 78-87-5
1,3-Dichloropropane CH,Cl, 113 X 142-28-9
2,2-Dichloropropane C,H,Cl, 113 X 594-20-7
1,1,3,4-Tetrachlorobutane C, HiCl, 196 X 3405-32-1
1,2,3-Trichlorobenzene C:H,Cl, 181 X 87-61-6
1,2,4-Trichlorobenzene C¢H;Cl, 181 X 120-82-1
1,2-Dichlorobenzene C:H,Cl, 147 X 95-50-1
1,3-Dichlorobenzene C.H,Cl, 147 X 541-73-1
1,4-Dichlorobenzene C:H,Cl, 147 X 106-46-7
Bromobenzene C¢H;Br 157 X 108-86-1
Chlorobenzene CsH;Cl 113 X 108-90-7
6-Bromo-1-hexene C¢H,,Br 162 X 2695-47-8
2-Chlorotoluene C,H,Cl 127 X 95-49-8
4-Chlorotoluene CH,Cl 127 X 106-43-4
Arochlor-1260 C,H;Cl, 395 [110] 11096-82-5
Arochlor-1254 C,H,Cl4 326 [110] 11097-69-1
Arochlor-1248 C,H(Cl, 292 [110] 12672-29-6

Agrochemicals

Pesticides

1,2-Dibromo-3-chloropropane CH,Br,Cl 236 X 96-12-8
1,4-Dichlorobenzene C.H,Cl, 147 X 106-46-7
Methyl parathion CgH,(NO;PS 263 [110] 298-00-0
Endosulfan CyH,Cl,05S 407 [110] 115-29-7
Heptachlor (bees/pollen) C,,H;Cl, 373 y 76-44-8
Heptachlor epoxide (bees) C,)H;CL,O 389 y 1024-57-3
y-Chlordane (pollen) C,oH,Cly 410 y 57-74-9
Menthol C,,H,,0 156 X 2216-51-5
Aldrin (bees) C,HClq 365 y 309-00-2
Dieldrin (pollen) C,HsCl,O 381 y 60-57-1
Endrin (bees) C,H,Cl,O 381 y 72-20-8
Endrin aldehyde (bees) C,H,Cl,0 381 y 7421-93-4
Carbaryl C,H;NO, 201 [110] 63-25-2
4,4'-DDE (bees) C HCl, 318 y 72-55-9
4,4'-DDT (bees/pollen) C,H,Clq 355 y 50-29-3
4,4’-DDD (bees) CH,,Cl, 320 y 72-54-8
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Table 2.6 Selected volatile and semi-volatile organic compounds concentrations
(ppt by volume) in hive air from colonies located near Chesapeake Bay,
USA, during the 1999 summer season

Compound Maximum level, ppt Mean level, ppt (n=17)
Trichloromethane 70 20
Tetrachloromethane 25 4
1,2-Dichloroethane 2 1
1,1,1-Trichloroethane 826 55
1,1,2,2-Tetrachloroethane 4 1
cis-1,2-Dichloroethene 839 149
1,1-Dichloroethene 128 18
Trichloroethene 2 1
Tetrachloroethene 19 7
1,4-Dichlorobenzene 46 6
Bromobenzene 86 6
Benzene 170 78
Toluene 1643 662
Ethylbenzene 146 64
o0-Xylene 118 44
Styrene 9239 1594
Naphthalene 16 2
Acetophenone 112 11

400 multibed unit — a drying tube and a Carbotrap 150 “guard column.”
The drying tube has eliminated samples lost to moisture, a problem on hot
days when the bees are using evaporative cooling in the hive for ther-
moregulation. The Carbotrap 150 tube is a single-bed tube containing
graphitized carbon to remove high levels of terpenes and pyrolysis
residues of sugar compounds. Without the guard tube, resinous com-
ponents of propolis and the pine boards in the hive overwhelm the transfer
lines between the desorption unit, the focusing trap, and the GC column.
Without the Carbotrap 150 tube, transfer lines need to be replaced every
60 samples.

Organic compounds in honey bee semiochemicals

Much communication among honey bees is conducted via the exchange of
semiochemicals. Some chemical communication requires direct transfer of
fluids from one bee to another; other communication is conducted by the
release of volatile compounds inside the hive or externally into the
ambient air. Bees have a system of exocrine glands that release mixtures
of compounds for specific purposes — e.g. attracting a mate (queen
pheromone), suppressing ovaries in workers (queen pheromone), signal-
ing about an intruder (alarm pheromone). Chemical characterization of
gland contents has usually been accomplished by physically removing
glands and analyzing their concentrated liquid contents.

Of interest to this study is how pervasive semiochemicals are in hive
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atmospheres. Since some pheromones are effective at very low levels and
many are released outside of the hive, they can easily be missed (and
were) by our TD/GC/MS methodology. Our hive air sampling, however,
picked up those semiochemicals that were produced in large amounts and
passed around inside the hive by workers (Table 2.2).

Detectable levels of hexanoic acid, octanoic acid, 2-heptanone, C,—C;
acetate esters, Cs—C, alcohols, hydrocarbons, and terpenes were probably
secreted by the mandibular glands of the hive worker population [26-50].
Many of these compounds are released as alarm and hive defense signals.
Constituents of the Koschevnikov gland, also used for alarm and sting pur-
poses (nonanoic acid, octenal, isopentyl acetate, nonanol), were detected.
Compounds reported in studies of young queens [71] were also seen —
p-methane-9-ol, 4,5-dimethylnonane, dimethylhexane, and trimethyl-
cyclopentane trimethylnonene. Since there were no significant numbers of
isolated, young queens in our hive samples, their presence in hive atmos-
pheres suggests that they are also secreted by the general worker popu-
lation.

Beeswax pheromones, which give rise to characteristic hive odors,
should also be present in substantial quantities in hive air. Among the list
of those attributed to comprising hive odor [87-91], we found furfural,
benzaldehyde, octanal, nonanal, decanal, and decanol.

Chemicals from the Nasonov glands, used to mark field locations of
water and artificial food sources [51-58], were detected by TD/GC/MS.
These markers include C,, monoterpenoids such as (Z)-citral, (E)-citral,
nerol, geraniol, nerolic acid, and geranic acid.

Organic compounds in hive stores

The TD/GC/MS method described in this paper is designed specifically to
target volatile and semi-volatile components of intermediate to low polar-
ity. As such, we did not expect to detect those compounds which partition
into aqueous-based phases such nectar and honey. Alcohols and car-
boxylic acids, which establish significant equilibrium concentrations in
both honey and air, were found (Table 2.3). Low molecular weight com-
ponents of beeswax, e.g. alkenes and alkadienes, were also seen in the hive
air.

The most visible bee-foraged material from the standpoint of hive air
samples was propolis. A wide variety of hydrocarbons and their partially
oxidized breakdown product components were collected in our chemical
sorbent beds. These correlated closely with lists of compounds reported in
propolis [16, 17, 101] for North America and Europe. Many more com-
pounds appear in propolis from tropical forests [16] that were not exam-
ined in this study. Many of these are large waxy esters and would not be
seen by our TD/GC/MS method. We expect that specific compounds and
their relative amounts will show considerable variation dependent upon
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the types of vegetation from which saps and resins have been collected.
Some analytes reported by us in Table 2.3 that are not reported as propolis
components in the bee literature may represent such vegetation-specific
compounds. Many of these identifications are tentative. They are based on
spectral matches from the NIST library, but have not been confirmed by
comparative analysis of standards. Among the proposed compounds are
various aliphatic and aromatic acids, ketones, esters, aldehydes, and
terpenes.

Organic compounds in instrumented condo components

During the early stages of our bee biomonitoring project, we chemically
profiled each component that was used in the construction of our instru-
mented hive condos (Table 2.4). Unpainted pine boards were rich in
terpene peaks. In fact, using artificial neural networks, we were often able
to identify from which hive a sample came, based heavily on their indi-
vidual terpene fingerprints [112, 113]. Vinyl screens gave rise to several
ethers. Polyethylene parts released various aromatic and aliphatic deriva-
tives. The application of white paint to the exterior surfaces of hive boxes
added some organic acids, alcohols, and additional hydrocarbons to the
hive environment.

Organic compounds from non-bee sources

Compounds listed in Table 2.5 are released into the air by well-known,
non-honey bee sources. As such, most of them have not previously been
considered as part of the hive atmospheres in which colonies live. Hive
atmosphere sampling, however, reveals that these compounds are intim-
ately incorporated into the air reservoir used by hive residents. Thus, they
should be included in discussions of honey bee ecosystems.

Some contaminants are present because ambient air has suffused into
the hive from the outside. Others may be present because honey bee for-
agers have encountered them during resource collection and brought them
back with water, nectar, or pollen [11-14]. Thermoregulation of the hive
brood areas, near 35°C for our colonies, is quite effective in volatilizing
many organic residues. Studies in our laboratories [112] have demonstra-
ted that water-collecting bee foragers successfully transport an organic
film from standing pools of water and moist soil granules. Water is often
brought into the hive on warm days and fanned to keep brood areas at the
proper temperature. As the cooling water is evaporated, organic film com-
ponents are vaporized efficiently into the hive atmosphere.

We have categorized non-bee chemicals based on their likely source:
(1) compounds arising from wood and biomass combustion [104, 105], (2)
petroleum and creosote residues or vehicle emissions [102, 105], (3) indus-
trial compounds [106], and (4) agrochemicals [110]. These lists are by no
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means comprehensive. Their intent is to provide a sample of representat-
ive compounds that fall into these categories.

Compounds assigned to the wood and biomass combustion category
include terpenes and oxygenated pyrolysis products such as aldehydes,
alcohols, and ketones [104, 105]. Although simple aromatics have been
reported in the literature from residential wood burning, our samples were
collected during summer when biomass combustion was minimal. It is
more likely that detected aromatic products originate from petroleum
residuals.

Fossil-fueled vehicles give rise to emissions of unburned fuel and par-
tially oxidized hydrocarbons [102, 106]. Prominent are the BTEX suite of
aromatics — benzene, toluene, ethylbenzene, and xylenes. These com-
pounds are ubiquitous in the environment, present in essentially every
hive atmosphere we test and often among the most prominent peaks in the
chromatogram. To date, it has not been possible to position a bee colony
that avoids capture of significant amounts of BTEX. We also detect more
biorefractive fuel components in hive air — polycyclic aromatics and
biphenyls commonly associated with diesel products [114]. Incompletely
burned fuel residuals [102] were also evident as noted in the “Oxygenates”
portion of Table 2.5. These comprised aldehydes, ketones, alcohols, and
oxides.

A number of halogenated organic compounds found in hive atmos-
pheres by our TD/GC/MS are common industrial solvents. They, too, are
fairly ubiquitous in the environment. Chlorination of drinking and waste-
water generates some. Many others are components in over-the-counter
home products. Engine degreasers used by home mechanics are an espe-
cially rich source of these materials. Halogenated contaminants are biore-
fractive so they persist in the environment after their initial release,
probably in a liquid or aerosol form. Tetrachloroethene (PCE), 1,1,2-
trichloroethene, and tetrachloromethane have been among the most fre-
quently encountered chlorinated solvents in our environmental
biomonitoring work at Aberdeen Proving Ground [11-14]. Contaminant
transport experiments [112] have shown that bees readily transport PCE,
1,1,2,2-tetrachloroethane, 1,1,1-trichloroethane, and 1,1,2-trichloroethane
from watering stations into the hive.

TD/GC/MS sampling done with carbon-based sorbents has had only
limited success at finding pesticides in hive atmospheres. In part this is due
to the high molecular weights of some common pest agents such as endo-
sulfan (406.9g/mol) and chlordane (409.8g/mol). The pesticides we have
seen tend to be the lighter, more volatile agents — p-dichlorobenzene
(147 g/mol) and menthol (156 g/mol). Silica-based sorbents would extend
our range to higher molecular weight values. Sorption and chromato-
graphic considerations decrease sensitivity toward organophosphate and
carbamate analytes. Experiments performed in our research apiary during
the summer of 1998 demonstrate that methyl parathion doses, sufficient to
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cause significant bee mortality, are missed by our methodology. Sorption
traps that target organophosphate analytes are currently undergoing
evaluation.

Xenobiotic VOC taggants

Our ability to successfully detect VOCs and SVOCs in hive atmospheres
has led to exploiting this ability in a new direction. Exotic compounds can
be added to syrup and pollen feeders. When bee foragers visit these sta-
tions and then return to the hive, they carry a chemical signature that we
can detect in the hive atmosphere. We employ this technique in studies
designed to document foraging patterns or to confirm that honey bees
have found “targets” that carry a conditioning scent. This technique is
helpful in validating that the bees find unattended targets by means of
scent. Bees in our conditioning trials became so accustomed to field per-
sonnel being associated with feeders that they would investigate any
human in the vicinity for a feeder target.

Two categories of taggants have proved particularly useful — perfluori-
nated compounds and perdeuterated compounds. We have a sufficient
number of taggants that arrays of feeders can be uniquely marked. Tag-
gants can be distributed in feeders on the basis of radial distance from the
hive, direction or specific locations. Quantitative analysis of the taggants in
the beehive atmosphere allows us to apportion foraging activity among the
target categories in the experiment.

Very little taggant is required for any one experiment. We usually add
100 pL of taggant to 0.250dm® of a 2M sucrose syrup solution. Figure 2.3
demonstrates hive air contents following deployment of three taggants —
perdeuterated benzene, toluene, and heptane. Samples were collected
over 30 min intervals. An advantageous property of the perdeuterated tag-
gants is that they clear the hive within about 2 hours. Perfluorinated tag-
gants require about 48 hours to disappear, constraining the number of
experiments that can be conducted in a short timeframe.

Conclusion

Sampling by TD/GC/MS has been an effective means of characterizing the
mix of volatile and semi-volatile compounds present in hive atmospheres.
Hive residents breathe an expected combination of chemicals released by
themselves, their forage resources, and the hive walls. What most bee
researchers have previously missed is the significant, and often dominant,
presence of airborne contaminants from non-bee sources. This becomes
apparent when actual hive atmospheres are sampled in place of experiments
that characterize the composition of glands or hive stores. High PCE levels
in hives at Aberdeen Proving Ground were associated with queen loss in 50
percent of the colonies placed near a hazardous military landfill [14].
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Figure 2.3 Perdeuterated taggants in hive atmosphere. Feeder syrup contained no
taggant for points prior to 90 minutes. Taggant was only available for
points between 90 and 200 minutes. Non-taggant syrup was restored for
points beyond 200 minutes. Note that their presence is seen immedi-
ately in the first post-deployment interval and that they disappear
within 1 hour of being removed.
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3 Risk assessment of plant
protection products on honey
bees

Regulatory aspects

S. Cluzeau

Summary

Significant changes have occurred over the past few years in European and
French legislation with regard to environmental risk assessment of plant
protection products. Regarding honey bees, the tests requested depend on
the intrinsic characteristics of the product and its method of use. When-
ever the honey bee is likely to be exposed to chemical plant protection
products, during or after treatment, laboratory toxicity tests are requested
leading to the calculation of the hazard quotient. This value determines
the subsequent tests to be carried out: cage tests, tunnel tests, or field tests,
according to the test guidelines harmonized at the European level. In addi-
tion, specific procedures currently available in the United States are pre-
sented.

Introduction

The end of the Second World War was a turning point in the use of plant
protection products in agriculture, with the development of synthetic
chemicals, especially insecticides, organochlorides, and organophosphates.
At this time, the need to produce and therefore to increase yields to
ensure national self-sufficiency was the main priority of a rapidly changing
agriculture. The chemical industry, also expanding rapidly, developed
thousands of new products, providing easy and effective solutions against
various crop enemies [1]. In this context the side-effects of the plant pro-
tection treatments, such as the risk of resistance phenomena or the impact
on beneficial organisms, although inevitable, were not taken into account,
or were ignored [2].

In France, in 1943, a law on the registration of plant protection products
used in agriculture was adopted. The tests required at this time for plant
protection products to become commercialized were limited. They mainly
dealt with the biological efficacy of the product and acute toxicity tests on
rats. No test was requested on the side-effects of the products on nontar-
geted insects, such as pollinator insects. Nevertheless, even at this time,
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the effects of biocides on man and animals, including game, fish and bees,
were far from negligible [3].

It was not until 1956, following problems of poisoning in bee colonies
observed by beekeepers, mainly on oil seed rape crop, that the public ser-
vices set up specific regulatory provisions on the protection of honey bees
and pollinator insects. The first toxicity tests on honey bees (mainly acute
toxicity) were settled during the 1960s. In the 1970s the development of
synthetic pyrethroids indicated the occurrence of additional side-effects.
Damaging effects on the bees’ behavior were suspected, but were difficult
to characterize, underlining the need for new types of tests.

Since this period and especially over the past 15 years, legislation on the
placing of chemical plant protection products on the market has been con-
tinuously developing to cope with European regulations. Directive No.
91/414/CEE of July 15 1991 [4], later transcribed into French law, defines
the guidelines of the market approval procedure for chemical plant protec-
tion products. The provisions related to the effect on the environment and
on beneficial organisms, in particular bees and other pollinators came to
special importance.

After briefly outlining the different effects that chemical plant protec-
tion products can have on bees, we present the regulatory provisions that
are currently applied in France to limit this impact. We then describe the
European regulation to assess plant protection product risks on bees and
the setting up of new procedures for market approval of chemical prepara-
tions in Europe. Finally, we mention the regulatory provisions applied in
the United States.

Bees and plant protection products: a difficult interaction

The economic value of honey bees relies on the products derived from its
activity (honey, pollen, royal jelly, etc.). Moreover, the honey bee plays a
major role as a pollination agent. Crops of major importance, in fields or
in greenhouses, benefit significantly from the activity of bees: fruit trees,
oil crops (sunflower, oilseed rape), vegetable crops, seed production, etc.
Although the benefits brought through pollination are difficult to put into
figures, in 1982, Borneck and Bricout [5] estimated that entomophilous
crops represented about 27 billion French francs, with 12 percent (i.e. 3
billion French francs) being attributed to pollinator insects. In addition,
the honey bee significantly contributes to the maintenance and develop-
ment of the biodiversity of ecosystems, notably in wild flora.

Bees can be contaminated by chemical plant protection products or
other xenobiotics, either directly or indirectly, immediately or with
delayed effects [6]. They can be poisoned directly during the spraying of
these products in the blooming period through contact with the spray.
They can also encounter product residues when foraging on the plants or
by eating polluted nectar, honeydew, or pollen. In addition, the bee can
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contaminate the hive by bringing back polluted food, which will be stored
and poison hive bees. In the case of growth regulator insecticides this
effect will be particularly harmful to the larvae. Not only can the domestic
honey bees be affected, but also bumble bees and other insects, such as the
alfalfa leafcutting bee, which is important in the United States.

Over the past 15 years, an increasing number of studies have shown so-
called sublethal effects in the laboratory and under controlled conditions:
delayed mortality, “disappearing disease” [7], decreasing laying rates [8],
effects on the viability of larvae, disturbances of flight, orientation, and
communication [9], and so on. These effects are also strongly suspected by
beekeepers under field conditions, without any formal proof since no
objective means of measurement are yet available.

Although insecticides are the most often involved in damage caused to
the pollinator insects, other plant protection products might also have
negative effects. Thus, fungicides, notably when applied in combination
with insecticides — the most well-known case being the mixture of
deltamethrin and prochloraz, which in the 1980s was responsible for
significant bee mortality [10] — can be responsible for poisoning. With
regard to herbicides, they contribute to a decrease in pollinator insects’
food sources and sometimes can have an insecticide action [6].

Plant protection products and regulatory provisions on
honey bees and pollinator insects in France

As mentioned in the introduction, the first regulatory provisions which
took into account the risk assessment of chemical plant protection pro-
ducts on bees started in 1956. They were progressively modified, leading to
the publication of the July 5 1985 Decree [11], which modified the Febru-
ary 25 1975 Decree [12], and which is still in force.

The July 5 1985 Decree

This text specifies that the use of insecticides and acaricides attacks on all
crops and forestry plantations is forbidden during the flowering period and
the production of honeydew due to aphid attacks. Moreover, products
known to be dangerous to bees should be labelled as being “dangerous to
bees and other pollinator insects” (Table 3.1).

During the flowering period and the production of honeydew, only prod-
ucts with a special exemption can be used. This exemption is granted by the
Ministry of Agriculture on the advice of the Comité d’homologation for a
given utilization and treatment dose level. The Comité d’homologation
bases its opinion on the recommendations of the “bee” section of the Com-
mission d’étude de la toxicité des produits antiparasitaires a usage agricole.
This advice is established after the examination of test results provided by
agrochemical companies (the list of tests is given below). The exemption
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Table 3.1 Extract from February 25 1975 Decree relating to the application of
plant protection products for agricultural use [11]

Part IT — Provisions relative to the protection of bees and other pollinating insects
(July 5 1985 Decree)

Art. 8 § 1. With a view to protecting bees and other pollinating insects, treatments
involving insecticides and acaricides are forbidden, whatever the product and
application apparatus used, on all crops and forestry plantations visited by these
insects during flowering and during the honeydew production period following
attacks from aphids.

§ 2. As an exemption to this provision, only those insecticides and acaricides with
the following wording: “Use authorized during flowering and honeydew secretion
periods following aphid attacks, provided the doses, means of application and
precautions set out in the sales authorization are respected” may be used during
these periods. These particular wordings must appear on the packaging.

§ 3. Amongst other things, all insecticides and acaricides recognized as being
dangerous to bees and other pollinating insects must carry the wording: “Product
dangerous to bees and other pollinating insects.”

§ 4. When melliferous plants are in flower under trees or in the middle of crops to
be treated, they should be cut or uprooted before treatment.

appears on the label as “use authorized during the flowering and honeydew
production periods following aphid attacks.”

Tests required to obtain exemption

Companies requesting authorization to use their product during the flow-
ering period submit to the relevant authorities a toxicological file for each
preparation and for each requested use, allowing the toxicity of the
product for bees to be assessed.

The main tests required are the following:

e Laboratory assessment of LDy, (at 24 and 48 hours) through contact
or ingestion of the active ingredient and the formulated product; the
official guideline being the CEB test No. 95 method of the Commis-
sion des essais biologiques (CEB) [13].

e Assessment of the effects of application of the product outdoors under
a wire meshed tunnel; the official guideline in France being CEB test
No. 129 [14].

Based on the results of these tests, insecticides and acaricides can be classi-
fied into three groups (Table 3.2). The preparations considered as danger-
ous (Group 1) and as presumed dangerous (Group 2) are forbidden during
flowering and honeydew production periods. The Group 1 preparations
are recognized as toxic and should be labeled “dangerous to bees.” Only
the Group 3 preparations can benefit from exemptions for their use during
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Table 3.2 Bee toxicity groups used in France to classify insecticides and

acaricides [27]

Group Hazard group Conditions of use Wording on label

1 Product recognized = Not to be used on plants ~ Dangerous to bees
as dangerous to visited by bees or and other pollinators
bees pollinating insects

2 Product presumed Not to be used on plants —
dangerous to bees visited by bees or

pollinating insects

3 Formulations having Authorized for use in Utilization authorized
received at least situations benefiting from during flowering or
an exemption or a the classification honeydew secretion
classification for a periods following
specific use aphid attacks for a

specific use provided
the doses, means of
application and
precautions set out in
the sales authorization
are respected

flowering and honeydew production periods. However, Group 2 prepara-
tions, which are presumed dangerous and consequently are forbidden
during flowering, have no indication on their labeling, which leads to a
certain ambiguity.

Limitations in current regulations and problems encountered

Several problems have been encountered which indicate the limitations in
the test methods being used and the difficulty of studying the effects of
plant protection products on bees.

In the laboratory, the LDy, of certain plant protection products can
vary by a factor of 10 to 100, and even 1000, depending on the biologi-
cal material used [15].

Field tests hardly allow the assessment of the effects of certain mol-
ecules, shown to be toxic in the laboratory, in particular the synthetic
pyrethroids. With this kind of product, used at very low doses per
hectare (a few grams), mortality is almost never observed in or near
the hive.

Tunnel tests allow the estimation of the risk to bees with a product
applied under conditions similar to agricultural practice. However,
these tests are not often repeated because of the complexity of their
set-up and their high cost. Replicates can be conducted over time but
they are subjected to climate variations.

The problems recently encountered in France with imidacloprid, a sys-
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temic insecticide treatment applied on sunflower seeds which is sus-
pected to induce sublethal effects on bees’ behavior, have stressed the
limitations of current test methods.

e The 1985 Decree sets out provisions relating to the use of products
and only concerns insecticides and acaricides. Fungicides and herbi-
cides, which represent a significant part of plant protection product
sales and which may have also adverse effects on bees, are usually not
tested.

European regulation to assess risks of plant protection
products on bees

The European Directive No. 91/414/CEE of July 15 1991 concerning the
registration of plant protection products sets out the conditions which
must be fulfilled to obtain market authorization (Table 3.3). This approval
is carried out in two steps. Approval for the active substance is given at the
level of the European Commission. Authorizations for preparations
remain at the national level. Simplified procedures are planned for the
future to allow authorization to be extended from one country to another.

In France, the European Directive has been transferred into national
law by different decrees and laws. The decree of September 6 1994 [16]

Table 3.3 Main headings of European Directive 91/414/EEC [4]

Annex [ Active substances authorized for incorporation in plant
protection products
Annex II Requirements for the file to be submitted by applicants for the

inclusion of an active substance in Annex I
8. Ecotoxicological studies [28]
8.3 Effects on bees
8.3.1 Acute toxicity
8.3.2 Bee brood feeding test
Annex IIT Requirements for the file to be submitted by applicants for the
authorization of a plant protection product
10. Ecotoxicological studies
10.4 Effects on bees
10.4.1 Acute oral and contact toxicity
10.4.2 Residue test
10.4.3 Cage tests
10.4.4 Field tests
10.4.5 Tunnel tests
Annex IV Risk phrases
Annex V Safety phrases
Annex VI Uniform principles for the evaluation of plant protection
products
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defines the conditions to be fulfilled in constituting an approval request file
for plant protection preparations. The Decree annexes list the tests
required to register an active substance on a positive list and to ask for
approval for the preparation. The tests required for bees are detailed in
Part 8.3.1 of Annex I for the active substance and in Part 10.4 of Annex II
for the preparation.

Different national and international institutions have established
methods to assess the environmental risk of plant protection products. The
EPPO (European and Mediterranean Plant Protection Organization) and
the Council of Europe have worked to harmonize test methods for the
environmental side-effects evaluation especially on bees. This work has
led to the publication of a decision-making scheme for the environmental
risk assessment of plant protection products [17] (Figure 3.1). This scheme
is common to all the member countries in Europe, but the methods used
are in fact determined by each country.

European regulation is based on the concept of risk which has replaced
that of innocuousness, toxicity being an inherent property of any plant
protection product [18]. Thus, the assessment of the risks involved with a
plant protection product can only be done after laboratory and field tests,
which lead to classifying the product into one of the following categories:
high-, medium-, and low-risk products. Each stage of the procedure leads
to either an assessment of the risk (and therefore classification in one of
the risk categories previously mentioned) or to further tests. This assess-
ment takes into account several factors such as the doses of the product
used, its method of application, and the crop being treated.

Laboratory tests

Acute toxicity of the active substance

The LDy, values for oral or contact acute toxicity with the active substance
are indicators of the potential impact on bees. Their measurement is com-
pulsory for all plant protection products once bees are susceptible to being
exposed to them. These tests are therefore not requested for products with
particular uses not involving contact with bees (foodstorage in closed
buildings, treatment of seeds or transplanted plants and bulbs, wound
sealing and healing treatment, rodenticidal baits, use in greenhouses with
no pollinating insects).

Acute toxicity of the commercial formulation

Determining LDy, values (after 48 hours) for a commercial formulation
administered by contact or ingestion routes can be requested when the
formulation contains several active substances or when its toxicity cannot
be predicted from comparisons with those of similar formulations.
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Determining hazard quotients

Establishing LDs, values allows us to determine the Hazard Quotients
following oral or contact exposure (Qyo and Qyc) which are calculated
from the LDy, values and the doses recommended for field treatment.

Calculation of the Hazard Quotient

Preparation containing only one active substance (a.s.)

Quo (pg a.s./bee) = Dose (g a.s./ha)/oral LDy, (g a.s./bee)
Quc (pg a.s./bee) = Dose (g a.s./ha)/contact LDs, (g a.s./bee)

Preparation containing several active substances

Quo (g preparation/bee) = Dose (g preparation/ha)/oral LDy, (g
preparation/bee)

Quc (pg preparation/bee) = Dose (g preparation/ha)/contact LDy,
(g preparation/bee)

Dose: maximum application dose for which the authorization is
requested, expressed as grams of active substance per hectare.

The value of the Hazard Quotient is critical for the next step of the assess-
ment procedure. Different types of tests are requested when the value
obtained for the Hazard Quotient is above a threshold value of 50.

The case of insect growth regulators

For these types of substances a test to evaluate the risk for bee brood is
required, unless it has been shown that exposure is highly unlikely (the
official method used is the ICPBR (International Commission for
Plant-Bee Relationships) 1992 method [19]). On the basis of the results
observed, additional cage or tunnel tests may be requested.

Test of residues on foliage

In addition to the other tests, this test can be requested when the risk is
considered as being high (Qyo or Qe >50). It aims to provide informa-
tion to assess the potential toxicity of product residues on crops for forag-
ing bees. This test should allow us to establish the 50 percent Lethal Time
(LTy,) expressed in hours. This value gives us an idea of the time period
during which the residues remain toxic to bees.

Tests under controlled conditions and field tests

According to the EPPO, the most reliable risk assessment is based on data
gathered under conditions which are most similar to agricultural practice
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by setting up field tests. However, owing to the difficulty and cost involved
in setting up such tests, as far as possible they are replaced by laboratory
or cage tests, with the results of the latter taken as being decisive.

Cage tests

These tests are carried out in accordance with the EPPO 170 Directive
[20]. They should allow us to obtain enough information to assess the
potential risks of the plant protection product on the survival and behavior
of bees. They are requested when the risk is considered as high (Qyo and
Quc>50, or in the case of significant effects on the brood or of suspected
indirect effects: delayed effects, behavior modification, etc.).

Tunnel tests

These tests aim to assess the impact of contaminated flowers or honeydew
on foraging bees. They can be requested when particular effects (toxicity
for larvae, long-term delayed effects, disorientation of bees) have been
observed during field tests. In France, the CEB 129 method is used.

Regulatory situation in the USA

Authorization for plant protection products is governed in general by
the EPA (Environmental Protection Agency) and more precisely by the
OPP (Office of Pesticide Programs). The market approval procedure is
initially at the federal level and then at the level of each state. Thus, the
company requesting approval first submits a request file at the federal
level, and once federal approval has been granted, the company files in
each state in which it intends to commercialize the product. Certain states
may request additional tests, not previously requested by the federal
authority.

The reference text which regulates approval in the United States is the
FIFRA (Federal Insecticide, Fungicide and Rodenticide Act), which is
equivalent to European Directive No. 91/414. This text, which presents the
outlines for the market approval of plant protection products, was consid-
erably amended in 1986 by the Food Quality Protection Act. To compile
their approval registration file, companies must carry out ecotoxicity tests
to assess effects on the environment and in particular on nontargeted
organisms such as bees.

Tests on bees are requested for all products, whether they are insecti-
cides, fungicides, herbicides, rodenticides, or disinfectants, etc., once they
are to be used outdoors and bees may come into contact with them. Three
official test methods, harmonized with those of the OECD [21, 22] and
certified by the OPP, are available (OPPTS Nos 850.3020 [23], 850.3030
[24] and 850.3040 [25]).
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Acute toxicity tests

If bees can come into contact with the plant protection products, the
contact LD, must be measured. Similarly, in the case of possible ingestion
of the product by bees, the oral LDs; must be established. The method
used is defined by OPPTS Guideline No. 850.3020.

The case of growth regulators

If the product has a growth regulating action, brood food tests are
required.

On the basis of the values obtained for the LDy, additional tests may
be requested. Toxicity is measured on the Atkins scale [15] If the LDy,
value is equal to or above 11 pg/bee, the product is considered as being
almost nontoxic. For LDy, values between 2 and 11 pg/bee, the product is
considered as moderately toxic. Below 2pug/bee, the product is highly
toxic.

Tests of residues on foliage

When the LDy, is below 11 pg/bee, additional tests to assess the toxicity of
residues on foliage may be required. The recommended method is OPPTS
No. 850.3030.

Field tests

It sometimes happens that field tests are requested, especially when the
acute toxicity of the product is high, when the residues are highly toxic or
when the toxicity for other nontargeted species is high or strongly sus-
pected. These tests may be carried out on several economically important
pollinating species: honey bees (Apis mellifera), alfalfa leafcutting bees
(Megachile rotundata), and alkali bees (Nomia melanderi).

Based on the different test results, the EPA decides on the classification
of the product (Table 3.4) and whether the label should carry an indication
that the product must not be used on crops or weed flowers visited or
foraged by bees.

Currently, the EPA is revising the wordings on labels concerning the
protection of bees. According to the proposals under review, the label
should, in addition, mention how long (in days or hours) the product
residues are dangerous for bees.

Conclusion

Apart from the fact that the honey bee is a source of income, it is being
considered increasingly as a bioindicator of the quality of the environment
into which it is introduced [26].
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Table 3.4 Honey bee toxicity groups and cautions in the US (EPA)

Toxicity group Precautionary statement if Precautionary statement if
extended residual toxicity is extended residual toxicity
displayed is not displayed

I

Product contains ~ This product is highly toxic This product is highly toxic

any active to bees exposed to direct to bees exposed to direct

ingredient with
acute LDy, of less
than 2 pg/bee.

II

Product contains
any active
ingredient(s) with
acute LDs, of

2 ug/bee but less
than 11 pg/bee.

11
All others

treatment or residues on
blooming crops or weeds.
Do not apply this product
or allow it to drift to
blooming crops or weeds if
bees are visiting the
treatment area.

This product is toxic to bees
exposed to direct treatment
or residues on blooming
crops or weeds. Do not
apply this product if bees
are visiting the treatment
area.

No bee caution required.

treatment on blooming crops
or weeds. Do not apply this
product or allow it to drift to
blooming crops or weeds
while bees are actively
visiting the treatment area.

This product is toxic to bees
exposed to direct treatment.
Do not apply this product
while bees are actively
visiting the treatment area.

No bee caution required.

Over the past few years, regulations concerning the protection of bees

have changed greatly, tending towards a reinforcement in protection. In
Europe, the regulations, based on the fact that the potential toxicity is an
inherent characteristic of the product, have introduced the notions of risk
and nonintentional effects on the environment.

A strict procedure has been put into place. However, questions remain,
particularly in relation to the reliability of the tests requested and their
feasibility. The assessment of the effects of plant protection products is
based on the calculation of the Hazard Quotient, which in turn is based on
the LDy, As the latter can vary to a significant degree, the validity of the
Hazard Quotient may be questionable.

Concerning the test methods, some development is required. Questions
encountered recently in France with imidacloprid, a systemic seed treat-
ment applied to sunflowers, have shown the limitations of the existing
methods. In fact, the suspected sublethal effects (changes in bee behavior)
involve extremely low doses and are difficult to demonstrate with cur-
rently available methods.

Similarly, the problem of possible synergic effects, due to product mix-
tures, is not taken into account. Finally, another point which must be
addressed concerns the cumulative effect of successive treatments.
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4 Acute toxicity of pesticides to
honey bees

J. Devillers

Summary

Honey bees are beneficial arthropods playing a key role in pollinating wild
and crop plants. Unfortunately, during their foraging activity they can be
exposed to pesticides. The members of the colony can also be poisoned
indirectly by contaminated food brought back to the hive by the foragers.
The aim of this chapter is to discuss some aspects of the acute toxicity of
pesticides to Apis mellifera.

Introduction

In many parts of the world, but especially in North America and western
Europe, drastic changes in farming practice occurred in the 1950s, shortly
after the Second World War, when tractors replaced horses, chemical
fertilizers replaced organic manure, and aerial application of pesticides
became commonplace. Many farmers were encouraged to stop crop rota-
tion and to devote large acreages of their farms to the cultivation of a
single crop which undoubtedly required the use of increasing quantities of
synthetic fertilizers and pesticides [1, 2].

Broadly speaking, pesticides include many different chemical structures
and are used to control pest plants and animals. They are generally classi-
fied according to their target as follows: insects (insecticides), nematodes
(nematicides), mollusks (molluscicides), weeds (herbicides), bacteria (bac-
tericides), fungi (fungicides), and so on.

Unfortunately, the successes of intensive agriculture have been bought
at a price. The massive use of pesticides has induced resistances in target
organisms, contamination of the ecosystems, and adverse effects on non-
target species. Among this category of organisms, the honey bees occupy a
place of choice due to their economic and ecological importance.

Pesticides act in two ways to reduce bee populations. First, many pesti-
cides necessary in crop production are highly toxic to honey bees. In this
category, we principally find insecticides. Second, the use of herbicides
reduces the acreages of attractive plants for the bees to forage on. Pesti-
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cide damage to bee colonies takes many forms. Bees can be poisoned
directly when they feed on nectar or pollen contaminated with certain pes-
ticides. They can also be poisoned when they fly through a cloud of pesti-
cide dust or spray, or walk on treated parts of a plant [3]. The other
members of the colony can also be contaminated directly or indirectly by
pesticides. Thus, if the pesticide is brought back to the hive by the for-
agers, the nurse bees are killed when they feed on contaminated honey or
pollen and the brood will exhibit symptoms of neglect or poisoning. The
queen can also be contaminated and the brood too.

It is obvious that the nature of the toxicological effects, the persistence,
and more generally the environmental behavior of the pesticides depend
on their physicochemical properties (e.g. water solubility, 1-octanol/water
partition coefficient (log P), vapor pressure) [4-9].

The aim of this chapter is to discuss some basic aspects of the acute tox-
icity of pesticides to the honey bee (Apis mellifera).

Experimental determination

The classical way for estimating the acute toxicity of chemicals is to deter-
mine their LDy (i.e. the dose inducing 50 percent of mortality in the tested
animals) or LCy; (i.e. the concentration inducing 50 percent of mortality in
the tested animals) in laboratory tests. Official guidelines have been
designed for estimating the above endpoints on the honey bee (see
Chapter 3 and, e.g. [10]). In these tests, pesticides are administered by oral
and contact routes in order to represent the different types of exposure
under field conditions and the mortality is recorded after 24 or 48 hours of
exposure. Indeed, absorption through the bee’s integument is the basis for
contact toxicity. The physicochemical properties of a pesticide and espe-
cially its formulation are largely responsible for the relative hazard from
this mode of entry into the bee. Ingestion of contaminated pollen and
nectar offers yet another route of entry. The alimentary tract may become
altered or paralyzed, making feeding impossible, or the bee’s gut may
cease to function.

In these laboratory tests, dimethoate is generally used as reference
compound due to the high acute toxicity of this organophosphorus insecti-
cide against the honey bee. Thus, the contact LDy, values after 24 and 48
hours of exposure of technical dimethoate to workers are 0.162 and
0.152 g active ingredient (a.i.)/bee, respectively [11]. An oral contamina-
tion yields LDy, values of 0.177 and 0.166 g a.i./bee after 24 and 48 hours
of exposure, respectively [11].

Laboratory tests offer the most convenient way for rapidly estimating
the toxicity of pesticides to honey bees but they do not reflect the reality
observed in the fields. Consequently, different methodologies have been
developed to estimate the acute toxicity of pesticides to honey bees under
more realistic environmental conditions (Chapter 3). Thus, in France, the
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tests performed under tunnels [12] and the use of free-flying bees being
allowed to forage treated or untreated plants allow the contamination
processes to be simulated in a simplified natural environment. The bee
survival rate, the foraging activity before and after contamination, and the
effects of various parameters on the colony development (e.g. population
size, brood surface) can be recorded. It is important to note that the tunnel
test is based only on a comparison of the results obtained with the treated
and untreated assays. Thus, no toxic reference substance is used. In addi-
tion, because of the cost and complexity of this test, no simultaneous repe-
titions are made. Nevertheless, this test provides interesting results.

Effects on the different members of the colony

Honey bees are social insects, hence generally all the members of the
colony will be affected directly or indirectly by pesticide contamination.
Foraging bees are affected primarily by pesticides. Depending on the
degree of toxicity, the bees can die in the field, on the flight back to the
hive, or later at the hive entrance. The number of bees dying away from
the hive is difficult to estimate, yielding false conclusions on the state of
the hive. The useful aspect of bees dying away from the hive is that poi-
soned nectar and/or pollen are not brought into the hive, where they might
be fed to the immature bees (brood) or stored in the combs. In all cases, it
is noteworthy that if foraging bees are killed, then young bees are forced
into the field earlier than normal, disrupting and thus disorienting the
colony [13].

Hive bees are usually poisoned by contaminated nectar and pollen
which are collected in the field, brought back and stored in the hive. When
the hive bees die, the brood will show signs of neglect or poisoning and
many, or all, immature bees still in the cells may die, especially the larvae
which are very sensitive to pesticides. If a colony loses most of its foraging
bees, nectar and pollen collection will be drastically reduced, but the
population could recover in a few weeks. Conversely, if the foragers and
hive bees are lost, the colony may never recover and will perish during the
winter. As hive bees are Kkilled, there are fewer bees to tend the brood and
a further decline in population results [13].

The queen in the hive can also be contaminated by the pesticides and
reduce egg laying, and hence will be killed by the workers.

More generally, it is important to note that honey bees can be subjected
to seasonal variations in their susceptibility to pesticides due to changes in
their physiology and ethology [14].
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Type of pesticide and formulation

The toxicity of a specific pesticide is a composite of its physicochemical
properties, the method of formulation, and the inherent ability of the
honey bee to deal with the material internally.

Organophosphorus insecticides such as dimethoate, diazinon,
malathion, fenitrothion, and parathion are the most toxic to bees. They
inhibit the enzyme cholinesterase, which mediates the transmission of
nerve signals. These chemicals induce problems of regurgitation (bees are
wet), distended abdomen, disorientation, lethargy, paralysis, and so on
[15]. Pyrethroids (e.g. permethrin, esfenvalerate) are also generally very
toxic to honey bees through a neurotoxic action [1]. In the honey bee, they
induce erratic movements, inability to fly, and stupefaction, followed very
soon by paralysis, moribundity, and death [15]. The organochloride com-
pounds (e.g. aldrin, DDT, chlordane, dieldrin, heptachlor, lindane,
toxaphene) present different levels of toxicity against A. mellifera. They
act as neuroactive agents on the transmission of nerve impulses, inducing
erratic movements, abnormal activities, and trembling [15]. The carba-
mates (e.g. carbaryl, aminocarb, methomyl), like the organophosphorus
compounds, also act on the cholinesterasic system. However, whereas the
organophosphorus compounds work by phosphorylating the enzyme, the
carbamates often seem to compete with acetylcholine for the enzyme
surface [1]. The carbamates present different degrees of toxicity to honey
bees. They are responsible for aggressive behaviors, erratic movements,
inability to fly, paralysis, morbidity, and death [15].

Insecticides which are generally toxic to bees are not used as technical
material but are used with different carriers. More generally, for optimiz-
ing their action, pesticides are used through different formulations. These
formulations often vary considerably in their toxicity to bees. Thus, granu-
lar insecticides generally are not hazardous to honey bees. Dust formula-
tions are typically more hazardous than emulsifiable concentrates because
they adhere to the bee’s body hairs and are carried back to the hive. Emul-
sifiable concentrates are less hazardous than wettable powders. Ultra-low-
volume (ULV) formulations are usually more hazardous than other liquid
formulations [13, 16]. Microencapsulated insecticides are much more toxic
to honey bees than the other formulations. Because of their size, these
capsules are carried back to the colony and there can remain toxic for long
periods. Penncap-M®, containing methyl parathion, illustrates this
problem perfectly [17].

Most herbicides and fungicides are not directly toxic to honey bees. In
the same way, sex lures, attractants, and other hormones usually cause no
acute toxicity problems for adult bees. Occasionally, a few honey bees and
bumble bees have been found in traps containing Japanese beetle lures
[18].
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Relative acute toxicity of pesticides to honey bees based on
laboratory and field tests

Most pesticides have been tested for their toxicity to honey bees (e.g.
[19-21]). However, laboratory and field results generally do not coincide,
due to peculiarities of bee behavior, abiotic factors, variations in the
behavior of the pesticide studied, effects of different formulations, and so
on. Atkins and collaborators [22], accounting for these factors, have classi-
fied the most commonly used pesticides according to their acute toxicity to
honey bees estimated from both laboratory and field tests. Three different
groups of toxicity were defined (Table 4.1). Group I deals with highly toxic
pesticides (LDs, <2 pg/bee). In this case, severe losses may be expected if
they are used when bees are present at treatment time or within a day
thereafter. This group is mainly characterized by the organophosphorus
insecticides. Group II includes moderately toxic pesticides (LDs,=2 to
11 pg/bee). They can be used around bees if dosage, timing, and method of
application are correct, but should not be applied directly on bees in the
field or on the hives. Endrin, DDT, and chlordane are, for example,
included in this group. Group III deals with relatively nontoxic pesticides
(LDsy,> 11 pg/bee) which can be used around bees with minimum injury.
Most of the herbicides and fungicides belong to this last class.

Other factors affecting the acute toxicity of pesticides

The residual activity of an insecticide is an important factor in determining
its safety to bees. An insecticide which degrades within a few hours can
generally be applied with minimal risk when bees are not actively foraging.
Conversely, applying insecticides with extended residual activity when
bees are not foraging will not prevent bee injury if bees visit the crop
during the period of residual activity [16]. The residual activity of a pesti-
cide depends on its physicochemical properties and abiotic factors such as
the temperature. If temperatures after a treatment are unusually low,
insecticide residues can remain toxic to bees for much longer than if
normal temperatures prevail. Conversely, it is well known that the toxicity
of chemicals increases with temperature. When the target crop is not
blooming or is unattractive to bees, insecticide drift can cause significant
bee poisoning if it reaches adjacent flowering crops or weeds visited by
bees [16]. This drift is dependent on the wind. Thus, it is obvious that
abiotic factors widely affect the acute toxicity of pesticides to honey bees.
Similarly, different pesticides can be applied to a crop on which bees
may be foraging. In addition, the environment is contaminated by a huge
number of xenobiotics, most of them being undoubtedly toxic to bees.
Consequently, the field honey bees are generally exposed to mixtures of
chemicals instead of simple ones as in a classical laboratory test. Unfortu-
nately, this can change the toxicity of the compound [23]. Thus, for
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Table 4.1 Relative toxicity of pesticides to honey bees determined by laboratory
and field tests (adapted from ref. 22)

Group I (Highly toxic: LD5, <2 pg/bee)
Pesticides

Aldrin*

Ambush®* (permethrin**)
Arsenicals*

Avermectin®

Azodrin®* (monocrotophos)
Baygon®* (propoxur)
Baytex®* (fenthion)
Bidrin®* (dicrotophos)

Bux® (bufencarb)

Cygon®* (dimethoate)
Cythion®* (malathion)
Dasanit® (fensulfothion)
DDVP®* (dichlorvos)
Decis®* (decamethrin)
De-Fend®* (dimethoate)
Dibrom®* (naled)

Dieldrin*

Dimecron®* (phosphamidon)
Dursban®* (chlorpyrifos)
Ekamet® (etrimfos)

EPN*

Ethyl Guthion® (azinphos-ethyl)
Famophos® (famphur)
Ficam® (bendiocarb)
FMC-35001 (carbosulfan)*
Folithion® (fenitrothion)
Furadan®* (carbofuran)
Gardona®* (stirofos)
Guthion®* (azinphos-methyl)
Heptachlor*

Imidan®* (phosmet)
Lannate®* (methomyl)
Lorsban® (chlorpyrifos)
Malathion*

Matacil® (aminocarb)
Mesurol® (methiocarb)
Monitor®* (methamidophos)
Nemacur® (fenamiphos)
Nudrin®* (methomyl)
Orthene®* (acephate)
Parathion*

Pay-Off® (flucythrinate)
PennCap®* (methyl parathion)
Phosdrin®* (mevinphos)
Pounce®* (permethrin)
Pydrin®* (fenvalerate)
Sevin®* (carbaryl)
Spectracide®* (diazinon)
Sumithion® (fenitrothion)

Sumithrin® (d-phenothrin)
Supracide®* (methidathion)
Synthrin® (resmethrin)
Tamaron®* (methamidophos)
Temik®* (aldicarb)

Tepp*

Vapona®* (dichlorvos)

Group II (Moderately toxic: LDs, =2 to
11 pg/bee)

Insecticides

Abate®* (temephos)

Agritox® (trichloronate)

Bolstar® (sulprofos)

Carzol®* (formetanate hydrochloride)

Chlordane*

Ciodrin® (crotoxyphos)

Counter® (terbufos)

Croneton® (ethiofencarb)

Curacron® (profenofos)

DDT*

Di-Syston®* (disulfoton)

Dyfonate® (fonofos)

Endrin*

Korlan® (ronnel)

Larvin®* (thiodicarb)

Metasystox-R®* (oxydemeton-methyl)

Mocap® (ethoprop)

Perthane® (ethylan)

Pyramat®

Sevimol®* (carbaryl)

Sevin® 4-oil* (carbaryl)

Systox®* (demeton)

Thimet®* (phorate)

Thiodan®* (endosulfan)

Trithion®* (carbophenothion)

Vydate®* (oxamyl)

Zolone® (phosalone)

Group III (Relatively nontoxic:
LD, > 11 pg/bee)

Insecticides and acaracides

Acaraben® (chlorobenzilate)

Altosid® (methoprene, insect growth
regulator)

Baam® (amitraz)

Birlane® (chlorfenvinphos)

Comite® (propargite)

Delnav® (dioxathion)

Dessin® (dinobuton)

Dimilin® (diflubenzuron, insect growth
regulator)
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Dylox®* (trichlorfon)
Ethion

Fundal® (chlordimeform)
Galecron® (chlordimeform)
Kelthane® (dicofol)
Kryocide® (cryolite)*
Marlate® (methoxychlor)*
Mavrik®* (fluvalinate)
Mitac® (amitraz)
Morestan® (oxythioquinox)
Morocide® (binapacryl)
Murvesco® (fenson)
Nicotine*

Omite® (propargite)
Pentac® (dienochlor)
Pirimor®* (pirimicarb)
Plictran®* (cyhexatin)
Pynamin® (allethrin)
Pyrethrum (natural)
Rotenone*

Sabadilla*

Sayfos® (menazon)
Sevin® SL* (carbaryl)
Sevin® XLR* (carbaryl)
Smite® (sodium azide)
Tedion® (tetradifon)
Tetram®

Tokuthion® (prothiofos)
Torak® (dialifor)
Toxaphene*

Zardex® (cycloprate)

Fungicides

Afugan®* (pyrazophos)
Arasan® (thiram)
Bayleton® (triadimefon)
Benlate® (benomyl)
Bordeaux mixture*
Bravo® (chlorothalonil)
Captan

Copper oxychloride sulfate
Copper 8-quinolinolate
Copper sulfate

Cuprex® (dodine)
Cupric oxide

Delan® (dithianon)
Dessin® (dinobuton)
Difolatan® (captafol)
Dithane® D-14 (nabam)
Dithane® M-22 (maneb)
Dithane® M-45 (manzeb)
Dithane® Z-78 (zineb)

Du-Ter® (fentin hydroxide)
Dyrene® (anilazine)
Ferbam

Glyodin

Hinosan® (edifenphos)
Indar® (butrizol)
Karathane® (dinocap)
Kocide® (cupric hydroxide)
Lesan® (fenaminosulf)
Morestan® (oxythioquinox)
Morocide® (binapacryl)
Mylone® (dazomet)
Phaltan® (folpet)
Plantvax® (oxycarboxin)
Polyram® (metiram)
Ridomil®

Sisthane® (fenapanil)
Smite® (sodium azide)
Sulfur*

Thyfural

Thylate® (thiram)

Vitavax® (carboxin)
Zerlate® (ziram)

Herbicides, defoliants, and desiccants
Aatrex® (atrazine)

Accelerate® (endothall, sodium salt)
Alachlor

Alanap® (naptalam)

Alopex® (clofop-isobutyl)

Amex® 820 (butralin)

Amiben® (chloramben)

Amitrole

Ammate® (AMS)

Aquathol K® (endothall, dipotassium)
Avenge® (difenzoquat)

Balan® (benefin)

Banvel® (dicamba)

Basagran® (bentazon)

Basalin® (fluchloralin)

Betanal® (phenmedipham)
Betanex® (desmedipham)

Bladex® (cyanazine)

Blazer® (acifluorfen)

Butachlor

Butam

Cacodylic acid

Cambilene® (TBA)

Caparol® (prometryn)

Casoron® (dichlobenil)

Chloro IPC® (chlorpropham)
Cotoran® (fluometuron)
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2,4-D*

DEF®

Desiccant L-10® (arsenic acid)

Devrinol® (napropamide)

Dichlorprop (2,4-DP)

Dinoseb (dinitrobutylphenol)

Diquat

Dual® (metolachlor)

Eptam® (EPTC)

Eradicane® (EPTC + safener)

Evik® (ametryn)

Evital® (norflurazon)

Folex® (merphos)

Garlon® (triclopyr)

Goal® (oxyfluorfen)

Hoelon® (diclofop-methyl)

Hydrothol 191® (endothall
monopotassium salt)

Hyvar® (bromacil)

Igran® (terbutryn)

IPC® (propham)

Karmex® (diuron)

Kerb® (pronamide)

Lasso® (alachlor)

Lorox® (linuron)

Maloran® (chlorbromuron)

MCPA

Methar® (DSMA)

Milogard® (propazine)

Modown® (bifenox)

MSMA

Mylone® (dazomet)

Nortron® (ethofumesate)

Paarlan® (isopropalin)

Paraquat

Planavin® (nitralin)

Pramitol® (prometon)

Preforan® (fluorodifen)

Princep® (simazine)
Probe® (methazole)
Prowl® (pendimethalin)
Ramrod® (propachlor)
Randox® (CDAA)
Ronstar® (oxadiazon)
Roundup® (glyphosate)
Sancap® (dipropetryn)
Sencor® (metribuzin)
Silvex (2,4,5-TP)
Sinbar® (terbacil)
Smite® (sodium azide)
Surflan® (oryzalin)
Sutan® + (butylate)
2,4,5-T*

Telvar® (monuron)
Tenoran® (chloroxuron)
TOK® (nitrofen)
Tolban® (profluralin)
Tordon® (picloram)
Treflan® (trifluralin)

Turf Herbicide® (endothall, disodium)

Vegadex® (CDEC)
Zorial® (norflurazon)

Nematicides and miscellaneous
(e.g. plant growth regulators,
nitrification inhibitors)

Endothall

Exhalt® 800

Gibberellic acid

Mocap® (ethoprop)

Mylone® (dazomet)

N-Serve® (nitrapyrin)

Polaris® (glyphosine)

Smite® (sodium azide)

Sustar®

Notes

*Laboratory and field tested mainly on alfalfa, citrus, cotton, ladino clover, milo, and sweet
corn; all other chemicals were laboratory tested only.

#*Common name.
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example, a synergistic toxicity has been found between deltamethrin,
a type II pyrethroid insecticide, and prochloraz which is an imidazole
fungicide [24]. In this case, summer bees seem to be eight times more
susceptible than winter bees to the synergistic action of these two
chemicals [14].

Concluding remarks

The estimation of the acute toxicity of pesticides against the honey bees is
an important task due to the economic and ecological importance of these
social insects. In this context, laboratory, semi-field, and/or field standard-
ized tests can be used successfully (Chapter 3). The results obtained can be
integrated into methodological schemes to better assess the impact of
these chemicals on the terrestrial ecosystems (e.g. [25]). While these dif-
ferent acute toxicity tests provide interesting information, they suffer from
limitations. Indeed, the results obtained can present a high degree of vari-
ability due to a lack of repeatability in the experiments. They do not satis-
factorily represent natural field conditions of exposure. Thus, for example,
it is obvious that in the environment, temperature, humidity, wind, and
rainfall influence the behavior of the honey bee and interact with the cont-
amination process by pesticides. Finally, while mortality is a crucial crite-
rion for estimating the acute toxicity of pesticides to honey bees, it is not
sufficient for estimating with accuracy the hazards of pesticides to these
social insects. In fact, it has been shown that sublethal concentrations of
pesticides can significantly alter the behaviors of the honey bees [26-31].
Consequently, these sublethal effects also have to be integrated in the
methodological schemes for the assessment of the short-term effects of
pesticides on A. mellifera.
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Assessing the sublethal effects of
pesticides on the honey bee

A. Decourtye and
M.H. Pham-Delégue

Summary

The risk assessment of chemical pesticides on honey bees relies mainly on
acute toxicity tests. Besides mortality, various aspects of the behavior of
honey bees may be affected by sublethal doses of pesticides. Among the
bees of a colony, foragers are the most likely to be exposed to chemicals.
The foraging behavior is known to be based on a conditioning process,
floral cues being associated with the food, memorized, and used for flower
recognition during the following trips. The conditioning process occurring
on the flower can be reproduced under laboratory conditions by using the
olfactory conditioning of the proboscis extension response on restrained
individuals. This bioassay has been adapted to screen the effects of various
chemicals at sublethal concentrations. It allows threshold concentrations
to be established above which a significant decrease in the olfactory learn-
ing abilities is observed. This method appears to be very promising for
screening out pesticides, using a standard laboratory procedure. However,
a wider range of compounds should be tested and the reliability of the
assay still needs to be validated under more natural conditions before it
can be proposed as a new method for regulatory guidelines.

Introduction

Among conventional pesticides, many neurotoxic compounds are used for
crop protection against pest insects. These compounds target the nervous
system and therefore affect insect behavior [1]. Whereas numerous studies
have been conducted on the efficiency of such molecules on target pest
insects, fewer studies have considered the potential effects on non-target
organisms. Pollinating insects such as the honey bee (Apis mellifera) are
especially exposed to chemicals when visiting melliferous plants. Special
attention must be paid to their protection not only for their ecological
importance by contributing to the maintenance of wild plant biodiversity
but also for their economic value as honey producers and crop-pollinating
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agents [2]. Therefore, their potential exposure to pesticides in the field
may adversely affect their effectiveness as pollinators by reducing their
survival or modifying their behavior. Current methods for assessing the
toxicity of pesticides to bees mainly involve the determination of mortality
in acute toxicity tests, as described in the method CEB No. 95 [3].
The acute lethal concentration estimate (median lethal concentration,
LCs,, i.e. the concentration that induces 50 percent death at short term)
is the most common endpoint for measuring toxicity in the honey
bee. However, the LCs, estimate is an incomplete measure of the
negative effects because of the limited number of parameters examined
(mortality) and the short duration of these tests (1 to 3 days in most cases).
Such an estimate would only account for a situation where foragers are
exposed to high-dose/short-term treatment. Nevertheless, hive worker
bees may also be exposed to the chemicals since foragers collect poten-
tially contaminated food to be stored inside the hive. As stored food origi-
nates from different plants, a dilution of toxic compounds occurs;
however, they can be present in the hive at lower concentrations but for
longer periods than on plants. Therefore, it is important to examine the
effect of ecologically relevant sublethal exposure on various aspects of
honey bees’ behavior in order to develop robust assays mimicking realistic
conditions. Such assays could be standardized and proposed for pesticide
risk-assessment procedures. We discuss here the possibility of using a
bioassay based on the conditioned proboscis extension response in
restrained individuals for assessing the sublethal behavioral effects of
insecticides on the honey bee.

Classical methods of assessing sublethal toxicity in the
honey bee

Under natural conditions, the foraging behavior of bees relies on the
learning of floral cues such as odor and color while visiting the flower [4],
and on a communication process within the hive between foragers and
newly recruited bees, by which distance, direction, and relative profitabil-
ity of the food source are transmitted [5]. Studying the impact of sublethal
doses of insecticides on the foragers is especially relevant since the for-
agers are directly exposed to pesticide applications in the field but may not
die from the treatment, and may become the agents by which the whole
colony can be contaminated when feeding on stored food. Furthermore,
the foraging behavior involves a high functionality of sensory and integ-
rative systems which can be the target of neurotoxic compounds in
particular. The deleterious impact of pesticide spraying on the foraging
activity and on the behavior of bees on the crop and around the hive, as
well as on the brood rearing, is in fact, already taken into account, these
being subject to official guidelines [6, 7]. These bioassays are developed
under semi-field and field conditions (cage and tunnel tests, field trials)
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and mainly evaluate the repellent reaction after pesticide spraying on flow-
ering crops, since it is expected that bees would avoid toxic substances.
Although the approach is global, it provides information on potential spe-
cific abnormal behaviors. However, the identification of precise effects
requires additional investigations using specific methods to make appro-
priate evaluations of the hazards. Thus, a method for evaluating the side-
effects of plant protection products on a honey bee brood may be
recommended, especially when products with insect growth-regulating
properties are concerned [6]. Based on such methods, the long-term con-
sumption of diflubenzuron or carbofuran was shown to have negative
effects on brood rearing [8-10]. Also, Barker and Waller [11] found that
methyl-parathion and parathion in water and sugar syrup produced delete-
rious sublethal effects on the brood production. Assays based on recording
the longevity of the bees were also proposed to assess the sublethal effect
of insecticides such as malathion and diazinon [12]. Together with pesti-
cide treatment, honey bees’ age (newly emerged versus older workers) and
rearing conditions (small cage or hive) significantly affected workers’
longevity. Thus, in newly emerged workers, carbaryl and resmethrin at
sublethal doses can affect both longevity and the age at which the workers
start to forage [13]. Sublethal effects can also be found on behavioral
traits, such as a decrease in the foraging activity, a disruption in the com-
munication process, or an alteration in the spatial orientation. An orally
administered sublethal dose of parathion disrupted the communication of
the food source direction by the foragers to the potentially recruited
worker bees within the hive [14]. Under normal conditions, directional
information on the food source is communicated to other bees by the
angle at which the wagtail dance is performed relative to the vertical
comb. After returning from a feeding station, the treated bees carried out
a wagtail dance indicating the position of the source at a wrong angle. In
fact, parathion prevented the foragers from making a translation from
photomenotaxis (directed movement at an angle relative to light) to
geomenotaxis (directed movement at an angle relative to gravity) [15]. A
sublethal dose of parathion also disrupted the time sense and the wagtail
dance rhythm of the foragers [14, 16, 17]. Honey bee foragers treated topi-
cally with a sublethal dose of permethrin exhibited a significantly higher
percentage of time spent in self-cleaning and the trembling dance, and a
lower percentage of time spent in walking, trophallaxy, and foraging, com-
pared to untreated bees [18]. Moreover, most of the foraging bees that
were treated with a sublethal dose of permethrin became so disoriented
that they could not return to the hive. Another pyrethroid, deltamethrin,
altered the homing flight in treated bees at sublethal doses [19]: in an
insect-proof tunnel, the percentage of flights back to the hive decreased in
treated foragers, the deltamethrin-treated bees flying in the direction of
the sun, without using the local landmarks. The authors assumed that the
disorientation was due to incorrect acquisition or integration of the visual
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patterns. This work indicates that toxic agents can have deleterious effects
on sensory and integrative systems involved in the social communication
and the spatial orientation of honey bees.

The conditioning proboscis extension assay

Principle

In the course of foraging a learning process occurs during which floral
parameters such as location, shape, color, and smell of flowers are associ-
ated with a reward [4]. These floral cues are memorized by the forager and
used for flower recognition during the following trips. Consequently, indi-
vidual associative learning processes are important for the effective
accomplishment of foraging activities. The associative learning of
workers may therefore be regarded as having a high ecological significance
because it is a prerequisite to the foraging success of the whole colony.
Under laboratory conditions, learning and memory can be analyzed using
a bioassay based on the olfactory conditioning of the proboscis extension
(CPE) response on restrained individuals. This assay tentatively repro-
duces what happens in the honey bee—plant interaction: when landing on
the flower, the forager extends its proboscis as a reflex when the gustatory
receptors set on the tarsae, antennae, or mouthparts are stimulated with
nectar. This reflex leads to the uptake of nectar and induces the memoriza-
tion of the floral odors diffusing concomitantly. This response has been
reproduced successfully under artificial conditions [20, 21], and has
become a valuable tool for studying various aspects of the neurobiology of
bees, including memory mechanisms and duration [22-25], neural bases of
learning [26, 27], genetic variations in learning performances [28], and
complex mixture recognition [29, 30]. Furthermore, the CPE procedure
has given results well correlated with the responses of free-flying foragers
under more natural conditions [30, 31]. This suggests that responses gained
under controlled conditions may be transferred to more realistic
situations.

These different considerations have led us to assume that this method
would be useful to investigate the behavioral effects of toxicants in prefer-
ence to more natural approaches such as studies in field or semi-field con-
ditions because it allows better control of treatment and conditioning
parameters. Indeed, precise quantification of behavior is essential for
determining whether a specific non-environmental variable affects the
normal behavior. The sublethal effects of chemical pesticides have already
been studied using restrained workers in the CPE assay [32-35]. It remains
to establish whether the use of the CPE response as a measure of the sub-
lethal effects of chemicals on honey bees can be a reliable indicator of the
hazards associated with the exposure to sublethal doses of toxic com-
pounds, and consequently can be included in standard screening proce-
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dures of chemical pesticides. Furthermore, basic knowledge on the neural
mechanisms of learning can be gained by using the CPE assay and analyz-
ing the impairment of memory consecutive with the exposure to toxic
compounds [26, 27].

The classical odor conditioning of the proboscis extension reflex, as
described for example, by Bitterman et al. [22] and Sandoz et al. [25], is
based on the temporal paired association of a Conditioned Stimulus (CS)
and an Unconditioned Stimulus (US). During conditioning, the proboscis
extension reflex is elicited by contacting the gustatory receptors of the
antennae with a sucrose solution (US), an odor (CS) being delivered
simultaneously (Figure 5.1). The proboscis extension is immediately
rewarded (Reward R) by the uptake of the sucrose solution. Bees can
develop the proboscis extension response as a Conditioned Response
(CR) to the odor alone after even a single pairing of the odor with a
sucrose reward.

REFLEX CONDITIONING

TESTING

CR

Figure 5.1 Conditioning proboscis extension (CPE) assay. The proboscis extension
reflex (Unconditioned Response, UR) is elicited by contacting the
antennae with a sugar solution (Unconditioned Stimulus, US). For the
conditioning trials, this reflex is elicited during the delivery of odor
stimulation (Conditioned Stimulus, CS). The honey bee is immediately
rewarded by the uptake of sugar solution (Reward, R). During the
testing trials, if the bee is properly conditioned, the delivery of the CS
alone induces a conditioned proboscis extension response (Conditioned
Response, CR).
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Application to pesticide evaluation

Tested organisms

As in all tests involving behavioral responses, the CPE assay requires
control treatments with rigorous uniformity of the testing environment.
The influence of non-experimental variables should be taken into
consideration in the development of the CPE assay to reduce variation
and increase precision of measurement. In most studies using the CPE
assay for pesticide toxicity assessment, the authors tested worker bees of
unknown age [32-35]. However, experiments have proved the variability
of olfactory learning performances in the CPE assay according to the age
of the bees. Pham-Delégue et al. [36] have shown that bees between 12
and 18 days of age exhibited higher levels of conditioned responses than
younger and older groups. Ray and Ferneyhough [37] found that younger
workers until 10 days have lower performances than adult foragers. More
recently, Laloi ef al. [38] found that the performances of the youngest bees
(2 days and 4 days old) significantly differed from those of older indi-
viduals. However, few studies have explored the variability of pesticide
sensitivity according to the age of the bees. Only Delabie et al. [39]
demonstrated that the sensitivity of the bees to cypermethrin increased
with their age (LDs, of 2-6-day-old bees was 1.8 times that of 12-18-day-
old bees). These studies indicate that it is necessary to standardize the age
of the bees tested for both behavioral and toxicological reasons. Thus, we
recommend the use of emerging worker bees collected on a comb of a
sealed brood from a healthy, varroacide-untreated and queen-right
colony. The bees should be maintained in groups (30-60 individuals) of
homogeneous age and kept in an incubator (temperature: 33°C, relative
humidity: 55 percent, in the dark) until an age of 14-15 days old. At this
age worker bees generally become foragers under natural conditions [40]
and give the most consistent performances in the CPE assay [36]. Bees are
provided with sucrose solution and with fresh pollen during the first 8
days. Special attention must be paid to the origin of the food and its
preservation. Wahl and Ulm [41] have shown that the degree of sensitivity
of the worker bee to pesticides depends on its pollen diet in the first days
of life, and a pollen feed varying in nutrient quality leads to the highest
pesticide sensitivity. During bee rearing under laboratory conditions, the
olfactory environment of the individuals must be strictly controlled in
order to limit the early olfactory experience which can influence later
learning performances in the CPE assay [42]. Also the subspecies of bees
and the season of collection must be controlled, since the learning perfor-
mances and the sensitivity to pesticides can be influenced by genetic and
seasonal factors [24, 37, 41, 43, 44]. Consistently, using a CPE procedure,
the No Observed Effect Concentration (NOEC) of imidacloprid on the
learning performances was lower in summer bees than in winter bees,
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although these latter bees originated from hives maintained in a heated
apiary (A. Decourtye, unpublished data). This study suggests that bees
subjected to the CPE assay, following a subchronic treatment with imida-
cloprid at sublethal doses (1 to 48ppb), have a higher sensitivity to the
toxic material during summer than during winter. The physiological
mechanisms underlying these variations in sensitivity are not yet known,
but the use of worker bees collected preferentially in spring or summer is
recommended.

Chemical treatment

The toxicant exposure can be carried out before, during, or after the CPE
procedure. The pre-conditioning treatment leads to the determination of
whether an insecticide exposure applied prior to a learning task may influ-
ence components of the learning process such as the acquisition and/or the
recall of the learned response. In an ecological context this type of expo-
sure corresponds to the case of bees newly involved in foraging duties
based on their learning ability, after being fed contaminated food within
the hive. Most studies have evaluated the impact of acute pre-conditioning
exposure by using an instantaneous administration [34, 35] or 16 to 24h
exposure [32, 33]. Other authors [45, 46] have tested the effect of longer-
term exposure to toxicants (11 to 12 days) in order to induce chronic
intoxication. This is an attempt to simulate what young hive bees would
experience when feeding on contaminated stored food, before becoming
foragers, since it is commonly known that bees become foragers at an age
of 15 days on average [40]. Long-term exposure to sublethal doses of
chemicals may affect different physiological functions. When neurotoxic
compounds are involved, the nervous system can be disrupted, the later
foraging behavior therefore being affected. To elucidate the mechanisms
underlying possible negative effects on learning, investigations have been
conducted on the mode of chemical action and the targeted receptors of
the nervous system [26, 27].

The toxic substance can also be delivered in the sucrose solution used
as the reward during the CPE procedure [35]. These studies hypothesized
that the contamination would occur while foragers collect the nectar and
investigated the acute effects on the olfactory learning involved in the for-
aging activity. It assumes that foragers would react, on the one hand, to an
antifeedant effect of the chemical associated with the food. The value of
the reward being decreased, the paired CS/US-R association would be less
efficient, leading to low learning performances. On the other hand, the
chemical might be toxic enough to induce rapid disruption of nervous
mechanisms, resulting in a rapid change in the learning abilities. The CPE
assay would then be sensitive enough to detect such effects.

Complementarily, the products can be associated with the scent used as
the CS to determine whether the insecticides have a repellent effect [35].
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The results indicated that none of the insecticides tested (Endosulfan,
Decis®, Baythroid®, Sevin®) was repellent when associated with the CS;
that is the olfactory conditioning efficiency was not affected by the pure
chemicals or by other volatile compounds potentially emitted by the insec-
ticides. It is interesting to discuss this point since the potential repellent
effect of chemicals may be useful to control the behavior of pollinating
insects, by avoiding their visits during crop treatment when toxicity to pol-
linators is suspected. However, at least in a laboratory CPE test, it is
unlikely that bees would be disturbed by changes in the olfactory quality
of the CS, as long as it is associated with a satisfactory food reward. Only
chemicals with high volatility and potential adverse effects on the periph-
eral olfactory receptors would produce a detectable effect in this assay.

Post-conditioning treatment to permethrin has been conducted, before
subjecting the bees to the test trials, in order to study the recovery period
needed for treated bees to resume normal learning ability [33]. This aimed
to examine how chemical treatment can interfere with the memory
process, which gives an indication of the way foragers will be able to come
back to a crop where they have been exposed to the toxic material while
they were collecting food and memorizing the floral cues.

The CPE assay also enables comparative studies of the responses to dif-
ferent chemical treatments to be carried out. Thus, Taylor et al. [32] have
used the CPE assay to evaluate the learning performances of honey bees
previously exposed to a range of six pyrethroid insecticides (fluvalinate,
fenvalerate, permethrin, cypermethrin, cyfluthrin, flucythrinate). The treat-
ment consisted of a 24-hour exposure in a Petri dish containing an insecti-
cide-treated piece of filter paper at the LC,,. Pyrethroid-treated bees
learned at a slower rate than untreated bees during the CPE assay. The
conditioned responses were least affected by fluvalinate and most seriously
affected by flucythrinate and cyfluthrin; permethrin, fenvalerate, and cyper-
methrin had intermediate effects. However, misinterpretation might arise
from the use of concentrations derived from lethal concentration estimates
to study sublethal effects. Thus, the exposure to fairly high concentrations
of a toxic substance can result in a selection of worker bees staying alive
because they are less sensitive to the pesticide tested. Such resistant bees
may give responses in the CPE assay not representative of these of normal
bees. Moreover, the use of LC; seems to be not very realistic compared to
concentrations potentially met in natural conditions. The use of sublethal
concentrations can provide a better approximation of potential intoxication
in the field. In addition, in most work using the CPE assay, the authors
have tested only one concentration of insecticide. Thus, concentration—
response relationships and the determination of threshold concentrations
to specific chemicals are not established systematically. We consider this
information as crucial to relate laboratory data and exposure under field
conditions. Such an evaluation has been conducted by Decourtye et al. [46]
who showed that honey bees surviving a subchronic treatment of endosul-
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fan (tarsal contact exposure for 11 days in cages of 50-60 individuals) had
reduced olfactory learning performances at 25ppm treatment concentra-
tion and not at Sppm. After 11 days of oral treatment with imidacloprid or
hydroxy-imidacloprid, one of the main imidacloprid metabolites [47], the
NOEC for the conditioned responses in the CPE assay were established at
24 and 60ppb, respectively [48]. However, the CPE responses may not be
directly related to contaminant concentrations. For example, Decourtye et
al. [49] observed reduced learning performances among bees exposed to
deltamethrin at LCs,/120 dosage, while a higher concentration (LCs,/24) did
not significantly reduce the learning performance. Nevertheless, these
studies indicated that the CPE assay can enable the discrimination of dif-
ferent sublethal concentrations of chemicals inducing more or less graduate
effects on the learning performances. Thus the establishment of threshold
concentrations is important to evaluate the sensitivity of the bioassay and
to define the no-effect concentrations in this assay. Although sublethal and
more realistic concentrations have been used, the experiments mentioned
previously referred to contact or ingestion treatment administered under
artificial conditions where bees were forced to encounter the chemicals.
These conditions can be considered as worst-case conditions, which do not
reflect the natural conditions. Therefore, we were concerned about testing
the CPE responses after more realistic exposure conditions in a standard
crop protection agronomic system. Therefore, we designed an experiment
under tunnels following the CEB No. 129 [50]: in one tunnel
(20 X 8 X 3.5m), four parcels of oilseed rape were treated with mix Decis®
Micro-Sportak® 45 CE and in another tunnel the crop received only water
treatment. Bees foraging on the crop were collected in both tunnels before
the treatment, 1 hour after the treatment, and 1 day after. All bees were
caged and subjected to the CPE assay. We found differences between the
bees collected in treated and control tunnels, but further replicates are
needed to confirm these data. These preliminary results (unpublished) indi-
cate the possibility of subjecting the bees to the CPE assay after an expo-
sure to chemical pesticides under agronomic conditions. This may be a
means to validate this laboratory assay by establishing the responses of the
bees in the CPE assay after an exposure under realistic conditions and
comparing these responses to those obtained in the worst-case conditions.
Also the range of concentrations tested in the laboratory would be com-
pared to the doses used for crop treatment as well as to residue analysis.
The value of this assay conducted under laboratory conditions to predict
the effects of crop treatment would be better assessed, and experiments are
in progress to provide data in this respect.

Behavioral measurements

The conditioned proboscis extension response involves gustatory, olfac-
tory, and motor functions, as well as integrative processes underlying
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memory acquisition and recall of learned information. Therefore, depend-
ing on the physiological action of the xenobiotic, different behavioral
parameters should be considered. In the standard CPE procedure [25] the
responses are recorded during two successive phases: the acquisition phase
where paired US-CS are presented, and the extinction phase where only
the CS is delivered (Figure 5.2). Each phase comprises several trials lasting
6s each, with about 15 min intertrial duration. During the acquisition
period, the bees that did not initially respond to the CS (first trial C1),
rapidly exhibit the conditioned response (CR), so that up to 80-100
percent of the tested individuals respond after one to five conditioning
trials. No more trials are needed since after standard starving conditions
(2—4 hours prior to testing), the motivation of the bees to get food would
not overpass the fifth trial, the level of the CR then starting to decrease.
Most often the level of CR reaches a maximum by the third trial. This
acquisition phase relies on the memorization process, the learned informa-
tion passing from the short-term memory to the long-term memory [51].
Then the conditioning trials are followed by testing trials during which the
level of the CR slowly decreases down to the initial level of spontaneous
response to the CS. This extinction process expresses the fact that bees
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Figure 5.2 A model of the learning curve built into the CPE assay. During the
acquisition phase, the level of the CR increased up to a maximum value
at the third conditioning trial (A). This value is an indicator of the bee’s
ability to get conditioned properly, and can be compared according to
the treatments. During the extinction phase, the level of the CR slowly
decreased, back to the initial level of spontaneous response (B). This
expresses the resistance of the bee’s response to successive presenta-
tions of the unrewarded CS. Values in T1 and T5 are commonly used to
compare responses of bees subjected to different treatments.



The proboscis extension response 77

stop responding to the unrewarded odor stimulus, which has lost its pre-
dictive value of the occurrence of food delivery. However, this extinction
of the CR does not necessarily mean that bees have forgotten the CS,
since later presentation of the learned odor would again induce a high
level of response [22]. Based on this general kinetic of responses, even
slight modulations following chemical treatment are indicated.

The most commonly measured parameter is the level of conditioned
responses during the acquisition phase of the CPE assay. Statistical com-
parisons of treated and untreated groups at the maximum value of the CR
during the acquisition phase reveal sublethal effects of chemicals on the
memorization of the CS. Honey bees exposed to pyrethroids at the LCy,
exhibited maximum CR levels of 30-50 percent, while bees exposed only
to acetone-treated filter paper (control) showed 90 percent responses [32].
With permethrin, a decrease in the CR level in bees surviving to one-
fourth of the LDs, has been reported by Mamood and Waller [33]. After
one acquisition trial 69 percent of the control bees gave a CR and 100
percent responded during the last conditioning trial, while 34 percent of
the permethrin-contaminated bees gave a CR after the first conditioning
trial and the responses slowly increased up to 81 percent CR at the last
conditioning trial. Also honey bees surviving the dosage suggested on the
manufacturer’s label of dicofol had reduced CR in the CPE assay [34].

To evaluate the value of CPE responses as a routine measure for toxic-
ity assessment, it is necessary to compare these responses to standard
measures of toxicity such as mortality data, but few works have docu-
mented this point. Learning performances after contact treatment with
endosulfan were decreased at 25ppm, in contrast to the survival record-
ings which were not affected at the same concentration [46]. The NOEC of
hydroxy-imidacloprid on the mortality was established at 120ppb
(LCsy/120) whereas the NOEC on the conditioned responses was estab-
lished at 60 ppb (LCs,/240) [48]. On average, the differences between LCs,
values and NOEC values on the conditioned responses was of a factor of
120-240 for endosulfan, imidacloprid, hydroxy-imidacloprid, and prochlo-
raz [46, 48, 49]. From these studies it was found that differences between
acute LCs, and NOEC for CPE responses were variable. Nevertheless, it is
more often found that the NOEC values on the CPE responses are
significantly lower than LC;, values determined by standard toxicity tests.

The CPE assay can involve associative and non-associative phenomena.
The associative nature of proboscis extension reflex conditioning can be
established by demonstrating that only forward pairing of CS-US
sequences are effective to establish proper conditioning, compared to
various control procedures, such as unpaired CS-US presentation [52].
The effects of an imidacloprid exposure can be shown not only on the
bees’ performances in an associative learning task [53] but also in a non-
associative learning procedure such as habituation: imidacloprid at sub-
lethal doses alters the number of trials needed to habituate the bees
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(i.e. extinguish the response) to repeated sucrose stimulation [54]. In the
assessment of dicofol effects, parallel to a classical conditioning procedure,
an unpaired conditioning procedure was conducted to ensure that any
increase in the rate of proboscis extension responses was the result of asso-
ciative processes and not of a non-associative process such as sensitization
[34]. The unpaired conditioning procedure showed a high probability of
obtaining proboscis extension responses after dicofol treatment, which
indicated that the high learning response level in the classical conditioning
procedure may be due to sensitization. Furthermore, a differential condi-
tioning paradigm was used to evaluate whether the animals treated with
dicofol can discriminate between two explicit conditioned stimuli (one
odor associated with a reward and one odor not associated with a reward).
In contrast to a classical conditioning procedure, the differential condition-
ing did not demonstrate differences between control and treated groups. It
was suggested that the neurotoxic action of dicofol increased the value of
the experimental design background signals that might serve as potential
conditioned stimuli. Thus, in treated bees the need to “extract” the
significant signal from the background stimuli would make the learning of
a single conditioned stimuli more difficult than the discrimination between
two CSs. These results clearly indicate task-dependent behavioral effects
of sublethal concentrations of insecticides.

The extinction process, when the CS is delivered alone, can also be used
to indicate potential effects of toxic compounds. The acquisition phase
shows the ability of treated animals to learn the temporal relation between
the US and the CS, whereas the extinction phase indicates their resistance
to extinguish the response to a CS no longer associated with a reward.
Ingestion of dicofol [34], endosulfan [35, 46], imidacloprid, and hydroxy-
imidacloprid [48] significantly reduced the level of conditioned responses
in both acquisition and extinction phases. By contrast, the response level
was not reduced in bees conditioned prior to an exposure to permethrin
[33]. Therefore, permethrin did not affect bees’ ability to recall informa-
tion previously learned. However, prior ingestion of prochloraz and
deltamethrin—prochloraz in combination did not affect the CR level in the
acquisition process but the decrease of response level in the extinction
phase occurred more rapidly compared to the control group [49]. These
studies show that acquisition and extinction are two independent
processes that can be differentially affected by toxic exposure. This may
rely on the fact that different steps of the memorization process are
involved, the acquisition covering the information storage in the short-
term memory, while long-term memory is already established when the
extinction phase occurs, if we refer to the model of memory temporal
schedule in the honey bee as described by Menzel and Greggers [51].
Some chemicals would affect the first step of information storage, others
interfering with the memory already consolidated.

Another means to evaluate the effects of pesticides on bees’ behavior is
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to measure their impact on the gustatory and motor functions of the pro-
boscis extension reflex, prior to conditioning. This can be investigated by
comparing the number of proboscis extension responses obtained when
the antennae are contacted with a sucrose solution (unconditioned
responses or reflex responses), in treated and control bees. Some works
have documented the potential effects of chemicals on sensory-motor
activity underlying the proboscis extension reflex [26]. Prior administra-
tion of permethrin induced deleterious effects on the conditioned
responses but not on the reflex responses [33]. In contrast to conditioned
responses, the reflex responses of bees were not affected by chronic expo-
sure to imidacloprid with concentrations of 48 and 24 ppb [48]. This sug-
gests that the exposure to the insecticides tested disrupted only the bee’s
ability to learn the odor-sucrose reward association and not the peripheral
nervous system controlling the proboscis extension reflex.

Furthermore, the impairment of olfactory learning performances can
result from the disruption of olfactory functions by a toxic substance,
which can be shown using electroantennogram recordings (corresponding
to the pooled responses of all the antennae neuroreceptors detecting the
odor stimulus) [55]. Thus, the contact treatment with endosulfan at
LDsy/14 has impaired the olfactory learning performances in a CPE assay
and electroantennogram responses were decreased as well in the treated
bees [46]. Considering the concomitant modifications in the learning
capacity and in the olfactory sensitivity, it may be assumed that the
decrease in antennae sensitivity after endosulfan treatment may be
involved in the decrease of learning performances, although the neural
processes have not yet been identified.

Conclusion

Measurements of behavioral endpoints in honey bees should provide an
effective assessment of hazards caused by crop protection chemicals espe-
cially when applied to melliferous plants. Under laboratory conditions, the
conditioned proboscis extension (CPE) assay provides detectable sub-
lethal effects due to pesticides, and also to gene products potentially used
in plant genetic engineering (see other chapters of this book). Impairment
in olfactory learning abilities have been shown for chemical concentrations
at which no additional mortality occurred. Thus, the use of the CPE assay
as a method to evaluate the potential effect on the honey bees’ foraging
behavior can help to assess the toxicity of chemicals in a more comprehen-
sive way than by considering the mortality endpoint alone. The CPE pro-
cedure can be used to compare responses to different chemicals (Table
5.1) and to different concentrations of the same chemical, and to deter-
mine the no-effect concentrations. However, the CPE assay does not
always show clear dose-related responses. In summary, CPE responses
seem to be valid indicators of sublethal toxicity in honey bee. This assay
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can also be used to carry out investigations on the nervous circuitry under-
lying the olfactory learning processes, when neurotoxic molecules that
affect peripheral or central nervous system are used. The CPE recordings
are applicable to various races (Apis mellifera ligustica, Apis mellifera
capensis, Africanized honey bees) of honey bees [25, 28, 35], and even to
bumble bees [56]. Moreover, this method is simple to carry out, easily
standardized, and needs low-cost stimulation and recording devices. As
with other ecotoxicological endpoints, the extrapolation of behavioral
responses gained in the CPE assay to colony and field conditions remains
questionable. However, preliminary studies indicate that the decrease in
learning performances induced by imidacloprid observed at the individual
level in the CPE assay was confirmed at the colony level in an olfactory
discrimination task [53]. Moreover, the sublethal effects of imidacloprid
on the CPE responses can be related to a reduction in the foraging activity
and to changes in the dancing behavior, when sucrose solution containing
imidacloprid at a concentration higher than 20 ppb was fed to forager bees
[57]. Thus, the CPE assay can also predict effects that might occur in the
field. But further work is needed to establish a better correlation between
the behavioral responses observed under laboratory conditions and those

Table 5.1 Pesticides tested in the CPE assay as cited in the text

Pesticide Chemical class ~ Major target sites Ref.

Cyfluthrin

Flucythrinate

Permethrin Pyrethroid' Voltage-gated sodium channel  [32]

Fenvalerate

Cypermethrin

Fluvalinate

Permethrin Pyrethroid! Voltage-gated sodium channel  [33]

Dicofol Chlorinated Octopamine [34]
hydrocarbon?

Endosulfan Organochlorine! GABA receptor

Carbaryl (Sevin®) Carbamate' Acetylcholinesterase [35]

Deltamethrin (Decis®) Pyrethroid! Voltage-gated sodium channel

Cyfluthrin (Baythroid®) Pyrethroid! Voltage-gated sodium channel

Deltamethrin Pyrethroid' Voltage-gated sodium channel

Prochloraz Imidazole® Cytochrome P-450 [49]

Mix deltamethrin- Pyrethroid'and  Voltage-gated sodium channel

prochloraz imidazole® and cytochrome P-450

Imidacloprid Chloronicotinyl' Nicotinic acetylcholine receptor [48]

Endosulfan Organochlorine! GABA receptor

Imidacloprid Chloronicotinyl' Nicotinic acetylcholine receptor [46]

OH-imidacloprid Metabolites of

Olefin imidacloprid

Notes

1 Insecticide.
2 Insecticide-acaricide.
3 Fungicide.
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observed in field studies. Nevertheless, the CPE assay can be considered
as a quantifiable and reliable method to assess sublethal toxicity, and could
be easily incorporated into test protocols to expand the range of existing
toxicity tests.
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6 Effects of imidacloprid on the
neural processes of memory
in honey bees

C. Armengaud, M. Lambin, and
M. Gauthier

Summary

The cholinergic system in insects is the main target of insecticides. One
class of molecules, the neonicotinoids, induces direct activation of the neu-
ronal nicotinic acetylcholine receptors (nAChRs). In the honey bee these
receptors are mainly distributed in the olfactory pathways that link
sensory neurons to antennal lobes and mushroom bodies. These structures
seem to play an important role in olfactory conditioning. We have previ-
ously shown that cholinergic antagonists injected in different parts of the
brain impaired the formation and retrieval of olfactory memory. We then
advanced the hypothesis that, through the activation of the nAChR, the
neonicotinoid imidacloprid (IMI) would lead to facilitation of the memory
trace.

To test this hypothesis, IMI was applied topically upon the thorax and
the effects were tested on the habituation of the proboscis extension reflex
induced by repeated sugar stimulation of the antennae. Animals treated
with IMI to a dose that did not affect sensory or motor functions needed
fewer trials than nontreated animals to show a reflex inhibition. This effect
can be interpreted as a learning facilitation.

We developed a functional histochemistry of cytochrome oxidase (CO)
to reveal the brain targets of the drug in the honey bee brain. Following
IMI injection, a CO staining increase, probably linked to an increase in
metabolism, was observed in the antennal lobes. In integrative structures,
in particular the calyces of mushroom bodies, IMI exerted a facilitatory or
inhibitory effect on neuronal metabolism depending on the dose. The
brain targets of nicotinic ligands, including pesticides, can be compared by
using this technique.

Introduction

Two of the three main classes of insecticides exert their neurotoxic effects
through action on the cholinergic system. This is the case for the new class
of neonicotinoids, which are known to act on the nicotinic acetylcholine
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Figure 6.1 Chemical structures of acetylcholine and nicotinic cholinoceptor ligands
used in this study.

receptor (nAChR) channel. Imidacloprid (IMI) {1-[(6-chloro-3-
pyridinyl)methyl]-4,5-dihydro-N-nitro-1H-imidazol-2-amine} is one of
these new molecules (Figure 6.1). According to the literature, IMI in
insects acts at three pharmacologically distinct acetylcholine receptor sub-
types inducing a dose-dependent depolarization [1]. Other electrophysio-
logical effects of IMI have been described in different models. The single
patch-clamp technique applied to the rat pheochromocytoma (PC 12) cells
showed that the molecule may have both agonist and antagonist effects on
the nAChR [2-4]. Binding experiments of [*H|JIMI to membranes from
different species showed high-affinity binding sites in house fly head [5],
and high- and low-affinity binding sites in the aphid Myzus persicae [6].
The nicotinic receptor subunit composition seems to exert a profound
influence upon IMI binding affinity [7]. This brief review of the literature
underlines the complex action of IMI on the nAChR.

The neurotransmitter acetylcholine (ACh) is distributed largely in the
honey bee brain [8]. Acetylcholinesterase and ACh receptors have been
identified in the antennal lobes and in the mushroom bodies (MBs),
particularly in the calycal part [9, 10]. In addition, Kenyon cells, which fill
the calyces, express functional nAChRs in vitro [11]. The involvement of
the cholinergic system in memory processes in the honey bee has been
demonstrated by intracranial injections of cholinergic antagonists using a
classical conditioning procedure [12-14]. Local brain injections have shown
that the nAChR antagonist mecamylamine impaired the recall or the
formation of the memory trace depending on the brain site injection and
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the moment of the injection relative to the conditioning trial. From these
experiments, we postulated that ACh, as in vertebrates, exerts a facilitatory
effect on memory processes. We made the hypothesis that activation of the
cholinergic pathways with agonists like those molecules belonging to the
neonicotinoids would facilitate the formation and/or the recall of memory.

To test this hypothesis, we submitted honey bees to the habituation of
the proboscis extension reflex (PER). This nonassociative learning para-
digm can be easily used to detect the behavioral effect of different kinds of
molecules. The PER is induced by antennal sucrose stimulation and
involves activation of motor neurons situated in the subesophageal gan-
glion and driving the mouthpart muscles. The repetition of this non-
noxious stimulation leads to a decrease in the response occurrence. We
postulated that IMI could reduce the number of stimulations needed to
observe the response decrease. However, given the neurotoxic action of
IMI, the absence of the PER could indicate a problem of gustatory per-
ception or a central motor disruption. In preliminary experiments, we
defined the IMI dose that did not induce modifications of the gustatory
threshold or a perturbation of motor activity.

The involvement of mushroom bodies in memory processes is well
established in insects. Consequently imidacloprid brain targets were inves-
tigated using cytochrome oxidase (CO) histochemistry. CO activity is com-
monly used in vertebrates as an endogenous metabolic marker of neuronal
activity. Energy demand due to neuronal activity increases the production
of oxidative energy [15]. Classically, CO histochemistry is used in verte-
brates to identify a pathological modification [16, 17] or the effect of
chronic surgical and pharmacological treatments [18-20]. We attempted to
develop a functional histochemistry of CO in honey bee brain that allowed
the analysis of the short-term effect of cholinergic ligands including IMI
on the metabolism of the different brain structures [21].

Materials and methods

Worker honey bees (Apis mellifera) were caught at the hive entrance and
maintained with food and water ad libitum in small Plexiglas boxes until
the beginning of the experiments. To evaluate the gustatory threshold and
for learning and metabolism experiments, honey bees were immobilized
individually in small plastic tubes with a drop of wax—collophane mixture
laid between the dorsal part of the thorax and the tube. The head and the
prothoracic legs were free to move, allowing the honey bee to clean its
antennae from the repeated sucrose stimulations. Honey bees underwent a
2-hour starvation period before the beginning of the experiments.
Imidacloprid (Cluzeaux, France; molecular weight: 255.7; degree of
purity 98 percent) was dissolved in dimethyl sulfoxide (DMSO; Sigma)
to obtain a 107'M solution. Lower concentrations were obtained with
successive dilutions in saline. Control groups were treated with DMSO
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dissolved in saline (vehicle) in the same proportions. For behavioral
experiments, the drug or vehicle was used in topical applications (1 pl) to
the thorax. Doses ranging from 1.25 to Sng/bee were used which were
below the DL50 value (10 to 20ng/bee, defined for thoracic application to
Apis mellifera at 24h; unpublished observations from L.P. Belzunces). For
CO experiments, we tested the effect of intracranial injection of saline or
IMI on worker honey bees receiving an injection of 0.5l saline or IMI
(1074, 1075, or 1078M) at the brain surface. Nicotine (1078 107%, and
10~*M) and mecamylamine (107>M) were also tested as nAChR agonist
and antagonist, respectively.

Behavioral tests

Gustatory threshold

The aim of this experiment was to study the effect of IMI on the gustatory
perception. The gustatory threshold was defined as the lowest concentra-
tion of a sucrose solution applied to the antennae able to elicit a proboscis
extension. The threshold was defined twice for each honey bee: first before
any treatment and then after IMI or vehicle application. Several doses of
IMI were used with several time-intervals between the application of the
drug and the test.

The gustatory threshold was determined as follows. Fasted honey bees
were submitted to antennal stimulations (1-minute intertrial interval) with
increasing concentrations of sucrose solutions ranging from M/1024 to 4M
and following a geometric progression (M/1024, M/512, M/256, etc.). The
range of increasing sucrose concentrations was applied twice separated by
a 5-minute interval. The lowest concentration of sucrose that elicits the
PER was defined as the gustatory threshold. Honey bees that failed to
respond to one of the sucrose solutions were discarded. The remaining
honey bees were fed with two drops of 50 percent (w/v) sucrose solution
and fasted for 2 hours. This was done to ensure that the gustatory thresh-
old determination under IMI application was made under the same moti-
vational state. The thoracic application of vehicle or IMI at a dose of 1.25,
2.50, or 5ng/bee was performed during the starvation period, 15 min, 30
min or 60 min before the second gustatory threshold determination. This
second determination was done like the first one. For data quantification,
any modification of the gustatory threshold between the two determina-
tions from one sucrose concentration to the one immediately lower or
higher was respectively quantified as —1 or +1 arbitrary unit.

Locomotion

Locomotion of honey bees was tested in an open-field-like apparatus con-
sisting of a white Plexiglas box (30 X 30 X 4cm) with a glass front for obser-
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vation. The back surface was divided into 5-cm? squares and the box was
illuminated from above. The box did not allow the honey bees to fly. A
hole made in the bottom right-hand side of the box allowed the introduc-
tion of a single honey bee for a 5-min observation period. The position of
the honey bee was recorded every 5s. The duration of successive 5-s
periods in the same square was reported as immobility as the locomotor
activity of the honey bee in the same square was very low, if nonexistent.
Otherwise, the honey bee was moving around. The effect of the drug on
locomotor activity was studied 15, 30, and 60 min after application of a
dose of 1.25, 2.50, and Sng/bee and was compared to the effect of vehicle.

Habituation

Fasted honey bees were stimulated repeatedly with a 50 percent (w/v)
sucrose solution applied to one antenna at 1-min intervals. The habitua-
tion criterion was defined as three consecutive sucrose stimulations
without proboscis extension. When this criterion was reached, the sucrose
solution was applied to the controlateral antenna to rule out the eventual-
ity of motor tiredness. Honey bees that did not respond to the 50 percent
sucrose solution and to the restoration test of the reflex were discarded.
IMI was applied at 1.25ng/bee and the drug effect was tested after 15 min,
30 min or 1 hour in three independent groups. A group receiving no treat-
ment and a solvent-treated group were also added.

CO histochemistry

Thirty minutes after injection of the drug, the animals were killed by rapid
decapitation. Frontal sections (16 um) from the whole brain were pre-
pared for CO histochemistry, according to Wong-Riley [20]. Quantifica-
tion of staining was performed by computer-aided densitometry of CO
histochemistry intensity. We focused our investigations on antennal lobes,
calyces, and a-lobes of MBs because it was previously shown that 30 min
after an injection of AChR antagonists in these structures, memory
processes were impaired [12, 13]. IMI was tested at concentrations of 1078,
107, and 10™*M, corresponding to doses ranging from 1.28pg to 12.8ng
per honey bee. At higher doses IMI induced toxic and lethal effects.

Data analysis

Data sets were analyzed using a two-population independent two-tailed
t-test or an analysis of variance (ANOVA). Figures show means *=s.e.m. In
all cases, P-values less than 0.05 were considered as significant.
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Results

Behavioral tests

Gustatory threshold

An increase in the gustatory threshold was observed between the first and
the second determinations whatever the treatment (Figure 6.2). A very
slight increase of less than one-half unit was found for the vehicle and for
the lowest doses of IMI (1.25 and 2.50ng/bee). Animals treated with the
vehicle (controls) were not different from those receiving no treatment
(data not shown). Groups that received 1.25 and 2.50ng IMI were not dif-
ferent from controls, so in subsequent habituation experiments, both doses
could have been used. A loss of sensitivity was noticed for the dose of Sng
after 1 hour. This delayed effect seems not to be related to the time
needed by imidacloprid to reach the brain from the thoracic application

3 -
[] 15 min (n = 20)
] [ 30 min @ = 10)
B 60 min (n=10)

5 %

Gustatory threshold
(mean arbitrary units * s.e.m.)

i e L
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Figure 6.2 Variations of the gustatory threshold (arbitrary units) 15 min, 30
min, or 1h after thoracic application of DMSO (n =20 for each
time) or imidacloprid at different doses (1.25, 2.5, Sng/bee). The
number of imidacloprid-treated animals is indicated on the graph.
*P <0.05.
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site since the high dose of 20ng induces the same sensitivity loss as soon as
15 min after application (data not shown).

Locomotion

Opposite effects of IMI on motor displacements were observed depending
on the dose (Figure 6.3). Compared to the vehicle, the lowest dose of IMI
(1.25ng/bee) induced an increase in displacements independently of time
(shown as a decrease in immobility in Figure 6.3). A significant increase in
locomotion was also observed for 2.5ng/bee at 15 min. With 5ng, IMI
induced a decrease in the honey bee displacements in the box as soon as
30 min after application. The decrease in displacements was explained by a
loss of motor coordination. The honey bees fell down on their backs,
showing leg movements and body and wing shaking. Additional observa-
tions up to 2 hours after drug application showed that there was no behav-
ioral recovery.

Unlike the previous experiment on gustatory perception, we did not
observe a dose—effect relationship in this experiment, as there were more
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Figure 6.3 Time spent in immobility (seconds) in honeybees treated with
DMSO or imidacloprid at different doses (1.25, 2.5, Sng/bee), 15
min, 30 min, or 1h before the test. # =10 in each group. *P <0.05;
**P<0.01; ***P<0.001.
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numerous displacements at the lowest dose (1.25ng/bee). This dose was
retained to test the effect of IMI on habituation.

Habituation

Under IMI treatment (1.25ng/bee), honey bees needed fewer trials to
display PER habituation than honey bees receiving the vehicle or receiv-
ing no treatment (statistics highly significant in both cases, see Figure 6.4).
There was no effect of time on the facilitating effect. This observation is
closer to the enhancing effect of 1.25ng of IMI on displacements, which is
also independent of time. Dilute DMSO induced a slight but significant
reduction in the number of trials compared to the groups receiving no
treatment (statistics shown in Figure 6.4).

CO histochemistry

Histological modifications induced by IMI were of weak amplitude but
very reproducible: for example in the antennal lobe, IMI 10~*M induced a
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Figure 6.4 Number of trials required to reach habituation in animals receiving no
treatment or animals treated topically with DMSO or imidacloprid
(1.25ng/bee) 15 min, 30 min, or 1h before learning. n=20 in each
group. ++-+comparison to ‘No treatment’, P<0.001. ***comparison to
DMSO, P<0.001.
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staining increase in all the experiments performed. The intensity of stain-
ing was analyzed in the cortical layer and in the internal area of the
glomeruli. At the concentrations of 107%, 1076, and 107M, a significant
increase in staining was obtained for the two regions of the glomeruli. The
increment ranged from +8 percent to +17 percent. A dose-response
effect was observed for this structure (Figure 6.5A).

The greatest modifications of CO labeling induced by IMI were
observed in the a-lobe stratification, corresponding for the dorsal layer B1,
to +23 percent of the saline group labeling (Figure 6.5B). For 10™*M the
increment was significant in the dorsal, intermediate and ventral layers
(B1, B2, and B3).

In the calyces the 107®M IMI injection induced a significant reduction
in the labeling (Figure 6.5C). In the basal ring the mean gray level of the
107°M group was significantly lower compared to the saline group.

In the 107*M IMlI-treated group, the CO staining in the upper (UD)
and lower (LD) divisions of the central body was significantly greater than
that of the saline group; the opposite effect was observed for 107°M
(Figure 6.5D).

In subsequent experiments other nAChR ligands were tested. CO was
stimulated by nicotine in a dose-dependent manner in many brain
regions (data not shown). In particular, the internal part of the glomeruli
exhibited significant increases of 19 percent at 10~*M nicotine (Figure
6.6A).

The effects of nicotine were statistically significant in the B1, B2, and
B3 layers of the a-lobe (Figure 6.6B). The greatest stimulation by 10™*M
nicotine administration was obtained for the B3 layer (+23 percent).
Moreover, for the ventral layer a significant increase was still present after
1078M (data not shown).

In calyces, whatever the concentration of nicotine tested, no significant
differences were found between the saline and nicotine groups whereas
10~*M IMI induced an increase in labeling. Moreover, 30 min after 107*M
IMI injection, a decrease in brain metabolism was observed in the central
body, calyces, and a-lobe which was not observed with nicotine injection
to the same concentration and at the same interval.

Changes in the metabolic activity of the honey bee brain were exam-
ined following nAChR antagonist (mecamylamine) administration to high
concentration (1072M) inducing an impairment of retrieval processes [13].
Comparison between saline- and antagonist-treated brains indicates that
mecamylamine induced a significant decrease in neural metabolism in the
a-lobe (Figure 6.6B) and no effect in the other structures (Figure 6.6A, C,
D). Like IMI and nicotine, mecamylamine has a significant effect on the
a-lobe.
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Discussion

Our hypothesis that IMI at a low dose (1.25ng/bee corresponding to a
micromolar concentration) could facilitate a simple form of learning is
verified.

The experiments show a hierarchical effect of IMI applied topically.
This effect depends on the physiological function tested. It seems that gus-
tatory perception is less sensitive to the insecticide than motor function or
learning processes. The first manifestation of the drug on the gustatory
threshold appeared at S5ng/bee after 1 hour whereas a strong effect of the
drug at the dose of 1.25ng/bee was observed on the other functions after
the shortest interval. We do not retain the possibility that the drug needs
more time to diffuse from the thorax to the brain than to the ventral nerve
cord. The high doses of 10 and 20ng induced a large increase in the gusta-
tory threshold as soon as 30 min after application (results not shown).

An interesting finding in this work is the dual effects of IMI on motor
displacements and brain metabolism depending on the dose. The locomo-
tor activation observed at the lowest dose could indicate the specific effect
of the drug linked to nicotinic activation whereas the higher doses would
induce a nonspecific toxic effect. The complex effect of IMI on neuronal
metabolism has also been observed after intracranial injection of the insec-
ticide in the honey bee. All of the 10 regions analyzed showed a significant
staining increase for the highest concentration (107*M). For the lower con-
centrations (107® and 107®*M) a regional sensitivity and specificity were
observed. The effect of IMI in the antennal lobes, the first relay of the
olfactory information, was always an increase in metabolism. In integrative
structures, in particular the calyces, the action of IMI is more complex. Low
concentrations induced inhibition of CO histochemistry whereas high con-
centrations resulted in activation of CO. In a preliminary experiment brain
injections of the nAChR antagonists mecamylamine and hexametonium
only induced a decrease in the labeling. Hence, we were waiting for the
agonist stimulating action of IMI. The electrophysiological effects of IMI
are also complex. Modulation of the nAChR channel by IMI has been
demonstrated in pheochromocytoma cells, corresponding to both multiple
agonist and antagonist effects on acetylcholine-induced currents [2, 4].
Finally, the dual effect of IMI can be explained by the presence in the
central nervous system of the honey bee of two types of nicotinic receptors
as shown in the cockroach nervous system [1]. Stimulating effects, such as
depolarization of the cockroach cercal afferent giant interneuron and
inward currents with activation of the hybrid nAChR, were obtained with
concentration up to 107°M [1, 22]. At 100nM, IMI reversibly reduced the
amplitude of the ACh responses recorded on SADB2 hybrid receptors
expressed in Xenopus oocytes [22]. Using [PH]JIMI, high- and low-affinity
nAChR-like binding sites have been characterized in the aphid Myzus
periscae [6]. The dual agonist/antagonist effects of IMI on CO histochem-
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istry could be linked to the presence of different subtypes of receptors in
the different neuropiles. It is not out of the question that a desensitization
of nAChRs would be induced with the concentration of 10~*M IMI; desen-
sitization was described in the cockroach in response to 10°M IMI [1]. In
our experiment the specific effect of IMI would be observed with 108M
and corresponds to an increase in metabolism in the antennal lobes and a
decrease in metabolism in integrative structures. However, agonist action
(nicotine-like) of IMI, observed with the highest concentration (10~*M),
may contribute to the toxicity of this insecticide.

In conclusion, these results support our hypothesis that the cholinergic
system is involved in learning processes in insects. We have previously
shown that cholinergic antagonists impair the formation and recall of olfac-
tory memory [12-14]. We show now that activation of the cholinergic
system with IMI facilitates a reflex habituation. However, to demonstrate
that the facilitatory effect is general and not limited to nonassociative
learning, we have to submit IMI-treated honey bees to different tasks such
as, for example, discriminative olfactory conditioning between reinforced
and nonreinforced odors. However, this facilitatory effect is not so easy to
understand at the cellular level. A simple hypothesis to advance is that the
dose used in behavioral experiments (corresponding to a micromolar con-
centration) induces neuronal activation. This is not what is observed with
CO experiments. At the concentration of 107°M, IMI induces a slight or no
effect on brain metabolism. Our findings suggest that IMI exerts multiple
actions at nAChRs. A new approach is currently being developed. Using
the patch-clamp technique, ACh-ionic currents and their IMI-induced
modifications are recorded in cultured Kenyon cells to see whether IMI
behaves as an agonist or an antagonist on the honey bee nAChR.
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7 Impact of agrochemicals on
non-Apis bees

J.N. Tasei

Summary

Only few reports have been published on the reduction and recovery of
native non-Apis bee populations, measured after temporary or permanent
agrochemical pest control in North America. Small species were found to
be the most sensitive. The assessment of pesticide toxicity and hazards to
non-Apis bees has been practiced for about 50 years through various labo-
ratory, semi-field, and field methods. Researches were conducted mainly
on three species: Nomia melanderi (alkali bee), Megachile rotundata
(alfalfa leafcutting bee), and Bombus terrestris (bumble bee). Toxicity
tests performed in standardized conditions on adults and larvae showed
that the intrinsic susceptibility of non-Apis bees measured by oral and
topical LDy, or by LCs, varied to a great extent between species and also
from Apis mellifera. Laboratory and semi-field tests have been used to
assess the risks of sprays, field-weathered residues, or systemic compounds
in nectar and pollen. The effects of several organophosphates, pyrethroids,
neonicotinoids, and a carbamate, are discussed. Sublethal effects of
deltamethrin, fenvalerate, trichlorfon, and imidacloprid have also been
investigated. It has been shown that biochemical data from studies on
detoxification in M. rotundata did not agree with toxicological parameters
and risk assessment in the field.

Introduction

Many wild and cultivated plants are visited not only by honey bees (Apis
mellifera in particular) but also by non-Apis bees which facilitate their
fruit and seed setting. These Hymenoptera are represented by more than
20000 species throughout the world, belonging to nine families: Colletidae,
Oxaeidae, Halictidae, Andrenidae, Melittidae, Fideliidae, Megachilidae,
Anthophoridae, and Apidae [1]. This fauna is a natural resource which
often sustains a prominent role in the pollination of crops and the mainte-
nance of floral diversity, especially when honey bees are absent or not effi-
cient. Many researchers have long emphasized the contribution of
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non-Apis bees, also called wild bees, to pollen transfer in cultivated and
wild plants. Several authors have surveyed the bee diversity in Europe and
compared the efficacy of several species in case studies [2, 3]. Other scien-
tists have extensively investigated the different biological traits of solitary
and social non-Apis species which proved to be highly variable [4-6].
Some species dig burrows into the ground, while others nest in twigs,
timber, soil cavities, etc., and use all sorts of materials to protect their
brood cells, such as wax, mud, leaf cuttings, wool, resin, and so on.

In areas where agricultural efficiency has been increased through the
destruction of hedges and adventitious flowering plants, the cutting out of
waste lands, and the reduction of crop diversity, the population of native
non-Apis bees has been depleted. Generally, in the same areas, an addi-
tional factor in this depopulation may be the misuse of insecticides on
crops. The importance of non-Apis bees for seed setting in wild and cultiv-
ated plants and the frequent shortage of pollinators on various crops have
encouraged scientists to domesticate and multiply several non-Apis bees.
Since the Second World War, the most popular has certainly been the
alfalfa leafcutting bee, Megachile rotundata (Megachilidae), for which the
management techniques have been constantly improved [7, 8].

This solitary bee can nest gregariously in tunnels of wooden or plastic
shelters established temporarily in alfalfa fields grown for seed. For the
same purpose, in the USA and New Zealand, artificial nesting beds have
been created close to alfalfa seed crops, to increase the population of the
ground-nesting Halictidae bee Nomia melanderi [9, 10]. Several “mason
bees” (Megachilidae) are propagated commercially in tunneled domiciles
to improve fruit production in various countries in Asia, America, and
Europe: Osmia lignaria [11], Osmia cornifrons [12], and more recently,
Osmia cornuta [13]. Since the 1990s, the social bee Bombus terrestris has
been reared en masse mostly in Europe to pollinate vegetables (initially,
the tomato) in greenhouses [14]. Now other bumblebee species are also
being produced in Asia and North America.

Owing to the biological differences among non-Apis species and honey
bees, one can predict that their population may not be affected similarly
by agrochemicals. Thus, for example, the death of a solitary female bee in
charge of a nest means the end of reproductive activity, while in social
bees deficits following spraying may be compensated by workers and also
by new bees emerging from the brood. Moreover, except for the species
cited above, native non-Apis bees live in natural habitats that cannot be
removed from hazardous sites. Despite technical difficulties, some
researchers have investigated the impact of large-scale insecticide applica-
tions on non-Apis populations. In addition, the economic importance of
the domesticated non-Apis bee has favored laboratory and field studies on
the toxicity and hazards of pesticides to the three main species, M. rotun-
data, N. melanderi, and B. terrestris. The availability of individuals now
produced en masse enables advances in methodology often inspired from
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honey bee studies, and comparisons of sensitivity between Apis and non-
Apis bees are now possible.

Historical background of pesticide risk assessment on
non-Apis bees

The earliest scientific article mentioning concern about the effect of a pes-
ticide on non-Apis bees appeared in 1946 in a Canadian journal [15]. The
author, from the Massachusetts State College, reported very briefly on the
mortality rates of unidentified solitary bees and bumble bees collected
from apple flowers and introduced in cages to be exposed to DDT,
“dusted lightly through the screen covering the top of the cage.” He
assessed mortality several times within 48 hours in a first test and 60 hours
in a second experiment where honey bees were treated in the same way.
The conclusions were that the number of experimental insects — 10 solitary
bees, 5 to 10 bumble bees and 10 honey bees — were too low to enable defi-
nite conclusions to be made. It was also recognized that laboratory and
field tests may not always agree. However, both solitary bees and honey
bees seemed equally affected while the death of the bumble bees was
retarded, which means they were presumably more tolerant. Further
studies on DDT effects on wild pollinators were performed in the UK [16]
and published in 1948 and in the USA [17, 18] in 1949 and 1950. The UK
authors collected B. ferrestris, B. agrorum, and solitary bees (Andrena
flavipes), and then performed laboratory tests, using various concentra-
tions of toxic material which was spread on a glass wall placed in boxes for
contact tests or diluted in sucrose solution for feeding tests. They also used
sprayed blooms in a third kind of contact laboratory test and made field
observations on treated apple blossoms on which they collected several
Andrena species and Osmia rufa. They concluded that the susceptibility of
worker bumble bees to DDT was comparable to that of honey bees and
that queens and drones of B. agrorum and B. terrestris were more resis-
tant. The authors also insisted on the environmental impact of bumble bee
queen losses which entail hundreds of workers that would not be pro-
duced. One paper from the USA reported on laboratory tests on several
solitary species collected in a field, belonging to the genera Nomia,
Megachile, Melissodes, Anthidium, and Agapostemon [18]. Experimental
bees were exposed to dry DDT residues on screens which had been previ-
ously immersed in a DDT solution at different concentrations. The com-
parison with honey bees showed that solitary bees were more resistant
than Apis mellifera at the same concentration and exposure duration. It
was also found that females were more resistant than males. The other
article by US authors [17] described an experimental procedure to evalu-
ate the hazards to N. melanderi of a DDT spray on an alfalfa field in
bloom. DDT was applied before the bees started foraging. Before and
after the spray, the bee density on flowers was assessed by sweeping alfalfa
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plants with a net. Pollen loads were also collected from female hind legs to
measure the rate of exposed insects. Since this species lives in aggregations
close to cultivated alfalfa, dead bees could be counted at the nesting site as
well as the number of active nests. Despite the inaccuracy of the method
and the absence of statistical interpretation, the results evidenced a mod-
erate repellency for a few hours and a toxicity of the residues estimated at
15 percent of nests becoming inactive.

The first calculation of LD, was published in 1963 [19]. The American
authors used leafcutting bees as test insects. They applied acetone dilu-
tions of various compounds on the abdomen of anesthetized bees. They
found that M. rotundata was more susceptible to three of the tested pesti-
cides than honey bees, and less susceptible to two of them, including
carbaryl.

The earliest research using biochemical techniques for studying the
toxic action of insecticides was presented in a PhD thesis in 1972 [20]. The
author estimated the effect of drugs such as the synergist piperonyl butox-
ide on the insecticide action of carbaryl by measuring in vitro the microso-
mal enzyme activity in M. rotundata. He found drug absorption enhanced
this activity up to 4-5 times and reduced bee lipid content by 20-30
percent. At the same time two other American scientists [21] compared
the effect of trichlorfon and carbophenothion on acetylcholinesterase in
the leafcutting bee and the honey bee. In the solitary bee, enzyme inhibi-
tion was stronger with trichlorfon, and with carbophenothion enzyme
recovered 10 minutes after application. Changes in enzyme activity were
similar in M. rotundata and A. mellifera.

In 1975 the first estimation of the impact of an insecticide applied on a
large scale was published [22]. The author compared the diversity and
abundance of native pollinators of Canadian lowbush blueberries in a
control area and in areas contaminated with fenitrothion sprayed on
forests of New Brunswick. Pollinators were mainly Bombus spp.,
Andrenidae, and Halictidae. Data of the population census were inter-
preted through statistical analyses which evidenced that the lowest diver-
sity and abundance index was in areas close to treated forests. Moreover,
carcasses found in these areas showed the highest residue rates. Both
results corroborated the crop failures reported by blueberry growers of the
province.

If we consider that insecticide repellency, mentioned in early studies, is
not a typically sublethal effect, the first report of a consequence of low
doses of insecticide on non-Apis bees appeared in 1981 [23]. The authors,
comparing two pyrethroids and organophosphates on the leafcutting bee
in laboratory tests, found that a high percentage of comatose bees recov-
ered. This was observed only with the pyrethroids fenvalerate and
decamethrin (deltamethrin) which caused a strong “knock-down” effect
within the first hour after application.

The earliest study on the possible effects of systemic compounds on
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wild bees appeared in 1972 [24]. The American scientists tested
the hazards of soil application of insecticide solutions of aldicarb,
oxydemeton-methyl, and metasystox. They used sweet clover plants cultiv-
ated in pots and visited by M. rotundata and found no mortality at the rec-
ommended dosages, while the application of 10 times the recommended
dose of aldicarb resulted in significant mortality of females, revealing that
some active substance was transferred to the nectar.

The first test of an insect growth regulator (IGR) on a non-Apis bee
was presented during a symposium in 1993 [25]. The authors observed
adult mortality and brood development in bumble bee colonies (B. fer-
restris) maintained in cages. Forage plants were treated during activity
hours with the IGR fenoxycarb. It was concluded that the IGR did not
present a negative action on adult bumble bees but that a larval test had to
be developed for an adequate assessment of the brood mortality.

Survey of testing methods

Among the various testing methods described by authors, a large number
was aimed at measuring mortality rates in standardized laboratory con-
ditions. Some procedures permitted the calculation of the LDs, or the LCj,
of compounds through contact or feeding tests. They supplied data
enabling comparisons of acute toxicity of pesticides between non-Apis
bees and between honey bees and non-Apis bees.

Other kinds of tests were performed in a cage, tunnel, or greenhouse
and their objectives were to assess the consequences of sprays or residues
on bees exposed to compounds in more or less standardized conditions. In
these tests, scientists did not expect to estimate the reaction of an insect to
a measured substance intake or deposit but to assess risk in practice. The
advantage of keeping bees in such enclosures is to ensure the permanent
exposure of the insects but the counterpart is an overestimate of the
hazards.

The third kind of assessment was hazard testing conducted in the field
either by using domesticated non-Apis bees maintained in artificial domi-
ciles or by monitoring native populations in their natural habitat. The
drawback of these methods is that standardization is not possible since the
exposure of experimental insects to test compounds is not controlled. In
the case of native population monitoring, the main difficulty is the inter-
pretation of data due to the number of factors involved in population
changes during seasons and years.

The first category will be referred below to as “laboratory tests,” the
second as “semi-field tests,” and the third as “field tests.”
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Laboratory tests

Median lethal dose assessment

Laboratory procedures for estimating LDy, were first applied to M. rotun-
data and N. melanderi in the USA because of their commercial importance
in areas where alfalfa seed was produced. The detailed description of topical
tests among the early articles [26] indicated that test leafcutting bees were
obtained from incubated cells and then immobilized at 10°C. The treatment
was a drop of 1.7l applied to the thoracic scutum with a micro-injector.
Twenty leafcutting bees were necessary for each dosage-mortality test.
After treatment, bees were placed into screened boxes with feeders contain-
ing a 20 percent honey solution. The boxes were maintained in a micro-
biotron illuminated at 27°C. Mortality was recorded every 24 hours for 4
days following the treatment. The LDy, was established at 72 hours for leaf-
cutting bees but at 48 hours for N. melanderi. Other scientists who studied
the intrinsic susceptibility of solitary bees used similar techniques [21] or
adopted variations such as the reduction to 48 hours of the duration of the
mortality check in leafcutting tests [27]. This duration dropped to 24 hours
for N. melanderi and M. rotundata [28]. These authors used six concentra-
tions of the test solution falling between the limits of the expected value,
and their data were analyzed with the probit analysis method. A device
designed for accurate measurement of the consumption of pesticide solu-
tions by any bee species was described in 1973 [29] but it seems it was not
used in practice by other authors who established the oral LDy, of aldicarb
in N. melanderi and M. rotundata with a more simple feeding system [30].

The first approach to studying acute contact toxicity of pesticides to
bumble bees was derived from the method described for honey bees [31].
After a gap of 29 years, a detailed method to determine acute contact and
oral toxicity in bumble bees was presented in a symposium [32] and com-
pleted later [33]. For the contact test the authors recommended collecting
workers of average size and age then using five concentrations per repli-
cate and performing two replicates. The 1-pl drop of pesticide solution in
acetone was deposited on the ventral part of the thorax and the mortality
recorded every 24 hours for 3 days. A negative control with acetone and a
positive one with either dimethoate or parathion were also recommended.
The method for oral toxicity derived from the European guidelines for
honey bees was modified in order to be adapted to bumble bees which
have no trophallaxis. The principle of the test was to cage individually 30
bumble bees per concentration, maintained in the dark at 25°C. The test
substance was dissolved in a sucrose solution and the mean weight of the
bees determined. Mortality checks and controls were similar to those of
the contact test. Some variations in these guidelines appeared in other art-
icles [33], in particular the use of water as solvent and the duration of 10
days for mortality recording.
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The LDy, of several compounds was established in the social bee
Trigona spinipes using a topical test protocol similar to the one for bumble
bees [34].

Tests on residues

Even when no LDy, was calculated, other kinds of laboratory procedures
have been used to test pesticide toxicity comparatively. The first compar-
isons of the susceptibility of bumble bees, solitary bees, and honey bees to
DDT were performed in cages with glass or screened walls previously
sprayed or immersed and dried [16, 18]. A standardized method was pro-
posed to test pesticide effects on M. rotundata, using filter papers soaked
in test solutions, dried, and placed on the bottom of screened boxes con-
taining 15 individuals which emerged within 48 hours. The boxes were
kept at 27°C under constant light. No food was supplied and mortality was
recorded every 1 or 2 hours for 1 day. Identical boxes were used for testing
the effect of sprays. In this case, after the treatment, leafcutting bees were
introduced into clean boxes and placed in standardized conditions [35]. In
further articles [23, 36] it was suggested that each filter paper should
absorb the amount of solution corresponding to the field recommended
dosage.

Several Canadian and American scientists have developed laboratory
bioassays for risk assessment when non-Apis bees were exposed to treated
plants. In the earliest studies, foliage was sampled from alfalfa plots previ-
ously treated with the test insecticide and placed in cages where 10 leafcut-
ting bees or N. melanderi could walk and feed on a sugar solution. They
recorded mortality after 24 or 48 hours [37, 38] and tested various ages of
residues to establish the RT 25, that is the residual time required to obtain
a bee mortality of 25 percent after a test exposure to field-weathered spray
deposits [39]. This method was extended to the bumble bees B. centralis
and B. rufocinctus and to honey bees [40]. In further research on field-
weathered residual exposure tests, the authors, who followed the main
guidelines, standardized the method. They sampled the upper 15-cm
portion of test plants and placed about 500 cm? of foliage in screened cages
45cm long with plastic Petri dishes as top and bottom. Twelve to 30 test
bees were introduced into each cage maintained at 26-29°C. Mortality was
recorded after 24 hours and each treatment was replicated four times
[41-43]. A Canadian scientist used a “tube chamber” constructed of clear
plastic sheets forming a tube 14.5cm in diameter and 49cm high. This
exposure chamber was separated by a screen partition into a top and a
bottom section to test vapor and residue hazards, respectively. Potted test
plants were sprayed at the field rate then dried and moved to a climate
room at 28°C and a 16 L:8 D photoperiod. A tube chamber was positioned
over each plant and 10 test bees were introduced into each of the sections.
Mortality was recorded after 24 hours [44].
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Tests on sublethal effects

Laboratory tests were used to assess the effects of low doses or concentra-
tions on bumble bees. To estimate whether a 0.01-0.02 ug topical applica-
tion of deltamethrin affected the longevity of bumble bees, 32 workers per
treatment were kept in disposable boxes each containing eight insects,
maintained in the dark at 20°C. Mortality was recorded daily [45]. A more
recent article reported on a feeding test conducted on queenless micro-
colonies of three workers of B. ferrestris to study sublethal effects of low
concentrations of imidacloprid in the food on worker survival, brood size
and larval development [46].

Testing insect growth regulators

Queen right B. terrestris colonies were used in the laboratory for testing
the toxicity of IGRs on brood when the substance was ingested by workers
for 24 hours. The technique proposed was to photograph the brood every
day during the week before the 24-day feeding period and over the next 5
weeks [47]. A standardized larval test was described to evaluate IGR
hazards to B. terrestris brood. Brood cells with 10 young larvae each had to
be placed in small rearing boxes at 28°C and 50 percent HR. They were
attributed to groups of three nurse workers and fed with sucrose syrup and
pollen dough. After pupation, workers were removed and the brood was
reared until the adults emerged. The test substance had to be dissolved in
the food and fed to the test groups for 24 hours. It was to be applied to
larvae of different ages. For each larval age and each test substance three
replications were necessary [48].

Semi-field tests

All these tests were conducted in field or greenhouse cages and also in
greenhouse compartments, i.e. under nearly natural climatic conditions
and permanent exposure. Sometimes, parallel experiments were con-
ducted in greenhouse and in field cages to determine whether both situ-
ations gave similar results.

Greenhouse cages and compartments

Potted Melilotus alba was often used as a test plant in greenhouses
because of its abundant flowering. The effects of three systemic com-
pounds were estimated by applying converted field dosage to sweetclover
testing pots placed in cages. Ten leafcutting bee were introduced into each
cage and mortality was recorded every day [24]. The relative repellent
effect of two pyrethroids on nesting leafcutting bee females was assessed
in greenhouse compartments where treated and control sweetclover plants
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were placed together [23]. The sublethal effect of low doses of
deltamethrin on the fecundity of females was studied by using marked
leafcutting bees nesting in the same compartment and foraging sweet-
clover [27]. Comparison of the effect of imidacloprid seed dressing on the
visiting rate of sunflower heads by bumble bees (B. ferrestris) was per-
formed by cultivating treated and control potted sunflower in a compart-
ment [49]. For studying the effects of IGRs on bumble bee larvae, Tornier
[50] suggested rearing in greenhouse compartments queen right colonies
of B. terrestris with 30 marked workers each and a similar amount of
brood. The entrance of the hives should be equipped with a dead bee and
larvae trap. A picture of the brood should be taken before and after the
test period [50]. Results on IGR effects on B. ferrestris were obtained in
5 X 3m greenhouse cubicles where tomato plants had been treated [51].

Field cages

For testing residues, 6 X 6m alfalfa field plots were covered with cages,
each containing 50 females and 50 males of M. rotundata, which were
released a week after application. Dead females were counted by examin-
ing the straws in which they nested and larval mortality was assessed by
splitting the straws lengthwise once nesting was completed [52]. The
effects of a systemic granular side dressing of alfalfa on leafcutting bee
mortality were also studied in cages covering 3.6 X 6m plots. M. rotundata
could nest in straws or laminated boards in insulated shelters. These
devices enabled cell extraction and residue analysis of provisions [53-55].
Similar experiments were conducted in alfalfa fields, using cages ranging
from 1.2 X 1.2m to 6 X 6m and various leafcutting bee densities in relation
to the amount of forage [30-44].

Field cages were also used to test the effects of sprays on bees. For this
purpose, Heller et al. [56] reported a comparative trial with three replica-
tions where M. rotundata was reared in screened tunnels 17 X 6m, parti-
tioned into three sections where Sinapis alba was grown as a test plant.
The spray was applied during the foraging period. A field cage method
was presented for testing IGR effects on B. terrestris, using Phacelia as a
test plant in 3 X 4m cages [48]. Before introduction into the test cage and
IGR application, test colonies containing 50-70 workers were attributed
standardized egg cells and brood with larvae of known age ranging from 1
to 6 days. The cage period lasted 2-3 weeks, then colonies were returned
to the laboratory until adult emergence [48].

Smaller removable screened cages containing test bees were used for a
standardized exposure to experimental sprays on alfalfa [19] or fenitroth-
ion aerial spray for forest protection [57]. The first authors removed the
cages after the spray and placed them in a holding room where bees could
feed on a sucrose solution and they assessed the 24-hour mortality. The
other authors used 5X7.5X3.5cm individual screened compartments
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where bumble bee queens were introduced before the spray and fed twice
daily. The caged queens were left in place for 4 hours following the treat-
ment, before being moved to the laboratory for a 7-day observation
period. “Krome-Kote” cards placed adjacent to boxes enabled a good
estimate of exposure by counting the insecticide droplets on 5 X 1cm? per
card.

Field tests

Tests with leafcutting bees

A few articles have reported on field tests on M. rotundata using shelters in
alfalfa fields. In the earliest one the author placed two shelters
(86 X50X39cm) in two distant parts of a crop 1km long and 45m wide.
One half of the field was sprayed with naled, the second half with trichlor-
fon during a calm evening. Shelters were supplied with boards drilled with
hundreds of holes each accommodating paper soda straws 0.5cm in dia-
meter and 6.5cm long where leafcutting bees were nesting. Fifty nests were
marked and monitored in each field before and after the treatment. Straws
were extracted and examined at night. When the nesting period was com-
pleted, boards were returned to the laboratory at 26°C for 1 month, then
straws containing the marked nests were hibernated for 4 months prior to
an incubation period of 20 days at 26°C. When incubation was completed,
marked nests were dissected to record larval mortality [58]. Later authors
also comparing two compounds preferred testing sprays on six alfalfa plots
ranging from 200 to 1600m?, each being at least 300m away from others.
On each plot they placed a small leafcutting bee shelter where 114 to 237
females established their nests in polystyrene grooved boards 4cm deep.
Females were counted early morning before they began to fly. Treatments
were applied during foraging hours when the number of females in nesting
tunnels had been stable for 3 consecutive days. Two plots were used as
control, two were sprayed with phosalone, and two with deltamethrin.
Female numbers were assessed seven times during the 3 weeks following
treatments. The exposure of foragers was estimated by analyzing pollen
samples from brood cells provisioned by female bees at t—1 and ¢+ 1. At
the end of flight activity nesting boards were moved to the laboratory and
left until the larval development was completed. Then cells were extracted
and samples of 600-800 cells per treatment were incubated after a 2-month
hibernation. When adult emergence was finished, closed cells were opened
to examine their content [59]. In another experiment conducted with
similar lay-out and material, the authors used coded colored marks on
every leaf plug as soon as a nest was completed to assess the larval mortal-
ity in relation to the date of cell provisioning. Samples of plug leaves,
pollen provisions, and live larvae enabled residue analysis for the two com-
pounds tested, alphamethrin and phosalone [36].
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Tralomethrin was tested for bee hazard in alfalfa fields pollinated by
leafcutting bees and treated by airplane or helicopter. In a first test, the
authors observed the fate of females nesting in shelters placed in separate
plots of a large field, which received applications at different rates in the
evening. In a second test they preferred to use separate fields to compare
the effects of treatments. Evaluation of hazards were done by pre-
application and post-application records of the number of active females
per 5-second scan per nesting unit. This count was replicated 10 times. The
number of females in 13 nest tunnels was also assessed (25 replications) at
night before the application and 2 days after the application [28].

Tests with bumble bees

For studying the possible effect of a systemic dressing of sunflower seeds on
homing behavior and nest development of B. ferrestris, 20 colonies of
approximately 50 individuals were prepared and all the workers were
marked on the thorax the day they were moved to fields, i.e. at the begin-
ning of flowering. Ten colonies were placed in a large treated field sur-
rounded by more than 400ha of treated sunflower. The other 10 colonies
were in a control field, 20km away in a large nontreated zone. Exposure to
residues in sunflower nectar and pollen was estimated by identifying pollen
grains carried by a total of 241 nectar and pollen gatherers collected at the
hive entrance. After a 9-day field period, the 20 hives were removed to the
laboratory after sunset. They received identical food until new queens
emerged, then marked and unmarked workers were counted [49]. An
attempt to establish a standardized field test for IGRs was not satisfactory.
The authors placed six small colonies of B. terrestris (less than 50 workers)
near a 2400m? Phacelia plot and applied triflumuron 3 days after colony
introduction. They recorded the forager density on 5 X 1m? spots, the flight
activity for 10 min every day at the hive entrance, the origin of the pollen
collected by the workers, and the larval mortality by counting dead larvae
inside and outside the colony and also by counting the number of larvae,
egg cells, and cocoons from pictures taken every day. Counting dead larvae
was almost impossible and the authors suggested that a special trap to
assess larval loss should be devised. Data interpretation was difficult due to
the kind of colony development which is unpredictable in bumble bees [60].

Monitoring populations of native non-Apis bees

The impact of chemical control of North American forest moths is of great
concern for scientists and fruit growers close to treated areas and various
methods have been used to assess the consequences of aerial sprays on
native pollinators. Short-term effects were studied by observing 25 “sight
units,” each unit being a small blooming plot of about 0.8m?. The 25 units
were on the same plant species. Each sighting conducted on warm hours of
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the day lasted 10s. Weekly observations preceded and followed closely pes-
ticide applications [61]. A quite different method was described for assessing
bumble bee density. Twenty line transects were selected along road-sides.
All these sample areas were classified in categories related to their “spray
history.” Each site was visited at least once by an observer walking at a con-
stant pace. The caste, sex, and species of bumble bee were recorded and
divided by the forage quantity in each transect thus giving a “bees per
forage-mile” estimate. The forage quantity was calculated by measuring the
length of each stand of the dominant visited plants [57]. Sampling wild bee
population with a net was used for assessing the impact of fenitrothion on
blueberry pollinators. One hundred sweeps were taken in selected flowering
blueberry crops, during the warmest hours of 3 days of sampling [22].

Comparative toxicity and hazards of pesticides to non-Apis
bees

Acute and chronic toxicity

Data on acute toxicity have been gathered in Tables 7.1 to 7.3. Table 7.1
shows that the median lethal dose (LDs,) in the leafcutting bee varied from
0.0003 to 30 pg/bee depending on the test substance [19, 26]. For M. rotun-
data the most toxic insecticides in topical tests were malathion and dicro-
tophos, whereas the least was carbaryl [19, 26], N. melanderi was also most
susceptible to dicrotophos but less susceptible to fipronil than M. rotundata
[26, 43]. Dieldrin toxicity was the highest to 7. spinipes while that of car-
baryl was the lowest [34]. The least susceptible species to carbaryl was M.
rotundata, and the most, T. spinipes, with a ratio of about 41 [19, 34], the
honey bee being intermediate. Deltamethrin was 76 times more toxic to M.
rotundata females than to B. terrestris workers [27, 63]. This pyrethroid
showed a similar toxicity to leafcutting bees and honey bees [27, 64]. With
deltamethrin, trichlorfon, and carbophenothion, female leafcutting bees
were about twice as tolerant as males [21, 27] Immature stages may be
more susceptible to insecticides than adults. For example, after topical
application, aldicarb was seven times more toxic to third instar larvae of M.
rotundata than to adults [30]. The LDs, can also be expressed in pg/g of bee
which is considered by some authors as a better approach to the intrinsic
toxicity of a substance to bees [21, 30, 63]. According to several authors, the
mean weights of M. rotundata, N. melanderi, A. mellifera, and B. terrestris
are 0.036, 0.100, 0.118, and 0.190g, respectively. In the case of deltamethrin
the new LDy, in the female leafcutting bee, B. terrestris, and A. mellifera is
0.33, 4.8, and 0.08 p.g/g (if we take 0.01 pg/bee as the LDy, for honey bees
[64]). This means that honey bees are less tolerant to deltamethrin than
leafcutting bees and bumble bees.

In Table 7.2 the feeding test with two IGRs revealed a much greater
susceptibility of B. terrestris larvae to diflubenzuron than to fenoxycarb.
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Table 7.2 Oral toxicity of two IGRs to Bombus terrestris larvae (after Gretenkord
and Drescher, 1996) [48]

Compound Age of larvae (days) LDy, (ng/larva)

>650
>1740
>3710
7.7
52.9
5112.0

Fenoxycarb

Diflubenzuron

[ QIS NN

Table 7.3 Oral toxicity of insecticides to three non-Apis bees and honey bees (oral
LD, (ng/bee))

Year/Ref. Compound Megachile Nomia Bombus Apis
rotundata melanderi terrestris mellifera
1999/33 Imidacloprid 0.04
1984/30 Aldicarb 0.398 (3) 0.41 0.071
0.244 (?)
1993/62 Deltamethrin 0.6
Oxydemeton 0.75
methyl
Pirimicarb 8.5
Phosalone 60.0

Another striking difference was the rapid decrease of toxicity of difluben-
zuron between 4-day-old and 6-day-old larvae [48].

Table 7.3 reveals that oral toxicity has not been investigated as much as
topical toxicity. In B. terrestris the oral toxicity of phosalone was 1500
times lower than that of imidacloprid [33, 62]. The topical toxicity of imi-
dacloprid in B. terrestris was 62 times lower than the oral toxicity [33]. M.
rotundata and N. melanderi were less susceptible to aldicarb than honey
bees. Contrary to the topical toxicity of other compounds [21, 27], the oral
toxicity of aldicarb was lower in male leafcutting bees than in females [30].

A chronic feeding test was performed for 21 days with aldicarb, which
showed medium lethal concentration values of 1.6, 2.0, and 3.9mg/kg for
honey bees, N. melanderi, and M. rotundata, respectively [30]. With IGR
insecticides, LCs, estimated on young bumble bee larvae was higher for
diflubenzuron than for fenoxycarb while the converse was observed for
honey bees [48].

Susceptibility of bees to residues

Tests with contaminated paper

Through tests on paper it was possible to classify several pesticides used
on blooming alfalfa, according to their hazards to male leafcutting bees. In
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a first experiment it was shown that toxicity decreased according to the
following ranking: endosulfan > trichlorfon > phosalone > oxydemeton-
methyl > pirimicarb. The last substance did not affect bees whereas
residues of the other pesticides were still active after 5 days [65]. The mor-
tality curves of the residual action of deltamethrin and fenvalerate did not
have the typical aspect of those related to nonpyrethroid insecticides
(Figure 7.1). This was an indication of the “knock-down” effect which was
more marked in fenvalerate, a larger proportion of male leafcutting bees
recovering, than in deltamethrin [23]. Alphamethrin residues at the field
rate of 10g/ha were less hazardous to M. rotundata males than phosalone
at the rate of 1000g/ha; after a 4-hour exposure the mortality rate
recorded at 24 hours was 12 and 47 percent, respectively [36].

Tests with contaminated leaves

Acidified residues of trichlorfon were more efficient against pest insects.
They were tested on alfalfa-treated leaves kept in Petri dishes and proved
to be no more hazardous to leafcutting bees than the non-acidified com-
pound. Conversely, mortality in honey bees was twice as much as that with

—e— oxydemeton methyl
—a— fenvalerate
—a— deltamethrin
—« phosalone
807 —— control

70
601
501
40

307

% dead and knock down

207

101

hours

Figure 7.1 Mortality rate and knock-down effect of four insecticides against
Megachile rotundata males exposed to residues on paper (after Tasei
and Dinet, 1981) [23].
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Table 7.4 Residues of naled and oxydemeton methyl recovered in alfalfa leaves,
pollen, nectar and pollen ball of leafcutting bees (after George and
Rincker, 1985) [54]

Sampling  Leaves Pollen Nectar Pollen ball

interval
(days
following
spray)
0 0.32/8.44 —/— —/= —/=
Naled/Dichlorvos* 1 0.63/1.37 nd**/3.99 0.20/mnd** —/—
(mg/kg) 5 nd**/0.02 nd**/nd** nd**/nd** —/—
13 nd**/0.34 —/— —/= nd**/nd**
0.5 56.4 -
Oxydemeton methyl 3 16.6 0.1
(mg/kg) 14 1.2 0.3

Notes
*Dichlorvos is a metabolite of naled.
*#*not detected.

trichlorfon alone [38]. After a 24-hour contact with residues on alfalfa
leaves, trichlorfon was more hazardous to M. rotundata than deltamethrin
and methoxychlor. Males were more affected than females [44]. Residues
of acephate and naled applied on alfalfa foliage with the stickers “Sur-tix®”
and “Bond®” were less hazardous than residues without the stickers,
whereas malathion caused 100 percent mortality even with the stickers [41].
Residues were measured in the leaf, pollen, and nectar of alfalfa treated
with naled and oxydemeton methyl and pollen-nectar balls extracted from
nests of leafcutting bees foraging the caged test flowers. More residues of
the second insecticide were recovered in the leaves. A metabolite of naled
(dichlorvos) was recovered in the pollen and leaves 1 day and 13 days after
application. No residue could be detected in the pollen balls. Oxydemeton
methyl residues were determined in pollen balls (Table 7.4). No adverse
effect was observed on bees in the cages [54]. The residual toxicity of endo-
sulfan, carbaryl, and trichlorfon was assessed on alfalfa foliage 3 hours after
application. The mortality of the test insects with trichlorfon was 31, 5, and
17 percent, in N. melanderi, M. rotundata, and honey bees, respectively,
which was considered as a low level, whereas with endosulfan the propor-
tions were: 100, 71, and 11 percent. With carbaryl, the mortality rate of the
three species was higher than 91 percent [37], which is consistent with a
study reporting that female M. rotundata was affected when foraging alfalfa
sprayed with carbaryl before bloom (Figure 7.2) [52]. The “Residual Time
25,” which is the age of residues causing 25 percent mortality among the
tested bees, was used by several authors to classify insecticides according to
their hazards and recommend for late-evening sprays those with a RT 25
less than 8 hours. RT 25 estimation of field-weathered residues on
alfalfa showed that tralomethrin was not hazardous to M. rotundata and
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Figure 7.2 Survival of Megachile rotundata females nesting in greenhouse cages
and exposed to Medicago sativa treated with three insecticides (after
Waller, 1969) [52].

N. melanderi if applied late evening [28]. The same procedure testing the
hazards of naled, imidacloprid, endosulfan, esfenvalerate, and oxydemeton
methyl to M. rotundata, N. melanderi, and B. occidentalis revealed that the
only insecticide with an RT 25 less than 8 hours in the three species was
oxydemeton methyl [42]. It has been suggested that in contact testing and
in the field practice, “insecticide pick-up” by pollinators, which is a parame-
ter of hazards to bees, may be correlated with insect size. The pick-up,
which is the ratio “weight of insecticide/weight of bee body” increases as
the ratio “bee surface/bee volume.” We can say that the larger the insect,
the lower the pick-up since the volume and thus weight increase more
rapidly than the surface [40]. According to this author, small bees such as
M. rotundata (26mg) and N. melanderi (87mg) are more sensitive than
large ones such as B. centralis (221 mg), honey bees being intermediate at
128 mg. The “surface/volume” ratios are: 1.0, 1.3, and 2.0 for A. mellifera,
N. melanderi, and M. rotundata, respectively [39].

Susceptibility of larvae to contaminated food

Phosalone and alphamethrin were applied at 1000 and 10g/ha on two
experimental alfalfa fields where M. rotundata shelters were established.
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Pollen ball samples were extracted from nests 5, 10, and 27 days following
sprays, for residue analysis. No residues of the pyrethroid could be
detected and phosalone concentration decreased from 1 to 0.1mg/kg
within the 3-week sampling period. Larval mortality was very stable in the
four cell samples collected when the larval development was completed:
before treatment 3.5 and 4.8 percent of larvae died in alphamethrin and
phosalone samples versus 3.5 and 4.8 percent after treatment, respectively.
No residues were detected in live larvae, which means that both molecules
were metabolized [36]. Residues of deltamethrin were determined in leaf-
cutting bee provisions collected in a field shelter placed in an alfalfa crop
sprayed at the recommended rate. The maximum concentration was
0.01 mg/kg. A laboratory feeding test with pollen artificially contaminated
with 1mg/kg deltamethrin resulted in 55 percent larval mortality while no
mortality occurred when the contamination rate was 0.1 mg/kg. It was con-
cluded that the recommended dose of deltamethrin, 7.5 g/ha, was not haz-
ardous to M. rotundata larvae [27]. Deltamethrin sprayed at 12.5g/ha on
rape, Brassica napus oleifera, was determined in anthers, nectar, bumble
bee foragers and honey pots provisioned by a B. terrestris colony. In 1-day-
old samples, residues were 0.2, 0.02, 0.15, and 0.005 mg/kg, respectively. A
chronic feeding test using sugar solution contaminated at 0.01 and
0.2mg/kg demonstrated that even the high-level concentration did not
affect bumble bee larvae, which means that a dose twice as much as the
recommended rate was nonhazardous to B. terrestris larvae [45]. After
application at the recommended rates of aldicarb, dimethoate, carbofuran,
and trichlorfon to alfalfa plots visited by leafcutting bees, pollen balls were
sampled from their nests within various periods following treatment. No
residues of the first three substances were detected whereas the maximum
rate determined was 5mg/kg for trichlorfon, and no larval mortality was
observed in the plots treated with the three systemic insecticides whereas
trichlorfon resulted in 22 percent dead larvae [53]. Two IGRs, difluben-
zuron and fenoxycarb, were sprayed on caged Phacelia at the rate of
300g/ha (recommended rate) and 1200g/ha (double rate), respectively.
Residues of diflubenzuron in pollen collected by B. terrestris ranged from
62 to 2mg/kg within the 7-day period following application. During the
same period, the figures for fenoxycarb varied from 217 to 7.5 mg/kg. Two
days after application, diflubenzuron killed almost all the larvae except the
old ones which was consistent with previous laboratory studies indicating
an LC, of 1.18 mg/kg and an LDy, 664 times higher in 6-day-old larvae
than in 1-day-old ones [48]. In addition, during the whole period in the
cage, colonies were not able to rear new brood even though queens con-
tinued to lay eggs. It was suggested that diflubenzuron had an ovicidal
effect on queen ovaries. Normal eggs were laid when colonies were
returned to the laboratory and fed with noncontaminated pollen. Fenoxy-
carb was totally nonhazardous to B. terrestris whereas it is harmful to
honey bees, and diflubenzuron which was safe to bumble bees is classified
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Figure 7.3 Mortality in Bombus terrestris larvae exposed to three IGR compounds
(after de Wael et al., 1995) [47].

as nonhazardous to A. mellifera [48]. The effects of the three IGRs,
fenoxycarb, pyriproxyfen, and teflubenzuron, were compared in a labora-
tory study, using concentrations in bumble bee food based on the standard
application rate in greenhouse, that is: 100, 20, and 150 mg/kg, respectively.
After a 24-hour exposure, mortality records in larvae populations revealed
no negative effects of fenoxycarb and pyriproxifen, whereas teflubenzuron
killed all the larvae that were ejected by B. terrestris workers (Figure 7.3).
This substance also arrested egg development and no developing brood
appeared for 5 weeks in the treated colony [47].

Susceptibility of non-Apis bees to field applications of pesticides

Few experiments in field conditions have been reported. The earliest one
showed that a population of M. rotundata females reared in an alfalfa field
was not reduced significantly after a treatment with trichlorfon in late
evening. However, the number of cells completed per day was reduced
during the post-treatment period (Figure 7.4) and the number of dead
immature individuals was a maximum the day following application. It was
concluded that trichlorfon was a short residual substance [58]. In a similar
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Figure 7.4 Egg-laying activity of Megachile rotundata in 50 nests in each of two
experimental alfalfa plots, one of which was treated on Day 3 with
trichlorfon (after Torchio, 1983) [58].

study deltamethrin and phosalone applications on four alfalfa plots
resulted in low but significant losses of leafcutting bee females, compared
to two control plots (Figure 7.5). From pollen analysis it was estimated
that 70 and 60 percent of females, respectively, were exposed to the spray.
When nests and larval development were completed the authors found a
significant increase in the number of dead old larvae when bees were
exposed to test compounds (Table 7.5) [59]. Leafcutting bee females were
more affected by alphamethrin sprays applied to alfalfa fields at 10 g/ha.

Table 7.5 Mortality rates of different stages of Megachile rotundata progeny (after
Tasei and Carre, 1985) [59]

Deltamethrin Phosalone Control
Sample size 640 618 775
% Eggs and young larvae 2.8 5.2% 1.6
Prepupae 17.3*% 12.8% 7.5
Pupae 1.9 0.5 0.9
Adults 0.6 0.5 0.5
Total 22.6% 18.9% 10.5

Note
*Mortality significantly higher than in control.
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Figure 7.5 Increase of female losses in Megachile rotundata compared to a control
population, when shelters were placed in alfalfa fields treated with
deltamethrin and phosalone (after Tasei and Carre, 1985) [59].

The day following application 20 percent of nesting females had disap-
peared compared to 5.5 percent in the field treated with phosalone and 0.8
percent in the control. At the time of application, exposure rates of for-
agers were estimated at 82 and 74 percent. Larvae were slightly affected in
treated fields during the 3 days post-treatment, mortality reaching 4.8 and
5.4 percent, respectively, while it was 1.2 percent in the control [36].
Observations of B. terrestris colonies moved to two sunflower fields, one
treated with imidacloprid as a seed dressing, the other being nontreated,
showed that 60 percent of foragers in the treated field and 50 percent in
the control visited sunflowers during the 9-day test period. Losses of
workers accounted for 33 and 23 percent of the population marked the day
of introduction into fields, but the difference was not significant. It was
concluded that B. ferrestris was not affected by the systemic properties of
imidacloprid seed dressing [49].

Short- and long-term impact of agrochemicals on native
populations

Because of difficulties in determining the loss of bees in the native non-
Apis bee population, the impact of agrochemicals on native pollinators
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and the consequences on crops and long-term effects on vegetation have
not been well documented [66]. The main case story is that presented in
1979 on the effects of fenitrothion used for protecting Canadian forests.
During a 3-year period beginning in 1971 this compound was sprayed on a
large scale, then its use was discontinued. Monitoring studies over 8 years
were conducted on the impact of forest sprays on bees and on the pollina-
tion of blueberries, the main crop in the spray areas of New Brunswick.
After the depopulation following the 3 years of treatment, a slow recovery
appeared where sprays were stopped. Migration, mostly for bumble bees,
and resident reproduction, mostly for solitary bees, were the two causes of
this recovery [67]. During the first period, a survey of pollinators in blue-
berry fields cultivated at various proximities to fenitrothion sprays showed
that the diversity and abundance index in nearby crops was 5-6 times less
than in distant ones. Collected bees were bumble bees, solitary ground
nesting species belonging to Andrenidae and Halictidae families. The
author presumed that blueberry production failures might be attributed in
part to fenitrothion sprays which reduced blueberry pollinators [22]. A
later study in the same Canadian province showed that bumble bees
exposed in cages to fenitrothion sprays were strongly affected. The negat-
ive effects were observed at least 150m from the flight path of the spray
aircraft, thus indicating serious spray drift. A survey of the bumble bee
population demonstrated that reduction in their densities was associated
with fenitrothion sprays. This reduction persisted for at least 2 years after
these treatments were discontinued, and the author presumed that 3 to 4
years were necessary for a total recovery. Apparent recovery may be due
to movement of queens from unsprayed areas or local individuals emerg-
ing later [57]. Other compounds such as carbaryl, trichlorfon, acephate,
and diflubenzuron were used in North America to control the spruce
budworm and Douglas-fir tussock moth in Maine, Montana, and Pacific
Northwest forests. In Maine, carbaryl sprayed at 0.84kg/ha sometimes
resulted in more than 50 percent mortality of native bees of Andrena,
Dialictus, and Nomada genus. In addition, in sprayed areas the bee popu-
lation depletion was associated with a lower fruit set of Viburnum cas-
sanoides. In Montana, wild bee densities were not affected by carbaryl and
trichlorfon sprays at 1.12kg/ha but there was a significant reduction in the
proportion of native bees of small size, belonging to the families Megachil-
idae, Andrenidae, and Halictidae [66]. In the Pacific Northwest, carbaryl
and acephate depressed foraging populations of wild bees observed on
flowering “sight units” and fruit production of bluebells (Mertensia panicu-
lata) was significantly reduced in an area treated with acephate. Con-
versely, diflubenzuron at 0.275kg/ha did not affect the native bee
population and was not hazardous to the honey bee brood. This IGR was
thus recommended for moth control [61].
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Sublethal effects

Very few authors have investigated the sublethal effects of pesticides on
non-Apis bees. Reported studies deal with repellency, knock-down, fecun-
dity, longevity, lifespan, food uptake in adults, and growth rate of larvae.

Repellency

This symptom was first reported in 1948 on Andrena flavipes which was
repelled by a DDT application [16]. Further assessments were those on M.
rotundata [23] and B. terrestris [25], which reacted negatively to residues of
the three pyrethroids: fenvalerate, deltamethrin, and lambda-cyhalothrin.
Visits of plants treated with pyrethroids by M. rotundata females were
reduced by 50 percent compared to control. Generally, bees approached
the flowers but did not touch them, or if they did, the contact was very
brief. This repellency lasted more than 1 hour with fenvalerate and more
than 3 hours with deltamethrin [23].

Knock-down

One hour following a fenvalerate spray at 50g/ha, more than 80 percent of
M. rotundata males were “knocked down” and counted dead, but 62 percent
of the treated population recovered within 14 hours. This was not the case
for males sprayed with deltamethrin at 7.5 g/ha which were all killed. When
males were maintained on dry residues of both compounds, the knock-down
effect was also observed and recovery affected 44 and 59 percent of males
treated with deltamethrin and fenvalerate, respectively [23].

Fecundity

The fecundity of M. rotundata females foraging in a field sprayed with
trichlorfon was significantly affected, since 4 days after application the
number of cells completed per female dropped by 66 percent compared to
control [58].

Longevity

When applied to male leafcutting bees a dose of deltamethrin equal to
0.04 X LD 1 reduced their survival rate by 50 percent after 6 days. Accord-
ing to the authors, females reacted similarly [27]. In a chronic feeding test
where sucrose solution and pollen dough contained 10 and 6 pg/kg imida-
cloprid, the longevity of B. terrestris workers was affected only during the
first month of the 3-month trial and the survival rate was reduced by 10
percent [46]. Conversely, the lifespan of bumble bees was prolonged con-
siderably by chronic ingestion of deltamethrin at 0.2mg/kg [45].



124 J.N. Tasei
Food consumption

Topical application of 0.01-0.02 pg deltamethrin per worker resulted in a
significant increase in sucrose solution intake, whereas a reduced con-
sumption was observed when workers were fed solutions containing
0.1-0.2 mg/kg deltamethrin [45].

Growth rate of larvae

In M. rotundata, the duration of the larval development was 2 days longer
if pollen balls were contaminated with 0.1 mg/kg deltamethrin [27].

Metabolism and toxicity

Synergism and detoxification processes in non-Apis bees have been inves-
tigated by several scientists. One of the earliest articles discussed the selec-
tive toxicity of trichlorfon to honey bees and M. rotundata. This compound
was 18-34 times more toxic to A. mellifera than to leafcutting bee females
and it was hypothesized that this differential toxicity could be associated
with the pH of the body fluid which is 6.0 and 6.8 in A. mellifera and M.
rotundata, respectively, and induces a greater stability of the molecule in
the honey bee body [21]. The speed of penetration in M. rotundata was
investigated with radioactive carbaryl which showed a 14 percent penetra-
tion after 5 minutes, 24 percent after 1 hour, and 41 percent after 8 hours.
In addition, eight metabolites were recovered in the organosoluble frac-
tion of the leafcutting bees [68]. Carbaryl served as a model for some
studies that aimed at understanding variations in the toxicity to M. rotun-
data. When leafcutting males aged, their susceptibility increased rapidly,
the LDy, for 1-, 2-, 3-, 4-day-old males being 240, 166, 109, and 51 pg/g bee,
respectively. In both sexes the lipid content and microsomal enzyme activ-
ity decreased with aging. Three drugs were tested on leafcutting bees prior
to carbaryl application. The first one, piperonyl butoxide, resulted in a
strong synergy since LDy, dropped from 245 to 11 pg/g bee for 1-day-old
females. The synergist ratio (LDs, of carbaryl alone/LDs, of
carbaryl + piperonyl) decreased when females aged. With the second drug,
chlorcyclizine, the LDy, for males was doubled whereas the third,
aminopyrine, reduced the LDy, for females. The LCs, of carbaryl was
81.8mg/kg for the compound alone and 47.5mg/kg when piperonyl was
added [20, 69, 70]. Experiments with radioactive carbaryl revealed a
maximum persistence of the molecule when aminopyrine was used while
chlorcyclizine reduced persistence and phenobarbital had no effect on it
[71]. Chlorcyclizine modified the midgut structure and increased the sus-
ceptibility of N. melanderi to parathion [72]. More recent biochemical
studies have shown that M. rotundata possesses seven enzymes susceptible
to organophosphate inhibition [73]. Since serine esterases are the major
target of organophosphate insecticides, they were used to establish the
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kinetics of cytosolic esterases of M. rotundata females and to estimate the
effects of four organophosphorus compounds: naled, trichlorfon, oxy-
demeton methyl, and paraoxon. The method was based on the measure-
ment of hydrolysis of p-nitrophenylacetate by cytosolic preparations of
leafcutting bees. It was demonstrated that a mixed mechanism of inhibi-
tion was involved and that the order of toxicity, based on inhibition con-
stants, was: naled > paraoxon > trichlorfon > oxydemeton methyl [74].
The similarity of LDy, for trichlorfon and oxydemeton methyl [26] sug-
gests that these compounds have different penetration speeds and, in addi-
tion, other enzyme systems such as polysubstrate mono-oxygenases or
glutathione S-transferases, which may metabolize the insecticides before
they reach their target, have been removed [74].

Conclusion

The use of domestication techniques has made it possible to assess the tox-
icity of some compounds used for pest control to a restricted number of
non-Apis bee species. Standardized laboratory tests have enabled compar-
ative studies to be performed which demonstrate that susceptibility to a
compound can vary according to species; for example, B. terrestris is 60 to
90 times more tolerant to deltamethrin than A. mellifera. In addition, large
differences in toxicity to a bee species appear within the same insecticide
category. An example among IGRs is the toxicity of diflubenzuron to
bumble bees which is 85 times higher than that of fenoxycarb. Owing to
deficiencies in method harmonization, authors who used the same bee
species have not always agree with one another when attributing toxicity
ranks to identical series of pesticides.

A great variety of materials and procedures have been used for estimat-
ing hazards of pesticides to bees by either the semi-field or the field
method. Cages and greenhouses were generally preferred because expo-
sure rates cannot be controlled in the field.

Studies on detoxification in M. rotundata did not agree with previous
toxicological data and thus expected hazards in the field. It was assumed
that before a pesticide reaches its biochemical target several factors of
major importance intervene in the contamination process. In particular,
one should pay attention to the following:

e Insecticide pick-up depends on the insect size and is related to the
ratio “surface/volume.” Therefore, small bees are more sensitive than
large ones.

Penetration speed through the cuticle may be variable.

Aged bees are more susceptible than callow individuals.

Males are less tolerant than females.

Degradation of pesticide in bees may depend on the pH of insect fluid,
which may vary between species.
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Low doses of several compounds, deltamethrin, trichlorfon, and imida-
cloprid, tested on M. rotundata and B. terrestris, resulted in various sub-
lethal effects: repellency, knock-down, reduced fecundity, longevity or
food consumption, and prolonged larval development.

Although the assessment of ecological consequences of temporary or
permanent pest control by insecticides met technical difficulties, it has
been shown that a population of small bees was more likely to be depleted
than that of large species (bumble bees). Recovery was also more rapid
with bumble bees, due to migration of queens from untreated areas, while
solitary species recovered mostly through local reproduction. Reduction of
fruit sets in some crops pollinated by native bees was associated with
depression of pollinator population.

Additionally, exposure profiles of honey bees, bumble bees, and soli-
tary bees differ significantly, due to respective flight activity hours, flight
seasons, foraging habits, and nesting behavior, which result in different
ecological impacts of pest management by agrochemicals.
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8 Honey bees as indicators of
radionuclide contamination

A truly useful biomonitor?

T.K. Haarmann

Summary

The concept of using honey bees as indicators of the presence of environ-
mental contaminants continues to receive much deserved attention around
the globe. Many studies have demonstrated that honey bees can be used
successfully to sample an area for environmental contaminants. Honey
bees are currently being used to monitor a variety of environmental pollu-
tants including many trace elements and radionuclides. Information col-
lected from these monitoring programs can support the ongoing attempts
to assess the influences of contaminants on living systems and their
impacts to ecosystems. In addition, comparing the concentration of conta-
minants in the hive and bees to the known concentrations in the surround-
ing area is useful in modeling the redistribution of contaminants through
ecosystems. Understanding the dynamics of the interactions between
honey bees and contaminants becomes a critical component in interpret-
ing the data collected as part of a monitoring program. In particular, incor-
porating honey bees into an environmental monitoring program designed
to examine radionuclides presents unique issues and problems. While
honey bees can be indicators of radionuclide contamination, how truly
useful are they? This chapter describes a series of field experiments
designed to examine some of the pros and cons of using honey bees in this
capacity.

Introduction

Background

Many facilities around the world are actively involved in the research and
development of nuclear-related materials and the production of nuclear
energy. Inherent in the many processes involved in this type of work is the
production of radioisotopes. Unfortunately, some of these radionuclide
waste products have found their way into surrounding natural areas. His-
torically, sampling for environmental contaminants has been done on the
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various abiotic components (i.e. water and soil) of an ecosystem and has
often excluded the sampling of many of the biotic components. The
ongoing interest in assessing the influences of contaminants on living
systems has generated questions on how best to incorporate sampling data
into ecological risk assessment models. The primary concerns involve
determining which methods are best to monitor these contaminants and
how to analyze the influences these contaminants have on biological
systems. How might we integrate sampling of both biotic and abiotic com-
ponents of an ecosystem?

One innovative sampling method incorporates insects — honey bees
(Apis mellifera) — as monitors of environmental contamination. Using
honey bees as indicators of radionuclide contamination is an inexpensive
form of environmental monitoring, especially considering the numerous
sampling points the foraging bees visit. Sampling at one location (the hive)
can provide information from various points across a landscape relative to
the distribution and bioavailability of contaminants. Comparing the con-
centration of contaminants in the hive products or the honey bees to the
known concentrations in the surrounding area can be useful in modeling
the redistribution of contaminants through ecosystems. The nature of
honey bee ecology makes them an excellent living system from which to
monitor the presence of contaminants and explore their impacts.

Past research has demonstrated that honey bees are useful indicators of
environmental contamination [1-3]. Honey bees can be thought of as
mobile samplers that efficiently cover a large sample area and then return
to a central location [4]. Honey bees forage in an area with a radius as
large as 6km and often cover a total area up to 100 square km [5, 6]. Each
hive contains thousands of bees, most of whom will forage for nectar,
water, pollen, and plant resins, which are all brought back into the hive.
During these foraging flights, bees inadvertently contact and accumulate a
wide array of pollutants, some of which are brought back to the colony [7].
These contaminants often become incorporated into the bee tissue, the
wax, the honey, or the hive itself [8]. Honey bees have been used in the
past to monitor the presence and distribution trace elements, including flu-
oride [9, 10], lead [11], zinc [12], nickel [13], and potassium [14], and the
bioavailability of radionuclides [15-17], including cesium [17, 18], tritium
[19, 20], and plutonium [21].

Unfortunately, there are still many gaps in our knowledge concerning
the use of honey bees as indicators of contamination. Specifically, there
are many unanswered questions concerning the dynamics of radionuclide
redistribution through ecological systems. One question is often asked —
Do we understand enough about honey bees as indicators of radionuclides
to successfully incorporate them into an environmental monitoring or sur-
veillance program?

This chapter will explore the issue of using honey bees as monitors
by reviewing several recent studies conducted at the United States
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Department of Energy’s Los Alamos National Laboratory (LANL).
LANL, which is located in north-central New Mexico, has been
involved in the research and development of nuclear-related materials for
the past five decades and is an excellent location to conduct this type of
research.

Experimental questions

A series of field experiments were conducted to investigate various aspects
of using honey bees as monitors. The goal of this research was to under-
stand the feasibility, including the limitations, of using honey bees in this
capacity. The experiments were designed to include research into some
basic issues, such as comparing the consistency of analytical sample results
collected from similar bee colonies, to more complex questions addressing
the dynamics of radionuclide redistribution through an ecosystem. Specifi-
cally, as part of these field experiments, the following questions were
explored:

e Do bee tissue samples taken from the same colony yield the same
results?

e Do bee tissue samples taken from similar colonies under similar con-
ditions yield the same results?

e s there an accumulation of radionuclides within colonies over time?

e Might the proportion of forager bees to nurse bees in a particular
sample influence the radionuclide contaminant levels found in that
sample?

e How does the radionuclide concentration in flowers influence the
levels of contaminants found in the bees?

e What is the primary source of contamination in the study site: water or
nectar?

e Are the levels of contaminants in the bees, flowers, and water corre-
lated, and do they demonstrate similar trends over time?

e Is there an observable bioaccumulation of radionuclides within bees
or flowers?

Field experiments

This section of the chapter will briefly review the LANL field studies and
the results of these studies. The significance of each of these experiments
will be examined in the Discussion section of this chapter. Field research
was conducted at LANL during 1994, 1995, and 1996. The study site was
located adjacent to a 7-million-liter, radioactive waste lagoon that con-
tained known bioavailable contamination including tritium, cobalt-56,
cobalt-60, manganese-54, sodium-22, and tungsten-181. The lagoon was
the nearest source of water for the colonies in the experiment.
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Variability study

The primary focus of this study was to address the basic question — How
consistent are the radionuclide concentrations in bee samples? If one of
the primary objectives is to eventually use data collected from honey bees
as part of an environmental monitoring program, or more importantly, as
input into an ecological risk assessment model, then one would hope there
is a certain degree of consistency between samples. In other words, if 25
samples were collected from a beehive, and each one was analyzed for
tritium, one would assume there would be relative consistency between
the radiochemical analytical results. A large disparity in the concentrations
of tritium in bee samples would make the results suspect. In this study,
first the consistency of bee samples collected from a single colony was
examined. Second, the consistency of samples collected from several
colonies in the same location was assessed.

As part of this experiment, a series of honey bee samples was collected
from colonies located at the LANL study site near the radioactive lagoon,
and analyzed for concentrations of radionuclides (gamma-emitting
nuclides, uranium, and tritium). There were two groups of colonies used in
the experiment. One group had been located at the study site for 4
months, the other group for several years. A detailed description of this
experiment is described in Haarmann [22]. Table 8.1 shows an example of
the data that were collected as part of this study.

The results indicated that generally a low variability in radionuclide
concentrations existed between samples collected within the same colony.
Furthermore, results indicated that a higher variability existed between
samples that were collected from adjacent colonies.

Accumulation study

In the past, there have been various environmental surveillance programs
that have used honey bees as monitors of radionuclide contamination.
Typically, beehives are placed around a facility or particular region, and
samples are collected on a regular basis. The hives used in this type of
monitoring program are often located at the site year after year. Often, the
scientists in charge of these monitoring programs have contaminant/honey
bee data dating back several years, if not decades. As an example, let us
suppose that one of these scientists is interested in using these long-term
data to estimate the concentration of radionuclides in the environment
based on the levels of radionuclides in the bees? If the bee samples were
collected from the same hive for several years in a row, are the results
reflective of what is really environmentally bioavailable to honey bees, or
simply a reflection of the accumulation of contaminants within that
particular hive? The accumulation study was designed to examine data
collected at the study to address the question — Is there an accumulation of
radionuclides within colonies over time?
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To explore this issue, bee samples from colonies that had been located
at the study site for several years were compared to bee samples that had
been collected from colonies located at the site for 4 months (Table 8.1).
A detailed description of the experiment and results is described in Haar-
mann [22]. The results indicated that there was a significant difference
between radionuclide samples taken from different aged colonies.
Colonies that had been in the study site more years had consistently higher
levels of radionuclides than newer colonies. Thus, it appears that over
time, there is a measurable accumulation of radionuclides within a colony.

Caste study

Commonly, a sample of bees used for radiochemical analysis comprises up
to 1200 individual bees. Some protocols for collecting these samples
suggest collecting foragers at the front of the hive as they are returning,
while other protocols suggest opening the beehive and collecting bees
directly off the frames. In the latter case, depending on which part of the
beehive the samples are collected from, the sample may consist of mostly
foragers, mostly nurse bees, or a combination of both. Do forager bees
contain higher concentrations of radionuclides than nurse bees? Might the
proportion of forager bees to nurse bees in a particular sample influence
the radionuclide concentrations found in that sample? The caste study was
designed to explore these questions.

Separate nurse bee samples and forager samples were collected from
colonies located at the study site and analyzed for concentrations of
radionuclides (gamma-emitting nuclides and tritium). Figure 8.1 shows a
series of boxplots of the forager and nurse bee sample radionuclide con-
centrations. Detailed results from these experiments are reported in Haar-
mann [23]. While a statistical analysis indicated that there were no
significant differences between the contaminant levels in forager and nurse
bees, some insight into the differences in radionuclide concentrations
between the two castes emerged. This issue will be addressed further in
the Discussion section below.

Flower study

Imagine that an organization or facility is interested in establishing
an environmental monitoring program with plans to include bees as
indicators of radionuclides in the environment. Based on the experiments
described above, they would have a better understanding of the influences
that something as simple as sample collection might have on radiochemical
analytical results. Once sampling protocols were established, they would
need to examine other factors that might influence the concentrations
found in bee samples. One of these factors is nectar. If nectar contains
radionuclides that are gathered by the bees during foraging, is all nectar



pCi/ml

pCilg

pCi/g

200 300

100

150 200

100

50

1000 2000 3000

0

Tritium

Cobalt-60

Tungsten-181

pCi/g

pCilg

400 600 800

200

150 250

50

Beryllium-7

Manganese-54

pCi/g

pCilg

100 150

50

1000 2000 3000

0

Cobalt-57

Sodium-22

Figure 8.1 Boxplots of the concentrations of radionuclides in samples of forager
(F) and nurse (N) bees. Each boxplot graphs the individual sample
results, the median (shown as the middle horizontal line of the box),
interquartile range (enclosed in the box), and twice the interquartile

range (whiskers extend to twice the interquartile range).



Bees as indicators of radionuclide contamination 139

considered equal? Do the flowers of different plant species have different
concentrations of radionuclides that might influence the concentrations in
the bees?

Flowers of the three main forage plants in the study site were collected
and analyzed for radionuclides (gamma-emitting nuclides and tritium).
These flowers came from salt cedar (Tamarix ramosissima), white sweet
clover (Melilotus albus), and rabbit brush (Chrysothamnus nauseosus).
Results from this study indicated that there were no significant differences
in the amounts of radionuclides found in the flowers of these three plants.
Figure 8.2 shows a series of boxplots of the floral sample concentrations.
Detailed results from these experiments can be found in Haarmann [23].

Redistribution study

Yet another field experiment was initiated as part of this ongoing study.
The purpose of this study was to investigate the redistribution of contami-
nants within the study site as the contaminants move from the source, in
this case a radioactive waste lagoon, to the honey bees. This experiment
was designed to explore several questions: (1) Do the bees take up the
majority of contaminants from the lagoon or from nearby flowers? (2) Are
the levels of contaminants in the bees, flowers, and water correlated, and
do they demonstrate similar trends? (3) Is there an observable bioaccumu-
lation of contaminants within the bees or flowers? A detailed summary of
this experiment and results are published in Haarmann [24].

In this study, samples of water, flowers, and honey bees were collected
from the contaminated study site for two consecutive years. The samples
were analyzed for radionuclides (tritium and gamma-emitting nuclides),
and the results were compared using rank sum, correlation, and trend
analysis. The results were then used to assess the redistribution pathway of
radionuclides within the site. Table 8.2 lists the radiochemical analytical
results. The results indicated that honey bees received the majority of their
contamination directly from the source — the radioactive waste lagoon.
The amount of contamination the bees received from flowers during
nectar collection appeared to be insignificant compared to the amount
received during water collection. The results did not demonstrate signific-
ant patterns of correlation or trends between the lagoon, bees, or flowers.
Sample results showed a significant bioaccumulation of cobalt-60 and
sodium-22 within the honey bees, but no significant bioaccumulation
within the flowers.

Discussion

This section will address the significance of the aforementioned studies as
they relate to the use of honey bees as part of an environmental monitor-
ing program. In addition, some recommendations will be made for using
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bees in this capacity, and will include several suggestions for future
studies.

Variability study

The results of this study verify that the issue of sample consistency should
be examined when using bees as monitors of radionuclides. Generally,
samples taken from a colony in the same general area (i.e. honey frames)
displayed small variability. However, samples taken from different
colonies were more variable. Interestingly, the concentrations of tritium
and sodium-22 found in bee samples taken from similar colonies during
the same period were inconsistent, while levels of cobalt-57, cobalt-60, and
manganese-54 were consistent. Any scientist collecting environmental
monitoring data should examine these inconsistencies carefully before
drawing any conclusions about the data. Within honey bees, why are
certain radionuclide concentrations more variable than others?

Tritium and sodium-22 samples are among the radionuclides that
demonstrate sample inconsistency. These inconsistencies are likely to be a
result of the dynamics of tritium and sodium-22 in the bee’s body. Both
hydrogen and sodium are actively involved in several physiological
processes and are readily transported through the bee’s body. Hence,
tritium and sodium-22 are transported as well. It is probable that, within
an individual bee, the concentrations of these radionuclides fluctuate
continually. The fluctuations would be influenced by, among other things,
temperature regulation, spatial and temporal foraging patterns, energy
expenditure, and flight activity. In environments where the rate of expo-
sure to colonies is consistent, there may be greater differences in the con-
centrations of those elements that are active in physiological processes
than in concentrations of elements that are less active.

Accumulation study

Past research has shown that radionuclides can be found in bee tissue,
honey, pollen, and wax [8, 25]. One would assume that in the case of those
radionuclides with a half-life that exceeds one year, the contaminants
potentially remain within a colony for several years. Thus, the longer a
colony remains in a contaminated area, the greater the accumulation of
radionuclide contaminants. Subsequently, bee tissue samples from older
colonies would be expected to have higher levels of radionuclides. In older
colonies, contaminants are likely to be passed to young bees via trophal-
laxis and direct contact before any foraging activities. Thus, when an indi-
vidual bee begins to forage, it may already contain elevated levels of
radionuclides. Furthermore, during the winter months, bees in these older
colonies are feeding on contaminated honey.

This “precontamination” of foragers may result in tissue samples that
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show higher levels of radioisotopes than are in fact bioavailable to the
bees during foraging. It is not hard to imagine that this fact would have
ramifications for an environmental monitoring program that is interested
in studying the bioavailability of radionuclides.

Is it therefore safe to assume that all older colonies have higher concen-
trations of radionuclides? In this experiment, one of the newer colonies
had higher levels of tritium than one of the older colonies. Obviously,
there are many variables that can influence the levels of contaminants in
a colony, bioavailability being only one of them. The fact that a newer
colony would have a higher concentration of radionuclides than an
older colony suggests that there is a complicated interplay between these
variables.

Caste study

This experiment found no significant statistical difference between forager
bees and nurse bees. However, one might expect the forager bees to have
higher levels of contamination because (1) they are older than the nurse
bees and have had the longest time exposure to the contamination and (2)
they continually come in direct contact with the contamination sources
while foraging. It is possible that equilibrium is reached between the levels
of radionuclides in foragers and nurse bees. In classic experiments with
radioactive nectar, Free [26] demonstrated that over 75 percent of foragers
involved in food exchange contained the radioactive nectar after 24 hours.
Using colored and radioactively labeled nectar, Nixon and Ribbands [27]
showed that over 50 percent of a colony’s workers contained the tracer
nectar only 24 hours after 10 foragers had brought it into the colony.
Assuming that contamination is spread through the colony very quickly,
equilibrium between the levels of radionuclides in the foragers and nurse
bees should be achieved within a short period of time.

The data showed that nurse bees tend to have slightly higher concentra-
tions of beryllium-7, sodium-22, tungsten-181, and tritium. As counterintu-
itive as this may seem, there may be a good reason for this. Radionuclides
tend to follow pathways similar to the nutrient analog [28]. The nurse bee
samples with slightly higher levels of contaminants seen in this experiment
support the accumulation study, suggesting that radioisotopes of physio-
logically important elements, such as hydrogen and sodium, are readily
transported through the honey bee’s body. Forager bees possibly expel
sodium-22 or tritium via respiration during activities that require increased
metabolic activity (i.e. flight). The increased metabolic activities of for-
agers may ultimately contribute to slightly lower levels of certain contami-
nants in forager bees than in nurse bees.
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Flower study

Theoretically, a variation in floral contaminant levels might influence the
levels in bees that forage on those flowers. However, the experiment veri-
fied that there were no significant differences in the levels of contaminants
in the flowers of the three main forage plants. Therefore, the species of
flower the bees had visited probably had little influence on the concentra-
tions of radionuclides found in the bees themselves. In addition, the
uptake of contaminants via flowers may have contributed little to the
overall levels in the honey bees, since there was a radioactive waste lagoon
nearby that contained much higher concentrations of radionuclides.
Because bees collected water from the lagoon, they conceivably accumu-
lated most of their contaminants from the water rather than from the
nectar of surrounding flowers. Although the particular species of flowering
plants used as forage in the study did not appear to have significantly influ-
enced the radionuclide concentrations found in the bees, there were some
notable graphical trends.

Although the salt cedar plant is halophytic (e.g. grows in saline soil),
the concentration of sodium-22 in the salt cedar flowers was very low. Like
its nutrient analog, sodium-22 is probably absorbed by salt cedar and accu-
mulated in the leaves. Salt cedar increases surface soil salinity by trans-
porting salts to the leaves and subsequently releasing these salts back into
the surrounding soils when the leaves are shed [29], thus giving it a
competitive advantage over non-halophytic plants [30]. It is likely that the
majority of sodium-22 is being partitioned into the leaves rather than the
flowers.

Rabbit brush, on the other hand, had the highest levels for three of the
six contaminants (manganese-54, beryllium-7, and tritium). This is consis-
tent with studies conducted by Fresquez et al. [31], which demonstrated
that rabbit brush tends to readily take up radionuclides (strontium-90 and
uranium) in contaminated sites. While salt cedar and rabbit brush are
perennials and sweet clover is an annual, there did not appear to be a clear
correlation between the accumulation of contaminants in these plants and
their life cycle. Again, this study emphasizes the importance of taking into
account all the factors that might influence the radionuclide concentra-
tions within a honey bee.

Redistribution study

Previous studies at LANL have investigated the redistribution of radionu-
clide contaminants within the environment. Hakonson and Bostick [21]
measured the contaminant levels of tritium, cesium-137, and plutonium in
bees, honey, surface water, and vegetation. The authors concluded that
tritium levels in bees appear to equilibrate with the source. Cesium-137
and plutonium concentrations were low or undetectable in the bees during
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this study, and therefore difficult to use in the analysis. The authors sug-
gested that because there appeared to be several locations from which the
bees received the radionuclides, it was difficult to interpret the data and
understand patterns of redistribution.

In this study, because the lagoon was the only major source of tritium,
the redistribution of tritium within the study site is easier to understand.
Because the levels detected in the flowers were consistently less than those
present in the bees, and because the lagoon levels were consistently higher
than the levels in the bees, the bees were receiving the majority of their
tritium from the lagoon, with much less being contributed by the flowers.
In areas with lower source levels, the redistribution patterns would cer-
tainly be different, including the possibility that the flowers would be a
significant contributor of tritium to the bees.

Consistently, the floral samples contained the lowest levels of all conta-
minants. The levels were all significantly lower than those observed in
either the lagoon or the bees. These results are to be expected because the
majority of plants in the study site were not taking up the contaminants
directly from the lagoon water; and therefore, the redistribution of conta-
minants to the plants in the area was somewhat limited.

The levels of cobalt-60 and sodium-22 detected in the bee samples were
significantly higher than the levels in the lagoon samples. As part of an
ongoing LANL surveillance program, air, water, soil, and foodstuffs were
monitored in the study site [32]. These studies indicated that the only
major source of cobalt-56, cobalt-60, manganese-54, sodium-22, and tung-
sten-181 near the study site was the waste lagoon. Because the bees were
only receiving cobalt-60 and sodium-22 from the lagoon, and because the
levels found in the bees were significantly higher than those at the source,
it is apparent that bioaccumulation of sodium-22 and cobalt-60 was occur-
ring within the honey bees. There was no significant bioaccumulation of
radionuclides within the floral samples.

While a correlation analysis of the data did not detect statistical signific-
ance, one should not rule out a relationship between the levels of contami-
nants in the lagoon and those in the flowers and bees. Analyses indicating
“no significant correlation” in the contaminant levels may simply be a
result of the small sample size and the difficulties associated with detecting
correlations of data sets with small sample sizes. The strongest positive
correlation appears to be between the levels of contaminants in the lagoon
and the bees. This is in agreement with the findings of the statistical analy-
sis that indicated that the lagoon is the primary source of contamination
for the bees. Similarly, Fresquez et al. [20] examined 17 years of data on
the tritium levels in honey and bees at LANL, and found no significant
correlation between the levels in the bees and the honey.

A trend analysis indicated that, for the most part, upward trends were
seen in the lagoon and the bees for all the contaminants. This further
supports the hypothesis that the bees were receiving the majority of their
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contamination from the lagoon. The floral samples showed a variety of
trends. The first-year tritium lagoon and flower trends showed upward
trends, while the next year showed opposite trends. In fact, for most cases
the flowers and lagoon showed opposite trends.

In conclusion, while trend and correlation analyses did not result in sta-
tistically significant findings, the bioaccumulation of certain radionuclides
within the honey bees was apparent. Nonetheless, this study is helpful in
understanding which point sources significantly contribute to the levels of
contamination within the bees, as well as the issue of bioaccumulation of
certain radionuclides within the honey bees. As part of any contaminant
monitoring program, if we hope to get the most out of the data collected
from honey bees, the redistribution of contaminants within the study area
will certainly need to be taken into account.

Bees as indicators: are they truly useful?

The results of the experiments described in this chapter confirm the find-
ings of many other studies demonstrating that honey bees are good indic-
ators that contamination is bioavailable [4, 20, 33]. At a fundamental level,
bees are useful indicators of radionuclide contamination. However, it is
apparent that an effective environmental monitoring program would have
to do more than simply collect samples of honey bees and use those data
at face value. The findings of the experiments presented in this chapter
suggest that there is a complicated interplay of many physical and chem-
ical factors that influence the radionuclide concentrations within an indi-
vidual honey bee.

The data collected in these experiments could be useful in (1) the plan-
ning and study design of projects that will use honey bees as monitors of
environmental contamination, (2) ideas for the management of honey bee
colonies when used in monitoring projects (i.e. how long to leave a colony
in a particular area), and (3) the development of protocols for sample col-
lection.

Based on the finding of these studies, when designing and implementing
an environmental monitoring program for radionuclides that uses honey
bees, one should consider the following:

e Because intracolony sample variability is small, a single sample from
each colony adequately represents the levels of contaminants within
that colony for that point in time.

e If bee sample results from two locations are to be compared, it is best
to avoid subsampling of colonies. Rather than collecting several
samples from one colony, it would be preferable to take one sample
from each of several colonies. Locations that are to be monitored
should contain as many beehives as possible.

e Because intercolony variability is low for some radionuclides (cobalt-
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57, cobalt-60, and manganese-54) and higher for others (tritium and
sodium-22), depending on the radionuclide in question, it cannot be
assumed that colonies in the same area that are exposed to similar
conditions will yield consistent sample results. Sufficient quantities of
samples must be collected to compensate for this inconsistency in
sample variability. It is recommended that when sampling for tritium
or sodium-22, samples be collected from several different hives within
the study area. The samples can then be treated in one of two ways:
(1) all samples can be combined into a composite sample or (2) the
analytical results from the samples collected from all the hives can be
averaged together to calculate the mean level of contaminants within
the study area.

Because there is a temporal contaminant accumulation within colonies
located in a contaminated area, monitoring programs should use
colonies of the same age. It would be preferable to replace colonies on
an annual basis.

Although the studies discussed in this chapter did not demonstrate a
statistically significant difference between levels of contaminants in
forager or nurse bees, it is still recommended that all samples be col-
lected from the same temporal caste, since forager bee samples
showed an overall lower level of radionuclides. Sampling from one
temporal caste will eliminate any bias that may be introduced by sam-
pling different castes.

The particular species of plant used as forage by honey bees is an issue
that might need to be addressed when interpreting the sample results.
While there is no evidence that the levels of contaminants in flowers
are significantly different in the LANL study site, this may not be true
for all areas.

Bioaccumulation of certain radionuclides occurs in the honey bees.
Bioaccumulation is an important component of understanding the
redistribution of contaminants within a biological system. Therefore,
the propensity for bioaccumulation of certain radionuclides should be
factored into the analysis and interpretation of results.

Redistribution pathway dynamics need to be understood to accurately
interpret sample results. This includes successful identification of the
primary source(s) of contamination.

It is often difficult to demonstrate a significant correlation or trend
between the levels of contaminants in the source and those seen in the
bees. Therefore, one cannot assume that high contaminant source
levels will automatically equate to high levels in the bees. Again, an
understanding of redistribution pathways plays a crucial role in data
analysis.
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Future studies

This chapter has stressed the importance of teasing apart the physical and
chemical factors in an ecosystem that might influence radionuclide concen-
trations in honey bees. We have a long way to go in understanding the
dynamics of these interactions. It would be helpful to establish long-term,
large-scale projects that investigate the interactions between honey bees
and radionuclides in the environment. Additionally, data collected as part
of these studies should be incorporated more often into ecological risk
assessment models to help predict xenobiotic impacts to ecosystems.

Conclusion

As discussed in this chapter, the findings of the experiments verify that
honey bees are indeed good indicators of radionuclide contamination
when it is present in the environment. In addition, the data provide insight
into those factors that contribute to the overall levels of contaminants
detected in the honey bees. These factors include temporal contaminant
accumulation, the type of plant species used as forage, and the redistribu-
tion of contaminants within ecosystems.

At present, one of the challenges we face is the incorporation of these
types of sampling data into ecological risk assessment models. How good
are the data? Can we interpret the analytical results meaningfully? Are
honey bees a good species to use? These are but a few of the issues we will
struggle with if we want to successfully employ honey bees as indicators of
environmental contamination.
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9 Cesium-134 and Cesium-137
in French honeys collected
after the Chernobyl accident

J. Devillers, N. Ben Ghouma-
Tomasella, and J.C. Doré

Summary

French honeys collected since the Chernobyl accident in May 1986 were
subjected to gamma spectrometry to estimate their radioactive contamina-
tion. *Cs and '¥Cs were used as markers of the artificial radioactivity.
Differences were found according to the date of sampling, the department
of sampling, and the type of honey. However, the results showed conclu-
sively that the French honeys have been contaminated by radionuclides
after this catastrophe.

Introduction

The explosion of the number four reactor at Chernobyl (Ukraine) on
April 26, 1986, was the greatest peacetime industrial disaster of all time. In
addition to massive radioactive contamination in the vicinity of the reactor
[1], the explosion and the ensuing 10-day fire propelled an aerosol of
radionuclides and particulates into the atmosphere. The amount of radio-
active materials released during this accident totaled about 10 Bec-
querels (Bq) [2]. While the releases contained numerous fission products
(mXe, BI] 134Cg 13Cs, 12Te, ¥Sr, Sy, “'Ba, Zr, Mo, '®Ru, '“Ru, “!Ce,
144Ce, ®Np, ZPu, *Pu, 2Py, >'Pu, *?Cm), the iodine, cesium, and stron-
tium components were the most deleterious. Indeed, while "'l preferen-
tially fixed by the thyroid increases the risk of cancer of this gland, cesium
and strontium are readily incorporated into biological tissues as homo-
logues of potassium and calcium, respectively. During the Chernobyl acci-
dent, the release of these elements was estimated at approximately 1760,
54, 85, 115, and 10 petabecquerels (10°Bq) for ', 34Cs, ¥’Cs, ¥Sr, and
YSr, respectively [2].

Widespread distribution of radioactivity throughout the northern hemi-
sphere was noted. A contributing factor was the variation in meteorologi-
cal conditions and wind regimes during the period of release. Because of
the duration of the release and the high altitude (about 1km) it reached,
the radioactivity transported by the multiple plumes from Chernobyl was
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detected not only in the former Soviet Union but also in northern and
southern Europe, Canada, Japan, and the United States. Campaigns of
measurements were performed in these countries and bioindicators were
also used to assess the biological and ecological risks brought about this
accident. While most of the governmental authorities provided informa-
tion to protect their populations, in France a lack of transparency was
adopted by the government and the nuclear lobby yielding an absence of
published data to estimate correctly the levels of radioactive contamina-
tion and their consequences on living species and humans. Recently, a
book [3] has been published, compiling interesting data recorded in 1986,
after the Chernobyl accident, on concentrations of radionuclides in soils,
crops, milk, fishes, fungi, wild animals, and so on. Unfortunately, data on
radionuclide concentrations in French honey are scarce. Analysis of the
literature published at that date yields the same conclusion [4, 5]. Con-
sequently, in this chapter an attempt is made to fill this gap by presenting
original data dealing with the level of contamination of French honey in
1986. In addition, for comparison purposes, some analytical results from
recent measurements are also given.

Materials and methods

All the honeys were analyzed by gamma spectrometry to determine their
contamination by '**Cs and *’Cs. The presence of *Cs (T}, =2.06 years)
in such samples, collected in the second part of 1986, was a good indication
that the source of radioactive contamination resulted from the Chernobyl
accident. Conversely, it is worth noting that '*’Cs (T}, = 30.07 years) conta-
mination could have resulted from Chernobyl or from much earlier above-
ground nuclear testing [6]. The honeys were homogenized and conditioned
in 250-cm?® jars. All samples were analyzed with high-purity Ge detectors
associated with a multichannel analyzer (8000 channels). The energy range
was 20keV to 1.8 MeV.

A p-type detector was used for samples analyzed before 1995, while the
most recent samples were analyzed with an n-type detector. All detectors
presented a typical resolution of 1.7keV for the Co peak at 1.33MeV.
Energy calibration was set with a Canadian (Canmet) reference sample.
Efficiency calibration was set with aqueous europium 152 and barium 133
sources used in the same geometry as the unknown samples. Samples were
counted from 20000 to 80000 seconds, depending on the mass and intens-
ity of the radioactivity. '¥’Cs was quantified from its 661.7keV peak and
134Cs by means of its 604.7keV peak. Depending on the **Cs or *’Cs activ-
ity, counting time, and mass of honey samples, the counting error was
always less than 10 percent.
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Results and discussion

Levels of radioactive contamination in French honeys between
1986 and 1989

The dates and location of sampling, the different types of French honeys,
and the radionuclide concentrations of ®**Cs and ¥’Cs (in Bg/kg to raw
(wet) weight) found in the samples between 1986 and 1989 are given in
Table 9.1. The department numbers cited in the third column of this table
are reported in Figure 9.1. On this figure, the gradient of the radioactive

Gradient of radioactive contamination @
in May 1986

Corsica

Figure 9.1 French departments in which honeys were collected and analyzed after
the Chernobyl accident.
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Table 9.1 *Cs and "'Cs concentrations (Bq/kg) in various honeys collected in
France between 1986 and 1989

Collection  Date of  Dpt* Type of honey 134Cs 137Cs
sampling analysis
June-86 Oct-86 89 acacia 6 10
June-86 Oct-86 89 rape 5 13
Aug-86 Oct-86 89 multiflora 9 15
77-86 Oct-86 07 chestnut 20 53
77-86 Nov-86 84 mountain 14 3% 29=*5
June-86 Jan-87 83 “garrigue” 3315 4816
July-86 Jan-87 07 thyme + lime tree + acacia 28=*9 86+ 16
Aug-86 Jan-87 42 fir 42+15 169=*35
June-86 Feb-87 01 acacia 10x6 17x7
77-86 June-87 26 mountain 10+3 27x6
Aug-86 June-87 01 rape 5=*3 195
77-86 June-87 01 fir 22+%5 6712
Aug-86 June-87 83 lavender + thyme 14+4 206
June-87 July-87 38 acacia <4 <4
77-86 July-87 84 lavender <3 10+4
77-86 July-87 84 lavender + other 13+5 35+8
flowers from Provence
77-86 July-87 04 lavender 4=*3 84
77-86 July-87 84 fir 60+x14 174%+28
July-87 July-87 26 honeydew <2 62
July-87 July-87 26 sainfoin + lime tree <3 <3
June-86 Sep-87 38 dandelion + lime tree <3 8§+3
Aug-87 Sep-87 38 mixed 8§=*3 19+4
June-86 Oct-87 13 honeydew 165+20 425*20
77-87 Oct-87 26 lavender <4 <4
Aug-87 Oct-87 48 mountain <1 144
Aug-87 Oct-87 07 multiflora 7£2 225
Aug-87 Oct-87 01 multiflora + honeydew <2 <2
Sep-87 Oct-87 26 lavender <3 <2
Oct-87 Oct-87 13 multiflora 62 14=x3
June-87 Nov-87 01 acacia <3 <4
Aug-87 Nov-87 04 lavender <3 74
June-87 Dec-87 83 thyme <2 6*+3
Aug-87 Dec-87 04 lavender <2 3+1
Aug-87 Dec-87 04 lavender <2 <2
Aug-87 Dec-87 04 multiflora <2 <3
July-87 Jan-88 30 chestnut 3x1 17+4
Sep-87 Mar-88 07 multiflora 3+1 12*3
Sep-87 Mar-88 26 multiflora <2 9+3
Oct-87 Mar-88 48 heather 7=*3 367
Sep-87 Apr-88 07 mountain 24*+0.7 74=x1.6
7? Oct-88 88 fir 27+17 245%=48
May-89 Aug-89 68 multiflora <04 23+0.9
June-89 Aug-89 68 multiflora <0.3 1.5+0.6
June-89 Aug-89 68 multiflora <0.3 <0.4
77-89 Aug-89 68 multiflora + acacia <0.2 1.4x04
July-89 Aug-89 47 sunflower <0.3 <0.4
Notes

*Dpt. = Department number (see Figure 9.1).
20 +10%.
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contamination is also indicated. Broadly speaking, the flux of contamina-
tion at the beginning of May 1986 was from the east to the west of the
country.

The concentrations listed in Table 9.1 have to be interpreted with care.
Most of the honeys analyzed by the CRIIRAD after the Chernobyl acci-
dent were spontaneously provided by beekeepers or individuals who
wanted to have information on the level of contamination of their honey.
Consequently, no standardized protocol was used to collect the honey
samples. However, there is no doubt that all the samples have been har-
vested after the Chernobyl accident even if it is necessary, for interpreting
the data, to account for the date of the analyses, especially for **Cs which
presents a half-life of 2.06 years. In addition, the geographical origin and
floral source of each honey sample are not in doubt. Consequently, we
assert that interesting and useful (eco)toxicological information can be
extracted from an analysis of Table 9.1.

Thus, the concentrations of **Cs and '"Cs found in the different
samples clearly reveal that the French honeys have been contaminated by
radionuclides after the Chernobyl accident. As indicated previously, the
concentrations of **Cs provide a good indication that the source of radio-
active contamination resulted from the Chernobyl accident. ¥’Cs could
have resulted from the Chernobyl accident or from nuclear weapon tests
[6]. However, the ratios of *Cs to ’Cs calculated for the different
samples in Table 9.1 (results not shown) reveal that the former hypothesis
is the most likely. This table also shows that the level of contamination
depended mainly on the type of honey. This finding is in agreement with
numerous published studies (e.g. [7-11]). More specifically, the highest
radioactive contamination was found in a honeydew honey. This sample
was obtained in June 1986 and analyzed in October 1987 and contained
165 =20Bg/kg of **Cs and 425 +20Bg/kg of *’Cs. The other two honey-
dew honeys, gathered later, presented a lower level of radionuclide conta-
mination. Interestingly, in samples of honeydew honey collected in
different regions of Italy in May—July 1986, Tonelli and co-workers [§]
showed that the radionuclide activity of ¥Cs ranged from 31.4 to
362.7Bq/kg. Similarly, Barisic and co-workers [11] revealed recently, that
the radionuclide activity of ¥’Cs in honeydew honey from Gorski Kotar
(Croatia) ranged from 4.8 to 36.2Bq/kg while that of meadow honey col-
lected in the same geographical location ranged from 0 to 1Bq/kg. As
stressed by these authors [8, 11], it appears that the honeydew honey could
be used as an indicator of cesium pollution, even a long time after the
radioactive contamination.

The multiflora honeys present various concentrations of **Cs and *'Cs
in relation to the sampling date, geographical origin, and certainly soil
characteristics. Xerophytic and aromatic plants (e.g. “garrigue,” lavender,
thyme), due to their anatomical and physiological characteristics, yield
honeys often presenting a high level of radioactive contamination. In the



156 J. Devillers et al.

same way, even if the heather honey was collected in 1987 and analyzed
in the first part of 1988 (Table 9.1), its measured radioactivity (i.e.
B4Cs =7 +3Bg/kg and “’Cs=36+7Bg/kg) confirms that the heather
plants are bioindicators of cesium pollution [7, 12, 13]. The radioactivity
detected in the sunflower honey is low but no formal conclusion can be
drawn from this analytical result (Table 9.1). In fact, only one sample of
this type of honey was analyzed. In addition, this honey was collected and
analyzed about 3 years after the Chernobyl accident (i.e. mid-1989).
Finally, it is important to note that the sample was collected in a low cont-
aminated area (Figure 9.1).

Comparison of the levels of radioactive contamination found in the
honeys produced from the different species of trees also provides interest-
ing information. Thus fir honey seems to highly concentrate radionuclides.
The '*Cs and "’Cs concentrations in chestnut honeys are also generally
high. Conversely, acacia honey appears as a weak indicator of radioactive
pollution. Our results confirm those found by Tonelli and co-workers [8],
who report that the mean concentrations of '’Cs found in Italian chestnut
honey and acacia honey in May-June 1986 were 70.2 = 58.7Bq/kg (22.2 to
180) and 27.3 =19.6 Bg/kg (5.1 to 65.5), respectively.

Levels of radioactive contamination in French honeys in
1999/2000

In order to determine the change in radioactive contamination in the French
honeys, we measured the concentrations of *Cs and '¥’Cs in 14 honeys col-
lected and analyzed in 1999/2000 (Table 9.2). The Ardeche department (07)
was principally selected to gather the samples because, first, it was highly
contaminated after the Chernobyl accident; the *’Cs concentration in the
surface soil layer of this department ranged from 2065 to 12260Bq/m? [3].
Second, in this department it was also possible to find various types of
honeys, especially those obtained from xerophytes and aromatic plants
which are known to accumulate radionuclides. The last sample in Table 9.2
was selected because it was obtained from an apicultural center of research
(Bures-sur-Yvette, INRA) and because this honey was harvested in a rainy
department for which, in 1986, no measurement of radioactivity was made,
but for which measurements on pollens were available [4].

Because of the fairly short half-life of *Cs, it is not surprising to see
only traces of this radionuclide in all the recent analyzed honey samples
(Table 9.2). However, Table 9.2 shows that fairly different concentrations
of ¥'Cs are found in the honey samples. In general, the acacia honeys
appear to be less contaminated than the other honeys of different botani-
cal origins. However, because of the different concentrations recorded for
the same type of honey, it is clear that specific topographical, climatical,
and ecological factors have influenced the radionuclide contamination
process of these honeys. Thus, as stressed previously, the high concentra-
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Table 9.2 P*Cs and "’Cs concentrations (Bq/kg) in various French honeys col-
lected and analyzed in 1999/2000

French Type of honey 134Cs 137Cs
department*

07 acacia <0.27 <0.34

07 heather <0.4 20.9 +3.3%*
07 acacia <0.15 1.04 +=0.34
07 “garrigue” <0.34 2.46 =0.97
07 heather <0.56 1.06

07 flowers from Provence <0.29 <0.37

07 lavender <0.32 <0.31

07 acacia <0.39 <0.5

07 acacia <0.5 <0.61

07 “garrigue” <0.42 <0.53

07 multiflora <0.39 3.51+1.1
07 “garrigue” <0.26 <0.31

07 mountain <0.25 3.57+0.94
91 multiflora <0.22 0.6 043
Notes

*Location on Figure 9.1.

##20 +10%.

tion of ¥'Cs found in one of the heather honeys is certainly due to its
botanical origin. In addition, it is worth mentioning that the corresponding
apiary was located at a high altitude. This location could also explain the
fairly high concentration of *’Cs found in this honey and also that found in
the mountain honey (i.e. 3.57 +0.94 Bg/kg).

The concentrations of *Cs and "’Cs recently measured in the
multiflora honey from Bures-sur-Yvette (91) are only <022 and
0.6 £0.43Bqg/kg, respectively. Conversely, it is interesting to note that
pollen collected in the hives of this center of apicultural research between
May 10 and May 25, 1986, was contaminated by 34 Bgq/kg of '**Cs and
97Bq/kg of '¥’Cs (certainly expressed on a wet mass basis) [4].

Concluding remarks

Whereas for numerous countries (e.g. Italy, Croatia, USA) it is possible to
readily obtain data on the level of radioactive contamination of their
honeys after the Chernobyl accident [e.g. 10, 13-16], this is the first time
that similar information has been published on French honeys. Indeed, in
the recent book by Renaud and co-workers [3] on the level of radioactive
contamination in France after the Chernobyl accident, almost nothing is
written about the radionuclide pollution of French honeys while figures
are given for milk, crops, and fish. The authors only indicate [3, p. 114]
that the concentrations of *’Cs in French honeys after the Chernobyl
accident ranged from 1 to 80Bq/kg with a mean of 24Bq/kg. Similarly,
Vaillant [5] only provided three measurements of **Cs and *’Cs in French



158 J. Devillers et al.

honeys collected after the Chernobyl accident, but no information was
given about their botanical origin.

Thus, as stressed throughout the text, although all our data must be
interpreted with care, it is clear that they retrospectively allow us to draw a
picture of the level of radioactive contamination of French honey after the
Chernobyl accident and to have an idea of the current situation. It is
unfortunate that it was not possible to also collect data on the levels of
radioactivity in bees and other bee products since these indicators have
also shown their relevance in quantifying environmental radioactive conta-
minations [6, 8, 17-27]. Finally, it is worth mentioning that data on Corsi-
can honey are missing. This is particularly disappointing because it has
been shown that the *’Cs concentration in the surface soil layer of Corsica
after the Chernobyl accident ranged from 970 to 31760 Bq/m? [3]. Vaillant
[5] indicated that the concentrations of **Cs and '¥’Cs in Corsican honey,
at that date, were equal to 34 and 224 Bg/kg, respectively, but the validity
and reliability of these data are questionable. Consequently, we plan to
perform a rational campaign of measurements in Corsica to estimate the
current level of radioactive contamination of the honey.
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10 The role of honey bees in
environmental monitoring in
Croatia

D. Barisic, J.J. Bromenshenk,
N. Kezic, and A. Vertacnik

Summary

The products of honey bees can be used as indicators and monitors of a
variety of environmental pollutants because of the bees’ ability to collect
materials that reflect their immediate environmental conditions. The area
covered by honey bees in their nectar- or honeydew-gathering process can
be presented as a circle with a few kilometers radius. It seems that the
honey could be a good random sample, representative of a broad area.
Radionuclides, cations, and chemical compounds deposited as fallout due
to global atmospheric pollution or as constitutive elements or trace ele-
ments of soil can migrate upwards by plant uptake. Concentrations of '*’Cs
in various honey types during the 1990s in Croatia are presented in this
report. The results of analyses of honey samples archived in Austria,
Germany, and Slovenia from 1952 through 1995 provide an intriguing and
unique history of *’Cs pollution in Europe. The research also documents
the levels of ¥’Cs, “K, Ca, Fe, Rb, Sr, Cu, Zn, Pb, Ni, Mn, and Cr in soils,
coniferous tree branches, and honey, and compares the transfer from soil
into nectar honey, mixtures of nectar and honeydew honey, and honeydew
honey in fir and spruce forests in Croatia. For all of the elemental concen-
trations investigated, no significant differences, at level P<<0.05, were
found between honeydew honey and mixed honey, regardless of the soil
type where the honey was collected from. Elemental transfer factors from
soils into nectar honey were significantly lower than those for honeydew
honey.

Honey bees in radioactive environmental monitoring

In many cases, the spread of environmental contaminants is related to air
pollution. The first incidence of air pollution is lost in unrecorded history,
but it certainly goes back to the time of the discovery of fire. Air pollution
refers to the presence in the outdoor atmosphere of one or more contami-
nants, occurring in quantities, of a duration, and with characteristics that
are known to be injurious to human, animal, and plant life, or to property,
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or that unreasonably interfere with the comfortable enjoyment of life and
property [1]. Once released from sources into the atmosphere, pollutants
can be transported large distances due to the global atmosphere circula-
tion. Any factor that restricts the air movement will prevent the movement
and dispersion of pollutants entering the atmosphere. In addition to large-
scale effects of air movement, local air circulation in valleys and on the
slopes of hills or mountains is very important from an air pollution view-
point, especially during pollutant deposition processes.

In the past century, as well as nowadays, environmental pollution has
been closely connected to human activities and industrial development.
Developments in the field of atomic energy have introduced radioactive
particles as a new and serious type of environmental pollution. Some of
the radionuclides formed in nuclear reactions are the most potent poisons
known. Moreover, there is no way, except radioactive decay by time, of
neutralizing radionuclides. Additionally, radionuclides cannot be detected
by human senses, and many members of the public are nervous of or
frightened by any manifestation of radioactivity.

Radioactive pollution and random representative sample

Radionuclides, as well as heavy metals and trace elements, occur either as
normal constituents of soils or as a result of dry or wet depositional
processes due to global atmospheric contamination. The natural radionu-
clide “K is a normal constituent of soils, while the presence of *’Cs in soils
is an artifact of global atmospheric radioactive pollution. The cesium
isotope ¥’Cs was produced as a by-product of the atmospheric testing of
thermonuclear weapons during the period extending from the 1950s to the
1970s. It was distributed globally within the stratosphere and deposited as
wet fallout and/or during dry deposition processes. Since the 1970s, the
main contributors of atmospheric radionuclides have been operational
releases from nuclear power plants and nuclear reactor accidents. The last
significant release of radioactive cesium that was deposited on the earth’s
surface occurred mainly in Europe, during and after the Chernobyl acci-
dent of 1986.

The contamination of Croatian territory following the Chernobyl inci-
dent is illustrated by the *’Cs content (kBqm™?) that was found in the first
25cm of vertical soil profiles (Figure 10.1). Chernobyl-derived '*'Cs
contamination of the Croatian landscape was not uniform. Lika and a
small part of Western Slavonija were the highest contaminated areas,
while the Adriatic shore and Eastern Slavonija were significantly less cont-
aminated. The ratio between the highest (near Gracac) and the least
contaminated area of Croatia was about 50:1 with respect to Chernobyl-
derived "'Cs fallout [2].

A relatively short contamination period combined with great differ-
ences in the timing and amount of rain at the time of and immediately
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following the accident produced the significant variations in Chernobyl-
derived *’Cs contamination that were first observed. Variations in the soil
concentrations of weapon-testing-derived '¥’Cs contamination levels were
considered to be the result of local meteorological conditions during each
of the peak 'Cs-fallout periods that took place over many years. As a
consequence of deposition by numerous events over an extended period,
which minimizes any local variation, total weapon-testing-derived cesium
pollution can be regarded as generally uniform over the whole Croatian
territory.

Deposited cesium penetrates slowly from the soil surface into deeper
soil layers [3] depending strongly on the soil type [2]. Sorption processes
can further retard the *’Cs migration rate. The relative abundance of clay
and mica minerals, particularly illite, results in the rapid and nearly irre-
versible cesium immobilization in the topsoil layer [4]. Meanwhile, cesium,
as well as the other radionuclides that behave like cations, can be moved
upward by plant uptake. This process depends on various factors: plant
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species, sorption and desorption processes in soil, mineral soil composi-
tion, grain size and soil types, lateral cesium migration, and so on.

Certain plant species are known as cesium pollution indicators, but the
uptake by each individual plant can be very different. In the first place, it
depends on the presence of free cesium in the species’ root system zone
and competitive effects of potassium [5-10]. Different soil types show dif-
ferences in the ratio of sorbed to fixed cesium, in soil size fractions, in pH
value, and content of organic matter, as well as in "*’Cs vertical distribution
profiles and, consequently, in cesium transfer from soil to plants [11-18].

Even after relatively homogeneous contamination, all of these factors
could introduce a wide range of contaminant variability in a local area.
The representativity of any single-point taken sample could be questioned.
Although additional samples could be taken near the sample in question
during or shortly after the initial sampling, this option would be difficult to
enact some years after the contamination. In Table 10.1, this is illustrated
by the results of '’Cs and “K determination in soil samples collected
inside a circle of radius 150m at Milanov vrh in the Gorski Kotar area.
The terrain is a carbonate one, and the soil thickness ranges from a few
centimeters up to several meters or more, with soil completely missing in
significant areas where carbonate rocks are exposed. Moreover, the soil
itself is not homogeneous. Soil horizons are differently developed, and the
thicknesses of layers of organic matter are also very different. Gravel-size
rock fragments are found on few sampling points. The activities of *’Cs
deposited in the first 15cm of vertical soil profiles were found to vary
throughout the circle of radius 150m and across the 5-year period by
almost an order of magnitude. Although higher “K concentrations were
found in soils developed on limestone than in soils developed on dolomite,
the activities of naturally occurring “K are very similar regardless of
where the sample was collected or the year of collection.

Table 10.1 Activities of *’Cs and “K (Bqkg™?) in soils collected inside a circle of
radius 150m at Milanov vrh

Sampled  ¥Cs YK Soil taken

1994 51.2+0.8%* 507.0x22.1 Beneath fir tree in forest

1994 208.0x1.3 367.1 £22.9 Beneath fir tree in forest

1995 60.4+0.8 4973 +8.8  Beneath spruce tree in forest

1996 134.0x1.2 3492+8.1  Beneath spruce tree in forest

1996 152.5+1.3 282.0*+6.4 Beneath fir tree in forest

1997 157.0+x2.2 4494 +14.8 From narrow forest meadow

1998 156.2£2.0 405.7*=12.6 Beneath spruce tree beside forest road
1998 441.6 =3.7 378.2*14.1 From the middle of wide forest meadow
1998 273.4+2.7 433.9+12.3 Beneath fir tree beside forest road
Range 51.2441.6  282.0-507.0

Mean*o 170.5%+120.6 407.6*72.5

Note
*Counting error.
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Alternatively, plants and the bees that visit them can provide a means
of detecting and monitoring radionuclide pollution over large areas.
Depending on the honey bee pasture types and the plant uptake factors
mentioned previously, *’Cs appears in measurable levels in various types
of honey [19-21]. Heather plants, Calluna vulgaris especially, are species
well-known as indicators of cesium pollution [22, 23].

Honey bees and their products have been used as indicators and moni-
tors of a variety of environmental pollution because of their ability to
reflect the immediate environmental conditions [24-29]. In searching for
and gathering food, honey bees set up flight patterns, which change as
available sources or preferences change. The total potential foraging area
of a honey bee colony can be presented as a large circle extending out
from the hive. Honey bees readily fly up to 4km in all directions from their
hive and thus have access to an area of about 50km? [30]. Because of
diminishing returns with respect to the economics of the energy consumed
by bees during very long foraging flights, a somewhat smaller area of some
15 to 20km? can be treated as being well covered by honey bees in their
nectar gathering. It is very important to note that over such a large area,
all of the numerous different environmental factors are included in the
samples produced by the bees.

While collecting nectar and honeydew, honey bees provide a composite
sample from thousands of different points spread across a large area. On a
typical day, a colony of honey bees will make several tens to hundreds of
thousands of foraging flights [31]. Depending on the amount of nectar in
each honey sac, between 100000 and 150000 foraging flights are needed to
produce 1kg of honey [32]. To fill its honey sac, on average a foraging bee
needs to visit 80 to 150 individual flowers [33]. Thus, the honey inside each
beehive represents a random average sample collected from several tens
of millions of single points over a period of time. It seems that a sample of
honey is probably the best composited random sample and, as such, pro-
vides the most representative values for the average concentrations of
bioavailable elements in an area’s environment.

Sampling and analysis

Since 1990, 12 stationary apiaries (five placed in the Gorski Kotar area),
stocked with Apis mellifera carnica, have been used for environmental
monitoring of radionuclides. In 1994, six colonies were placed in fir and
spruce woods in the Gorski Kotar area and new measurements of radionu-
clides and selected elements were begun, increasing the network of hives
being monitored by 1995.

Measurements of radionuclides and selected elements in soil, conifer-
ous trees, and different honey types have been carried out to: (i) follow
the behavior and the fate of cesium in the environment, (ii) determine the
indicator capability of honey for cesium, (iii) examine selected cation con-



Honey and environmental monitoring in Croatia 165

centrations in different honey types collected from meadow and
forest areas far from any known source of pollution, and (iv) determine
the indicator capability of honey for bioavailable elements in the environ-
ment.

The Gorski Kotar area is relatively far away from any significant source
of environmental pollution. This part of Croatia is exposed only to pollu-
tants that are deposited as fallout from global atmospheric contamination.
Honey, soil, fir and spruce branch samples are collected regularly at six
locations: Milanov vrh, Trsce, Lividraga, Suha recina, FuZine, and
Zalesina. The positions of the soil, honey, fir, and spruce sampling
locations are shown in Figure 10.2.

Soil sampling and analysis

Soil samples were taken regularly at the six above-mentioned locations
and at three additional locations in the Gorski Kotar area during the
period from 1994 to 1998. Each sample was a composite taken from one
area of approximately 500cm?, from the surface down to a depth of 15¢m.
At each of the sampled locations, all samples were collected inside a circle
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Figure 10.2 Sketch map of the Gorski Kotar area, Croatia, indicating soil,
honey, fir, and spruce sampling locations.
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of radius 150m. Two main soil types were analyzed; soils developed on the
Paleozoic bedrock and Quaternary lacustrine sediments (predominantly
silicate soils), and soils developed on the Mesozoic limestones and
dolomites (predominantly carbonate soils).

Air-dried soil was passed repeatedly through a 2-mm sieve and quar-
tered to produce material with a grain size less than 0.5mm. The sieved
fraction was then dried at 105°C to a constant weight and stored in count-
ing vessels of volume 125cm’ and known geometry for gamma-
spectrometric analysis. Prior to X-ray fluorescence (XRF) analyses, sieved
and dried soil samples were pressed into pellets.

Honey sampling, analysis, and results

A control series of nectar honey types was collected during the summer
months from 1990 to 1996 from the whole Croatian territory. Since 1993,
samples of honey have been collected regularly in the summer and early
autumn from the Gorski Kotar area, Croatia. A long-time series of various
types of honeydew honey and heather honey was collected in Austria,
Germany, and Slovenia from 1952 through 1995.

Honey samples were collected mechanically, by extracting honey from
combs. Honey types (nectar honey, mixed nectar and honeydew honey,
and honeydew honey) were identified on the basis of pollen analyses [34]
and electrical conductivity measurements [35] carried out by using a multi-
range conductivity meter HI 8733 (Hanna Instruments). Radionuclide
activity and selected element concentrations in honey were determined by
gamma-ray spectrometry and the XRF method.

A standard sample of 300 pollen grains was used for pollen and honey
type determination. Results of pollen determination in some typical Croat-
ian bush-tree and meadow nectar honeys collected in the period
1991-1993 are presented in Table 10.2. A detailed pollen determination of
honey samples collected during 1990 was not done. Nectar honey types
(meadow, mixed, or bush-tree) were selected on the basis of the prevailing
honey bee pasture on the respective locations. Castanea sativa, Robinia
pseudoacacia, and Tilia sp. were dominant pollen types in nectar bush-tree
honey collected between 1991 and 1993. Tilia sp. was not found in samples
of honey from 1992. Crataegus sp. was identified only in honey collected in
1992, Rubus sp. only in honey collected in 1992 and 1995. Among meadow
pollen types in honeys collected in 1991, Leguminosae and Umbelliferae
were more prevalent than Taraxacum officinale, Trifolium sp., and Ono-
brychis viciaefolia. In nectar meadow honeys collected in 1992 and 1993,
Compositae and Brassicaceae dominated over Umbelliferae and Rosaceae.
Among pollen grains determined, in honey collected in the period
1994-1996, Castanea sativa, Robinia pseudoacacia, Taraxacum officinale,
Tilia sp., Centaurea sp., Trifolium sp., Leguminosae, Umbelliferae, and
Brassicaceae were more prevalent than Lotus corniculatus, Onobrychis
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Table 10.2 Pollen determination results of typical Croatian mixed bush-tree and
meadow nectar honey collected in early 1990s

Sample Pollen type (%)

A B C D E F G H o

1 42 4 20 10 18 6

2 67 9 24

3 18 31 6 6 39

4 25 46 10 19

5 39 8 20 13 10 10

6 24 67 9

7 7 33 14 7 39

8 27 6 32 35

9 21 30 22 25 2
10 9 3 45 36 7
11 40 10 29 14 7
12 6 30 27 24 6 7
13 20 10 29 16 5 20
14 44 9 4 28 3 12

A, Castanea sativa; B, Tilia sp.; C, Robinia pseudoacacia; D, Leguminosae; E, Onobrychis
viciaefolia; F, Umbelliferae; G, Trifolim sp.; H, Taraxacum officinale; O, Others (Achillea
millefolium, Lotus corniculatus, Satureja montana, Prunus sp., Rubus sp., Crataegus sp.,
Sinapis sp., Brassicaceae, Compositae, Gramineae, Rosaceae).

viciaefolia, Plantago sp., Salvia sp., Campanula sp., Anthyllis sp., Alec-
torolopus sp., and Thymus sp.

In contrast to nectar honey that would have been obtained primarily
from blossoms, honeydew is a sugar solution yielded by the hindgut of
homopteran insects. Honeydew appears on deciduous trees sporadically,
but predominantly in coniferous woods. Conifers are inhabited by
homopteran insects, among which leaf-lice and shield-shaped-lice prevail.
Conifers are inhabited by green fir-lice (Cinaria pectinatae, mainly, but C.
pilicornis, C. viridescens, Lachnus grossus. or L. piceae can be found fre-
quently in fir and spruce forests in the Gorski Kotar area). Occasionally,
shield-shaped-lice like Physokermes piceae or P. hemycryphus can also be
found on the fir and spruce trees. These insects pierce the bark of the
youngest branches and the needles of fir and spruce trees in search of
food. Honeydew is the secretion of these insects.

The results of electrical conductivity measurements and pollen analyses
were used to distinguish nectar honey, mixed nectar and honeydew honey,
and honeydew types of honey. In the case when pollen grains were usually
present and electrical conductivity was less than 0.7mScm™, the sample
was classified as nectar honey. If pollen grains were present and electrical
conductivity was found in the range 0.7-1.0mScm™!, the sample was classi-
fied as mixed nectar and honeydew honey. In cases when pollen grains
were absent or very rare and electrical conductivity exceeded 1.0mScm ™,
the sample was classified as honeydew honey.
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Coniferous tree sampling and analysis

The youngest segments of fir and spruce branches (including accompany-
ing bark and needles) were taken as composites up to 6m above the
ground. At each of the observed locations, 15 trees of both fir and spruce
were marked inside a circle of less than 150m radius. Branches were cut
annually in early autumn, at the end of September or early October. The
tips of the fir branches grown that year were collected only in 1994. In
each of following years, the tips of the branches and older branch seg-
ments, including the segments grown in 1994, were taken for analyses. The
tips of the spruce branches were collected for the first time in 1995. In each
of following years, the tips of the branches and 1-year-old spruce branch
segments were also taken for analyses. In order to check the possible
changes in radionuclide activity during a year, the tips of the branches and
1-year-old branch segments were sampled monthly from a single fir tree
during 1996 and 1997. Few fir and spruce trees were harvested in autumn
1994 and 1995. Only '¥'Cs and “K activities were measured in tree rings as
well as separately in needles and in the wooden parts of branches, includ-
ing the bark. All samples were dried at 105°C to constant weight, homoge-
nized, stored in counting vessels of volume 125cm?® and known geometry,
and measured by the gamma-spectrometric method. Prior to XRF analy-
ses, samples were pressed into pellets.

The gamma-spectrometric method

The activities of *’Cs and “K were determined by gamma-ray spectrome-
try, using a low-background hyper-pure germanium (HPGe) semiconduc-
tor detector system coupled to a 4096 channel analyzer. Depending on
sample mass and activity, spectra were recorded for times ranging from
80000 to 150000 seconds, and analyzed with a personal computer (PC)
using GENIE PC Canberra software. The activities of *K and *Cs
were calculated from the 661.6 and 1460.7keV peaks, respectively.
Double counting errors were taken as the detection limit. The activities of
37Cs in samples were recalculated on July 1 of each year of the sample’s
collection.

The XRF method

Samples of soil, fir, and spruce material pressed into pellets or samples of
honey in native form were placed in counting vessels. Specimens were
excited by a '“Cd annular source IPR, 25mCi. Emitted characteristic
X-rays were detected by the system’s Si-detector (resolution 165eV at
5.9keV) and Canberra MCA S-100 software. Counting times were 10000
to 50000 seconds. United States National Bureau of Standards (NBS)
Orchard Leaves SRM 1571 and Soil 5 were used for quantitative analysis.
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X-ray spectra were evaluated by International Atomic Energy Agency
(IAEA) software QXAS-AXIL, using the procedure “Simple Quantitative
Analysis — Elemental Sensitivities” [36].

Statistical evaluation

The majority of sampled honey was collected from a mixture of silicate
and carbonate terrains. Less than one-third of honey samples originated
from well-known, strictly silicate or carbonate terrain. Because only a
small number of well-defined samples of soil or honey were available, only
the t-test was used in statistical evaluation of collected data. Statistical
analyses of nectar honey compared to soil type were not done because of
the small number of samples collected from the strictly silicate or carbon-
ate terrains. However, no significant differences have been found for the
mixed nectar and honeydew honey as well. Taking into account the afore-
mentioned facts, the average element concentrations in all of the soil
samples measured were taken for transfer factor calculations.

Radionuclide activities in honey during the 1990s in Croatia

The average and the range of ¥’Cs and “K activities found in nectar honey
(meadow nectar, bush-tree, and mixed honey) that was collected between
1990 and 1996 in Croatia are presented in Table 10.3. Previously docu-
mented trends showed year to year reductions in the activity levels of ¥Cs
in bush-tree and meadow nectar honey types [19, 37]. This finding was con-
firmed by following the *’Cs activity in nectar honey types up to 1996. Ten
years after the serious cesium contamination event of the Chernobyl acci-
dent, ¥’Cs activity in nectar honey types has become very low, frequently
below the instrument detection limit. On the basis of data presented in
Table 10.3, it is evident that for each successive year, ¥'Cs activity in nectar

Table 10.3 Activities of ¥’Cs and “K (Bgkg™) in Croatian nectar honey types
(mixed, meadow, or bush-tree honey) collected between 1990 and 1996,
Gorski Kotar area excluded

Number of  Cs YK

Year samples

Range Mean+= o Range Mean+ o
1990 12 0.5-7.9 4024 18.8-30.1 249+3.6
1991 16 0.4-3.9 1911 16.2-33.2 24.6+4.6
1992 11 0.4-12 0.7+0.3 18.7-29.5 245+4.0
1993 17 0.2-0.9 0502 17.3-45.4 27.8+9.0
1994 20 0.0-0.7 03=*02 13.8-41.9 27.4+10.1
1995 10 0.0-0.4 0.1x0.1 15.2-43.6 24179
1996 10 0.0-0.3 <0.1*nd 11.5-44.9 259125

Note
nd, not determined.
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honey types decreased by approximately half the activity obtained in the
previous year. Meanwhile, “K activities in nectar honey types have
remained more or less the same during the whole time period studied.

The soil macroelement potassium is a mixture of radioactive K and
stable *K, and “K activity of approximately 309Bqkg™' corresponds to 1
percent of total potassium. The K* ion is the member of the same
homologous series to which Cs™ belongs. Both ions are taken up by plants
and competitive effects of potassium on the cesium uptake cannot be
excluded [6, 7, 9]. While the potassium content was constant with time, the
37Cs content in nectar honey types decreased significantly with time. This
fact cannot simply be a consequence of ’Cs radioactive decay. This
isotope has a relatively long half-life of 30.17 years. The ¥Cs content in
plants is a consequence of cesium bioavailability in the plants’ root system
zone. Plants are able to take up only free cesium because sorbed cesium is
not bioavailable [10, 12, 13, 16, 18]. It seems that about 10 years after
initial deposition, the average cesium bioavailability for most of the
meadow and bush-tree nectar plants became insignificantly low compared
to its bioavailability immediately after the original '*’Cs deposition.

Significant differences in the activity levels and long-term behavior of
97Cs were found between groups of nectar honey (Table 10.3) and honey
groups (collected from the Gorski Kotar area) containing honeydew
honey (Table 10.4). Honey groups collected from the Gorski Kotar area
include nectar (predominantly meadow) honey, mixed nectar and honey-
dew honey and, more or less pure fir and/or spruce honeydew honey. The
YCs activities in honeydew honey are significantly higher, at level
P<0.01, than in nectar honey types. In numerous honeydew honey
samples collected from 1993 to 1996 in the Gorski Kotar area, cesium was
found in relatively high concentrations; more than 10 times (or even over
100 times in some cases) higher than in nectar honey from Croatia in the
same respective year.

Table 10.4 Activities of *’Cs and “K (Bqkg™) in honey from the Gorski Kotar
area, collected between 1993 and 1999

Number of  ¥Cs YK
Year samples
Range Mean* o Range Mean*+ o

1993 16 0.9-46.5 21.0x12.8 19.1-138.4 87.9x27.1
1994 11 2.6-21.5 133*6.6 46.5-143.3 105.0 £29.4
1995 9 0.8-19.7 8.0x6.5 13.3-102.6 582*34.1
1996 28 0.1-21.6 57=x51 14.4-135.6 46.0+=28.3
1997 12 0.0-27.8 8.5*nd 39.0-108.9 61.8+20.2
1998 22 0.0-19.0 6.7+49 8.0-137.3 66.9 =30.6
1999 7 0.5-16.1 59=*nd 25.4-71.6 50.0 =20.5

Note
nd, not determined.
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This finding suggests than honeydew honey could be used as the indica-
tor of '¥’Cs pollution years after a contamination event. Although the pre-
sented data clearly indicated a general trend toward a decreasing value of
B37Cs activity in honey collected in the Gorski Kotar area, these honey
samples were composed of numerous nectar and mixed honeys (each col-
lected in a single year). Few honeydew honey samples were collected in
each year, as indicated by the significantly lower “K activity mean value.
However, the average '¥’Cs activity in more or less pure fir and/or spruce
honeydew honey remained almost the same at 15.1Bqkg™" during the
whole research period. The activity of *’Cs in honeydew honey decreased
very slowly with time as a consequence of its radioactive decay and
bioavailability from coniferous plants.

Honey as a long-term indicator of ">’Cs pollution in Central
European countries

As was mentioned earlier, honeydew honey can be used as an indicator of
37Cs pollution over a very long time. Honey is a stable product, lasting for
decades or even hundreds of years, if properly stored. By measuring *’Cs
in archived samples of collected honey, it was thought it would be possible
to retrospectively detect radioactive contamination events. Numerous
honey samples that had been collected and kept by beekeepers over a
period from 1952 to 1995 were found for locations in Central European
countries located between the North sea and the Adriatic sea (Austria,
Germany, and Slovenia). Analysis of these honey samples detected *’Cs
activities, which were corrected for radioactive decay and recalculated on
July 1 of each year of the sample’s collection. The *’Cs determination in
Austrian spruce honeydew honey samples collected in the Alps region
from 1952 to 1994 (mainly in a circle of radius 30km around Lunz am See)

200
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Figure 10.3 Activities of '¥’Cs in Austrian dominantly spruce honeydew honey col-
lected in the Alps region, mainly in the surroundings of Lunz am See,
between 1952 and 1994.
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Table 10.5 Activities of '¥’Cs and “K (Bqkg™") in honey collected between 1965
and 1995 in Germany

Year WK 137Cs Honey type

1995 116.9 = 13.8* 11.0x03 honeydew/meadow

1995 141.8+19.7 129+0.4 honeydew/meadow

1993 109.3+13.8 1.1+£0.1 meadow/honeydew

1992 100.0+14.1 22*02 meadow/honeydew

1991 128.6+14.3 72x03 meadow/honeydew

1991 97.2+269 934+1.3 heather (Calluna vulgaris)
1990 121.4+13.7 39+0.2 meadow/honeydew

1988 113.0x21.9 112.8*+1.3 honeydew

1988 95.8+14.1 24.7+0.5 honeydew

1987 161.3+14.1 10.5+0.3 honeydew/meadow

1987 109.7 £ 18.6 180.1x1.5 heather (Calluna vulgaris)
1987 135.0x19.9 323*0.5 honeydew

1987 152.4+28.1 36.4+0.8 honeydew

1986 209.9x18.1 6.4+0.3 honeydew

1977 76.6 =13.7 320.1x1.9 heather (Calluna vulgaris)
1977 93.0+13.8 1254=*12 heather (Calluna vulgaris)
1975 149.5x13.7 23.9=*05 honeydew

1969 822+138 176.1+1.6 heather (Calluna vulgaris)
1968 106.3+14.0 238119 heather (Calluna vulgaris)
1966 106.8 =15.0 447.0+2.7 heather (Calluna vulgaris)
1965 178.4+13.9 19.9£0.6 honeydew

1965 175.9+14.0 14.0+0.5 honeydew

1965 168.8+13.8 0.7x0.2 meadow/honeydew

Note

*Counting error; /first component prevails.

clearly indicates cesium fallout peaks (Figure 10.3). The expected steady
decrease in cesium activity following the initial fallout peaks from weapon
testing and the much larger fallout from the Chernobyl accident has not
occurred. In both cases, there was a reduction in cesium levels following
the initial exposure events, but the activity levels did not return to the pre-
exposure conditions. Apparent reductions from 1989 through 1993, follow-
ing the peak of the 1986 Chernobyl release, were contradicted by
increasingly higher levels of '*’Cs in 1994.

Similar ¥’Cs behavior was found in different (heather, honeydew,
mixed meadow and honeydew) honey samples collected in Germany
(Table 10.5), as well as in mixed meadow/chestnut and honeydew honey
samples collected in Slovenia (Table 10.6). Different cesium activities have
been found for the same year for the same or very similar types of honey
in both countries. Such results could be explained by the fact that samples
of honey were collected from different locations, locations that have been
contaminated differently by cesium during the main fallout events in the
past. The "’Cs activities found in the honey of heather plants (Calluna vul-
garis) are significantly higher than in honeydew honey. Heather is con-
sidered to be an excellent cesium pollution indicator, and so apparently is
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Table 10.6 Activities of ''Cs and “K (Bqkg™") in honey collected between 1986
and 1994 in Slovenia

Year WK 137Cs Honey type

1995 97.5+4.0* 35*+02 meadow//spruce honeydew
1995 932+39 20.6+04 meadow/fir honeydew
1994 759*3.7 355%0.5 spruce honeydew/meadow
1993 121.5+42 13.6 0.3 chestnut/spruce honeydew
1992 583*34 3.7x0.2 chestnut/meadow

1991 116.1 4.2 42.7+0.6 fir honeydew/meadow
1991 95.9+4.0 49.0+0.6 spruce honeydew/meadow
1990 110.4+4.4 50.6£0.7 spruce honeydew/meadow
1989 76.0+3.7 35.6+0.5 meadow/spruce honeydew
1988 154247 41.8+0.6 spruce honeydew/chestnut
1988 80.3x3.7 10.4+0.3 meadow//fir honeydew
1987 150.3+4.8 37.4+0.6 spruce honeydew/chestnut
1987 67.3*+3.6 83*03 meadow//fir honeydew
Note

*Counting error; /first component prevails; /second component is traceable.

heather honey. Heather may be a better cesium monitor than coniferous
plants. However, heather grows in open areas, rather than in thick fir or
spruce forests. Because it is relatively easy to detect *’Cs in both heather
honey and honeydew honeys, the honeys from heather and honeydew
from fir and spruce can be used as indicators of radioactive cesium pollu-
tion for long-term monitoring of contamination events.

Transfer of radionuclides and selected elements from soils
through conifers and into honey

The results of these studies examine the difference in the uptake dynamics
of bioavailable inorganic elements from soils into the nectar of flowers
versus into the phloem of coniferous trees and passage through the
hindgut of aphids into honeydew. The honey from meadow plants would
have been obtained by the bees primarily from blossoms. Another insect
feeding on coniferous trees produced the honeydew that was then stolen
by the bees.

Radionuclides and selected elements in soils

The majority of the results presented here on radionuclides and selected
element concentrations in soils have already been published [38]. All of
the elemental concentrations measured, excluding Zn, were significantly
higher in soils developed on carbonate bedrocks than in the predomi-
nantly silicate soils sampled in the Gorski Kotar area (Table 10.7). This
was especially evident in the case of Rb, Sr, Mn, and Fe (at level P <0.01)
as well as in case of Ca and Ni at level P <<0.05. The highest concentrations
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of these elements in predominantly silicate soils seldom exceeded the
lowest concentrations found in soils developed from the carbonate
bedrock. The activities of “K and ’Cs in both soil types were fairly
similar as well as concentrations of Cu, Zn, Pb, and Cr. Single element
concentrations and radionuclide activities, excluding Ca, Zn, and "*’Cs, dif-
fered by less than an order of magnitude. Very wide ranges of calcium
concentrations in the soil were a consequence of the soil type from which
the sample was taken. Silicate soils are relatively pure calcium, while in
soils developed on a carbonate bedrock, the calcium concentration
depends on the type (limestone or dolomite) and abundance of the car-
bonate component. *’Cs is a human-produced pollutant. In the case of a
high zinc concentration found in one sample, local pollution caused by
uncontrolled garbage disposal beside a forest road near where the sample
was taken was suspected.

For soils the mean concentration of elements and the radionuclide
activity were based on a limited number of samples (n = 7-14), each repre-
senting a single point at a specified depth. The soil samples may not accu-
rately represent the true mean for soils across the entire area generally
sampled by the bees. In order to check the representativeness of the mean
YK and "Cs activity values, calculated on a limited sample number, an
additional 29 soil samples were analyzed. However, no significant differ-
ences for the soil means as a consequence of the number of samples were
detected at level P<<0.05 for either radionuclide.

Radionuclides and selected elements in distinctive fir and spruce
parts

An overview of measured radionuclide activities and selected element con-
centrations obtained in the youngest terminal shoot of the fir and spruce
branches sampled from the Gorski Kotar area is presented in Table 10.8.
Only rubidium and cesium concentrations in the tips of the fir branches
were significantly higher than in the spruce tips. The concentrations of all
the other elements studied, excluding zinc, iron, and lead, were nearly equal
or insignificantly lower in the spruce than in the fir tips of the branches.

Identical distributions of measured radionuclide activities and selected
element concentrations were found in 1-year-old fir compared to 1-year-
old spruce branch segments. The concentrations or activities of the major-
ity of the elements studied were lower in the 1-year-old branch segments
compared to the branch tops. In the case of Rb, “K, and *’Cs they were
lower (Rb and "'Cs were significantly lower at P<0.05) in 1-year-old
branch segments than in the tops, while calcium, lead, iron, and man-
ganese concentrations increased insignificantly.

Cation mobility in the youngest parts of fir branches was observed in up to
4-year-old fir branches. The “K activities decreased significantly in older
branch segments, and in 6- to 8-year-old segments appeared to become more
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Table 10.8 Radionuclide activities (Bqkg™") and selected element concentrations
(mgkg™!) in the top of fir and spruce branch shoots from the Gorski
Kotar area

Fir tops (n=30)

Spruce tops (n=24)

Element  Range Mean+ o Range Mean+ o
WK 180.5-362.9 250.4 £85.7 139.0-318.9 213.3+65.7
7Cs 11.5-110.6 46.0 £32.7 4.9-26.1 14.0x7.6
Rb 2.5-26.4 10.1+6.7 1.1-12.2 53+34
Ca 5610-20550 9890 = 4290 5230-15530 8580 = 3160
Sr <0.3-42.1 <4.5*nd <12-92 <34 *nd
Ni <0.4-1.2 <0.8*nd <0.3-1.8 <0.8*nd
Cu 29-17.2 54=*28 2.1-14.9 52=*28
Zn 14.3-45.7 24.7+9.4 17.6-101.0 34.7+179
Pb 9.0-42.7 214+104 9.5-69.1 232+129
Fe 56.4-195.0 93.5+36.3 45.2-250.9 102.0 =56.0
Mn <113-1718 <469 =nd <81-1323 <352*nd

Cr <0.8-2.6 <l.4*nd <0.6-3.2 <1.5*nd
Note

nd, not determined.

or less constant [39]. Significant reductions in *’Cs activity in the youngest fir
branch segments could be followed in up to 2- or 3-year-old branch seg-
ments. In 5- to 6-year-old segments, *’Cs activity is also more or less con-
stant. Rubidium concentrations in up to 2-year-old branch segments
decreased (in 1-year-old branches significantly at level P<<0.05) rapidly; in
older segments concentrations were mainly constant. By contrast, the con-
centration of calcium, lead, iron, manganese, and chromium increased in
older branch segments. Zinc, copper, nickel, and strontium concentrations
were found to be almost constant in all fir branch segments, up to 4 years old.

The ¥’Cs translocation in the tops of fir branch shoots was confirmed by
data obtained from monthly sampling of tops and from 1-year-old branch
segments from a single fir tree (Figure 10.4). Although the cesium content
in older branch segments decreased, the question concerning the cesium
source (translocations from older segments only and/or additional fir
cesium uptake from soil) in the tops of the branches is still unresolved. In
any case, '¥’Cs activities are on average higher (excluding the tops and
year-old segments) in fir needles than in the wooden parts and bark of
branch segments [39]. On the other hand, cesium migrates into older tree
growth rings also, as reported for the French white fir growth ring [40].
Cesium was not found in the growth rings of fir harvested at Crni lazi [39]
that grew before approximately 1925. However, the similar radial ¥’Cs dis-
tribution in both the French and the Crni lazi fir trees is opposite to the
Cs distribution in the sugi tree rings harvested from Japan [41]. In the
sugi tree rings, the highest ¥’Cs activities were found in the oldest tree
rings. Additionally, a whole fir tree may act as a “cesium reservoir,” but it
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Figure 10.4 Activities of ¥’Cs in monthly samples of the top of the branch shoots
and 1-year-old branch segments, taken on a single fir tree from Gorski
Kotar, Croatia.

loses older needles (more than 10-year-old needles are very rare) and the
cesium contained in these needles, which may then be returned to the soil
and later taken back up again by the tree. For long-term observations,
even cesium radioactive decay must be taken into account. However, at
present the samples collected and data analyzed are still insufficient to
answer the question concerning where the whole cesium content present
in fir tops arises from each new year.

Transfer of radionuclides and selected elements from soil into
youngest fir and spruce branches

Transfer factors of radionuclides and selected elements from soils into the
youngest parts of coniferous branches (Table 10.9) were expressed as a per-
centage, defined as the ratio between element concentration in coniferous
material and in soil, and multiplied by 100. The uptake of the majority of the
cations studied from soil into the youngest branches of fir was more or less
similar. Fir trees showed a higher cesium, manganese, rubidium, calcium,
and strontium uptake than spruce, but the difference is significant in the
case of ¥’Cs only. Among all the cations studied, calcium, manganese, potas-
sium, and lead showed the highest bioavailability. The calcium concentra-
tion in fir material, especially in older branch segments, very often exceeded
the calcium concentration in soils. High transfer factors for zinc, copper, and
cesium confirmed the capability of coniferous plants as pollution indicators
in the case of soils contaminated by *’Cs, Cu or Pb. The transfer of all other
elements studied from soil into young coniferous parts was below 10
percent, and in the case of iron, was only 0.24 percent.

It is interesting to note that the ¥’Cs transfer factor from soil into
spruce (6.5 percent) was almost double the rubidium transfer (3.3
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Table 10.9 Transfer factor (%) of radionuclides and selected elements from soil
(n=14) into youngest segments of coniferous tree branches (n=132),
fir (up to 4 years old; n=90), and spruce (up to 1 year old; n=42)
branches together with needles

Element Coniferous tree (%) Fir branches (%) Spruce branches (%)
(n=132) (n=290) (n=42)
YK 46.7 144 47.7x15.0 44.6 =13.1
BCs 12.6 =12.0 15.4+13.4 6.5+3.6
Rb 43+37 48+4.0 33x25
Ca 96.0 £33.3 104 £33.7 78.1£25.0
Sr <5.9=*nd <6.6 =nd <4.6 =nd
Ni <3.1*=nd <3.2*nd <2.8=nd
Cu 13.5+5.9 13.7x5.4 13.0+7.0
Zn 155*6.2 145+4.6 17.6 8.4
Pb 36.6 £17.7 36.5+x14.5 36.7+234
Fe 0.24 £0.10 0.25*£0.08 0.23x0.13
Mn <70.4 £nd <81.4+nd <46.8 =nd
Cr <2.9*nd <3.0xnd <2.7*nd
Note

nd, not determined.

percent), although transfer of rubidium from soils into spruce needles was
approximately one order of magnitude higher than the transfer of the
stable soil microelement cesium [42]. The bioavailability of stable cesium
is low because it is strongly adsorbed. The higher bioavailability of radio-
active pollutant *’Cs is a consequence of the fact that *’Cs is not com-
pletely adsorbed yet, and penetrates very slowly into deeper soil layers [2].

Radionuclides and selected elements in various honey types

Concentrations of selected elements and radionuclide activities in different
types of honey (predominantly nectar honey from meadows, mixed meadow
nectar and honeydew honey, and honeydew honey from fir and spruce
forests) from the Gorski Kotar area are presented in Table 10.10. Among all
of the studied elements, potassium comprised about 90 percent or more of
the total cation amount in honey. The mean potassium content was the
lowest in meadow honey (=0.09 percent), followed by mixed honeys (=0.15
percent), and the highest in honeydew honey (=0.28 percent). Strontium
and nickel concentrations in honey were the lowest in meadow honey and
the highest in honeydew honey. Compared to “K, the concentrations of Sr
and Ni were about three orders of magnitude lower, even hundred of thou-
sands times lower in comparison to the total potassium content.

Without exception, the concentration of all measured elements was
significantly higher (at level P<<0.01, only for Zn at level P<<0.05) in
honeydew honey compared to meadow nectar honey or mixed honey. In
comparison with meadow nectar honeys, honeydew honey showed the
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highest concentrations of Cs, Rb, Zn, and Mn. Potassium concentration
increased by a factor of three, while the concentration of the majority of
the other elements studied was approximately a factor of four higher in
honeydew honey than in meadow honey. The greatest difference in con-
centrations was found in the case of '¥’Cs and Rb. The mean concentra-
tions of these two elements were found to be more than one order of
magnitude higher in honeydew honey than in meadow honey.

Although copper concentrations in honey are very similar to those
reported earlier [25, 28], zinc concentrations in honey from the Gorski
Kotar area were several times higher than those found by Leita et al. [26],
but one order of magnitude lower than was found in nectar and honeydew
honey in Czechoslovakia [28]. Lead concentrations in honey from the
Gorski Kotar area were one order of magnitude higher than those found
by Jones [25], but several authors [26, 28] have reported very similar lead
concentrations in honeys. For all of the element concentrations studied, no
significant differences, at level P<0.05, were found for honeydew honey,
regarding the respective soil types where the honey was collected. No
significant differences have been found in the case of mixed meadow
nectar and honeydew honey as well.

Transfer of radionuclides and selected elements from soil in various
honey types

Transfer factors from soils into the honey types studied (expressed as a per-
centage) were defined as the ratio between element concentration in honey
and in soil, multiplied by 100. The transfer factors for each element and
radionuclide from the soil into the honey types are presented in Table 10.11.

Table 10.11 Transfer factors (%) of radionuclides and selected elements from soil
(n=14) into predominantly nectar (n =18) honey, mixed (nectar and
honeydew; n =29) honey, and honeydew (n = 35) honey

Element  Nectar honey (%) Mixed honey (%) Honeydew honey (%)
YK 6.73 £3.69 11.4 =5.68 21.1£591
B7Cs 0.246 +0.203 1.85+0.88 8.56 £5.26
Rb 0.057 =nd 0.197 =0.168 1.50+=0.91
Ca 0.583 £0.357 0.810 = 0.550 248*1.13
Sr <0.009 =nd <0.013 £nd <0.042 =nd
Ni <0.225*nd <0.316 =nd <0.960 = nd
Cu 0.859 £0.593 1.21+0.88 3.85+1.63
Zn 0.097 +0.085 0.145+0.115 0.72 +nd

Pb 1.28+1.04 1.92+1.41 5.42+2.39
Fe 0.010 £0.008 0.013£0.011 0.039 £0.020
Mn <0.146 =nd <0.188*tnd <0.62 =nd

Cr 0.357 £0.230 0.476 =0.414 1.34+0.61
Note

nd, not determined.



Honey and environmental monitoring in Croatia 181

Among the soil macronutrients, consisting of potassium, iron, and calcium,
only potassium showed significant transfer from soil into all of the honey
types studied. Calcium transfer from soil into the various honeys was
approximately one order of magnitude lower than the transfer of potas-
sium, while the transfer of iron was about three orders of magnitude lower
than potassium. Zn and Mn transfer were very similar in all types of
honey, demonstrating a low transfer from soils into honey. Transfer
factors for Sr and Fe from soils into all of the honey samples generally
were very low.

The lowest transfers were found into meadow honey. Without excep-
tion, transfer factors from soil into honey for all of the elements measured
were significantly higher into mixed floral meadow and forest honeys (con-
taining both nectar and honeydew) than into nectar meadow honey. Rb
and ''Cs showed significantly higher (at P<0.001) transfers into mixed
honeys compared to honey from meadows, although rubidium transfer into
meadow honey was still very low (0.197 percent). Only “K (6.73 percent)
and Pb (1.28 percent) showed transfers greater than 1 percent into meadow
honey, followed by Cu (0.859 percent) and Ca (0.583 percent).

Mixed meadow and honeydew honey demonstrated an 11.4 percent
transfer of “K from soil, 1.85 percent for '¥’Cs, 1.92 percent for Pb, and
1.21 percent for Cu. All other elements were considerably lower than a 1
percent transfer. Only Ca with a value of 0.810 percent was even near the
1 percent level.

Among the honey types studied, honeydew honey exhibited the best indi-
cator capabilities of all of the elements and radionuclides. By comparison
with the aforementioned types of honey, the transfer of *’Cs and Rb into
honeydew honey was an order of magnitude higher, with transfers of 8.56
and 1.50 percent, respectively. Transfers for K (21.1 percent), Pb (5.42
percent), Cu (3.85 percent), Ca (2.48 percent), Cr (1.34 percent), and Ni
(<0.960) nearly equalled or exceeded 1 percent. On the other hand, the soil
macroelement Fe showed a very low transfer (0.039 percent) from soils into
honeydew honey. Strontium showed a similar behavior (<0.042 percent), so
it seems that honey could not be used very successfully as an indicator of
environmental pollution with strontium radioactive isotopes. The results
show that samples of honey, especially honeydew honey, can indicate the
consequences of global pollution events as well as events on a local scale.

Transfer of radionuclides and selected elements from the youngest
fir and spruce branch parts in honeydew honey

Transfer factors (expressed as a percentage) from the youngest coniferous
parts into honeydew honey are presented in Table 10.12. Only ¥'Cs (68.2
percent) showed a transfer of over 50 percent into honeydew honey,
followed by Cr (<45.8 percent), “K (45.2 percent), Rb (34.7 percent), Cu
(28.6 percent), Fe (16 percent), and Pb (14.8 percent). Transfers of
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Table 10.12 Transfer factors (%) of radionuclides and selected elements from
youngest coniferous tree branch segments (n=132) into honeydew
(n=235) honey

Element Transfer factor (%)
WK 452 +12.7
Cs 68.2+41.9
Rb 34.7+21.0
Ca 2.58*1.18
Sr <0.70x=nd
Ni <31.5*nd
Cu 28.6 £12.2
Zn 4.68 =nd
Pb 14.8 £6.54
Fe 16.0+8.3
Mn <0.88 +=nd
Cr <45.8 £nd
Note

nd, not determined.

strontium and manganese are below 1 percent from fir and spruce youngest
branch segments into honeydew honey. Among the soil macronutrients,
including potassium, iron, and calcium, only the potassium showed almost
identical transfer from soils into coniferous material as well as from
conifers into honeydew honey. Very high calcium (as well as manganese)
transfer from soil into conifers is followed by low transfer of both elements
from conifers into honeydew honey. Iron shows the opposite behavior
(chromium also), with very high transfer from coniferous material into hon-
eydew honey. It seems that very high rubidium and cesium transfers from
conifers into honeydew honey can be connected with the high mobility of
both elements into the youngest fir and spruce branch parts.

Honeydew honey, among all of the honey types studied, best reflected
persistent bioavailable inorganic contaminants in the environment.
Because of the high transfer from conifers, honeydew honey could be used
as an indicator for '¥’Cs, Cr, Rb, Cu, Pb, and Ni pollution in areas covered
with fir or spruce forests. In the case of "’Cs, it seems that honeydew
honey can be a very good indicator of pollution, even a long time after
contamination. Honey bees collect honeydew from tens of millions of dif-
ferent single points covering forest areas of some tens of square kilo-
meters. The consequence is that honey presents probably the best
composited sample and the most representative values for the average
concentrations of bioavailable elements in a given environment.

Concluding remarks

For the first time, concentrations of *’Cs in various Croatian honeys col-
lected during the 1990s are presented. Results found in Austria, Germany,
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and Slovenia from 1952 to 1995 are also discussed in order to reconstitute
the scenario of *’Cs pollution in Europe.

The concentrations of *¥’Cs, “K, Ca, Fe, Rb, Sr, Cu, Zn, Pb, Ni, Mn, and
Cr in Croatian soils, coniferous tree branches, and honeys have been
measured. The analysis of the transfer of these radionuclides and selected
elements from soils through conifers and into various types of honeys
clearly reveals the relevance of the honeydew honey as an indicator of
B37Cs, Cr, Rb, Cu, Pb, and Ni pollution.
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11 Use of honey bees as
bioindicators of
environmental pollution in
Italy

C. Porrini, S. Ghini, S. Girotti,
A.G. Sabatini, E. Gattavecchia, and
G. Celli

Summary

In Italy the use of honey bees in environmental monitoring goes back to
the early 1980s with initiatives to control pesticides in agro-ecosystems.

In a pesticide monitoring station comprising two beehives fitted with
underbaskets, a critical threshold of mortality was set of about 350 bees
per week per station. Only when this threshold was exceeded were chem-
ical analyses performed on the dead bees to determine the active ingredi-
ents responsible for their death. The two sets of data, mortality and
residues, were processed using the Index of Environmental Hazard (IEH),
which allows monthly assessments of the level of environmental contami-
nation in the area investigated.

Heavy metal pollution (Pb, Ni, Cr) may be monitored with both bees
and honey. It is in fact possible to integrate the data derived from these
two matrixes to provide more complete information regarding the pres-
ence of contaminants in the environment.

Since the incident of 1986 involving the nuclear plant at Chernobyl,
studies on the absorption and transfer of radionuclides to beehives have
undergone a remarkable increase. The research still continues today with
the monitoring of long-life radionuclides such as Cs-137 and Sr-90. All the
studies have shown pollen and bees to be highly sensitive indicators of
radioactive contamination.

Recently our research team demonstrated for the first time that
honey bees can be used for the environmental detection of the phyto-
pathogenic microorganism Erwinia amylovora, the causal agent of
Fire Blight, the most destructive bacterial disease affecting Rosaceous
plants. A new ultrasensitive and specific diagnostic technique (PCR-
ELISA) was developed to permit automated detection of E. amylovora
in pollen. It was shown that honey bees could reveal the presence of
E. amylovora both in already disease-affected areas and in areas where
no evident symptoms had yet appeared on the plants. Therefore, border
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areas likely to be hit by Fire Blight can be constantly monitored using bee-
hives.

Introduction

The use of honey bees for environmental monitoring purpose dates back
to 1935 when Svoboda [1] reported the negative repercussions of industrial
pollutants on bees that foraged in densely populated, industrialized areas
in Czechoslovakia. In subsequent years, numerous studies were under-
taken to test the effectiveness of this hymenopteran as a biological indica-
tor of the presence of contaminants in the environment.

A distinction should be made first of all between a biological indicator
and a test organism. The former is an organism, or group of species, which
indicates particular conditions in the environment through specific signals
[2]. These signals may derive either from the presence of a single sub-
stance or the joint presence of several substances. A test organism, on the
other hand, is used to assess the toxicity of a specific substance in labora-
tory tests and/or field trials. The distinction is clearly made for the sake of
convenience, as the same organism, e.g. the honey bee, may be used as
either an indicator or a test organism in different circumstances [3].

Honey bees are good biological indicators because they reveal the
chemical impairment of the environment they live in through two signals:
one is more evident, that is high mortality (in the case of pesticides), while
the other is less so, consisting of residues present within their bodies or in
beehive products (in the case of other contaminants like heavy metals and
radionuclides) that may be detected by means of suitable laboratory analy-
ses [4].

The effectiveness of honey bees as an ecological detector is founded
upon several ethological and morphological characteristics, which are
listed below [5]:

e an easy-to-breed, almost ubiquitous organism with modest food
requirements;

e its body is covered with hairs, which makes it particularly liable to
hold the materials and substances it comes into contact with;

e a high sensitivity to most phytopharmocological products, revealing
when they are improperly spread through the environment (e.g.
during flowering, in the presence of wind, etc.);

e a very high rate of reproduction and a relatively short average life-
span, so that the colony undergoes rapid, continuous regeneration;

e great mobility and a flying range that allows a vast area to be moni-
tored;

* high efficiency in ground surveys (numerous inspections per day);

e almost all environmental sectors (soil, vegetation, water, and air) are
sampled;
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e numerous indicators (through foraging) for each station (beehive) are
provided;

e avariety of materials are brought into the hive (nectar, pollen, honey-
dew, propolis, and water) and can be stored according to verifiable
criteria.

Moreover, the management costs of monitoring with honey bees are
extremely low, especially in proportion to the large number of samples
that may be taken.

Bees interact strongly with the environment surrounding the hive. An
average-sized population may consist of as many as 20000 individuals and
at certain times of the year their number can almost double. Approxi-
mately one-fourth of the population — the older worker bees that have
already performed a whole series of other tasks inside the hive — is
responsible for retrieving from the outside everything the colony needs to
survive and develop. To this end, each bee makes on average about 10
trips a day, visiting a total of about 1000 flowers from which it draws
nectar and pollen. Therefore, based on an empirical calculation, it can be
estimated that a colony of bees gathers approximately 10 million micro-
samples of nectar and pollen every day, as well as other substances such as
honeydew, propolis, and water.

All these substances are conveyed into the hive, where they are stored.
The incessant foraging normally occurs within a few hundred meters from
the hives. However, should food supplies be scarce, the foragers are
capable of venturing out much further, even kilometers away, in search of
a sufficiently rich pasture, which they will then report to other members of
the hive. The area normally reconnoitered by an average-sized family is
acknowledged to be about 7km? [6]. Within this range, the bees carefully
survey the flowering of the species that are most appealing to them, send
out explorers and constantly gather specimens from the various areas
which are later to be stored in the hive.

The honey bees keep their territory constantly under control; thus any
contaminants present therein are intercepted and carried into the hive,
where they will become available for chemical analysis. It also follows that
bees can quickly perceive any trends or changes occurring within the envi-
ronments they inhabit and disclose them with equal promptness. The
honey bee may therefore be considered a biological indicator.

However, there are several limitations to the use of bees for assessing
the state of health of the environment [5]:

e the temperature must be at least 10°C in order for them to fly; con-
sequently, at certain latitudes they cannot be used in wintertime;

e the forager bees may not all return to their hive; some may stray off-
course (ending up in other hives), undergo a natural death, or be
killed by pesticides or other xenobiotics;
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e it is difficult to take a real-time census of an entire family in terms of
its stage of development and the age of its members;

e there is an uncontrollable tendency of families to choose their food
sources autonomously.

This latter limitation is viewed as the most serious obstacle to reliable
environmental monitoring, but another characteristic behavior of bees
must also be considered — loyalty to food sources (so that bees will visit a
given botanical species as long as it continues to flower). The degree of
loyalty varies according to subspecies: The German bee (Apis mellifera
mellifera) appears to be the most loyal to a food source (0.8 percent devia-
tion from the original source in every flight), whereas the Italian bee (A.
m. ligustica) is the most fickle (14 percent) [7]. The type of co-evolutionary
relationship established between these two subspecies and their respective
environments of origin — continental and Mediterranean — may account for
such behavioral differences. In any event, the relative disloyalty of Italian
bees to a given pasture offsets the tendency to choose food sources
autonomously, both during the same day and on subsequent days, and
thus permits a more reliable monitoring of the territory.

Monitoring of pesticides

For about twenty years our research group at the “Guido Grandi” Depart-
ment of Entomology of the University of Bologna has been studying the
relationship between bees and the pesticides spread throughout the agro-
ecosystem. These synthetic compounds have undergone extensive use,
especially since the end of the Second World War, and have contributed
significantly to the degradation of the rural ecosystem.

In itself, a cultivated field is a highly unstable ecosystem, and the advent
of mechanical equipment, with the consequent introduction of single-crop
farming, has further exacerbated the instability of the agro-ecosystem. The
plants grown often show low resistance and are more vulnerable to the
attacks of parasites, which farmers control with pesticides.

The growing use of these substances in farming has proved to be a
double-edged sword. It is estimated that from the Second World War to
1974, although the use of insecticides underwent a tenfold increase, the
damage caused by insects nearly doubled [8]. This also suggests that the
number of pesticide-resistant species grew enormously.

Furthermore, the widespread use of pesticides has contributed to a
further simplification of the agro-ecosystem, which has occurred above all
at the expense of insects that are reputedly “man’s allies,” i.e. predators,
parasitoids, and pollinators. The latter are often more likely to be harmed
by pesticides than the target arthropod pests themselves and thus the
exposure to potential infestation by phytophaga increases rather than
decreases.
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As noted previously, honey bees are extremely sensitive to pesticides.
The number of dead bees in front of the hive is therefore the most import-
ant variable to be considered for these contaminants [9]. Not all pesticides
have a lethal effect; in fact, many fungicides and other compounds used for
different purposes often have a less severe impact on bees than the major-
ity of insecticides. As a result, honey bees are a good direct indicator of
insecticides and respond to their presence in the environment with a mor-
tality that varies according to a number of factors: the toxicity (for bees) of
the active ingredient used (LDy;) [10, 11], the presence and extension of
flowering among cultivated or spontaneous plants, the presence of honey
bees on the site and at the time of the chemical treatments, the means
used to distribute the pesticide, and the presence of wind. Many bees
struck directly by an insecticide will not have enough strength to return to
their hive and will die on the field or during their return flight (high acute
toxicity of the product). Usually, however, the treatment does not fully
affect all the forager bees that are in the field at a given time; some will be
only marginally hit and will eventually die in the hive (residue accumula-
tion), sharing their fate with other bees that subsequently visit the flowers
of the treated plants (whenever the active ingredients have no repellent
effect) or gather nectar and pollen from spontaneous species growing
either alongside treated crops or in nearby areas contaminated by drift. In
the case of compounds that are not particularly dangerous, the insect acts
as an indirect indicator, i.e. not sensitive but exposed, and will provide us
with information in the form of residues.

Bees may effectively indicate the presence of pesticides in intensively
cultivated areas with little spontaneous flora; in this case the insect is
obliged to forage among cultivated species or in nearby areas and is thus
likely to come into contact with any pesticides that have been sprayed. On
the other hand, in areas abounding in wild plant species, bees have a
broader choice of food sources and are therefore a less reliable indicator
of the chemical impact on a cultivated field and its surroundings.

Nonetheless, other matrixes such as honey [12, 13] and pollen may also
provide useful indications as to the diffusion of pesticides within the
environment. In a study conducted in Castenaso, in the province of
Bologna (Figure 11.1), between March and September 1995, pollen speci-
mens were gathered weekly from two stations situated, respectively, in an
urban area and in a rural area, both in the vicinity of a watercourse.
Although it was forbidden to perform chemical treatments during the
flowering season, traces of one or more pesticides were found in over one-
third of the samples drawn from both stations, even in periods that were
not normal for field crop growing. Moreover, given that all the specimens
testing positive for pesticides contained pollen of both cultivated and
spontaneously growing plants, it could be inferred that crops had also been
treated in the presence of wind, causing pesticides to drift into surrounding
areas. This mismanagement of pesticides, extremely harmful for the agro-



Honey bees as bioindicators in Italy 191

Valleys of Brescia

(Salo)
Guastglla _S. Martino in Rio
’ - orreggio
National Park Reggio Emilia Medole
of Val Grande Bologna
Gravellona Caorso Ferrara

Trino Vercellese Venice

Castenaso _Apennines of Bologna

Turin
Ravenna
Scandiano Coast of Emilia-Romagna
Forli
Sassuolo Cesena
Pisa Rimini
Pesaro

Modena  Chiusi della Umbrian Tiber Valley

Verna  Florence
Arezzo

Valleys of Terni \'= . |
Rome
q

Figure 11.1 Ttaly: Geographic distribution of the areas where honey bees have
been used for environmental monitoring (ER = Emilia-Romagna
region, F = Friuli-Venezia Giulia region, T = Tuscany region).

ecosystem, could be traced both to the vegetable and flower gardens of
amateur growers in the area covered by the urban station and to the
cultivated farmland prevalent in the other station.

Capture of pesticides by bees

Figure 11.2 represents the transfer of polluting substances from the atmo-
sphere to other environmental sectors. It clearly and succinctly illustrates
how bees come into contact with the chemical compounds scattered
throughout the environment.

Since bees move from flower to flower, alight on branches and
leaves, ingest water from many sources (ditches, puddles, canals, brooks,
fountains, dew, etc.) and intercept particles suspended in the atmosphere
with their hairy bodies, they are capable of disclosing the presence of
environmental contamination. In a small study conducted in collaboration
with Sauro Tiraferri of the Regional Bureau for Prevention and the
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Figure 11.2 Chart of polluting substance diffusion in the environment. Honey bees
may capture pollutants diffused in the air, deposited on plant surfaces
and on the soil, and assimilate them from water, as shown in the gray
area indicating the environmental sectors visited by the bee.

Environment of Rimini, it was shown how bees capture insecticidal com-
pounds mainly by ingestion.

Nineteen specimens of bees that had died of poisoning were analyzed in
the trial. The bees were first washed with acetone, to detect compounds
deposited on the bees’ surface, and then homogenized, to detect com-
pounds accumulated inside the bees. Both the washing solutions and
homogenized bees were examined to determine whether any pesticide
residues were present. In the 16 samples testing positive, seven different
types of insecticides were found.

Dimethoate and ethiofencarb, detected in eight and three samples
respectively, were by far the most prevalent in the homogenized speci-
mens, i.e. inside the bees’ bodies. Parathion was detected predominantly
and monocrotophos exclusively inside the bodies, whereas azinphos-
methyl, omethoate, and methylparathion were present in varying percent-
ages in the bees’ bodies both internally and externally (Figure 11.3).

The study does not take into account a series of variables, such as the type
of crop treated, the time lapse between the chemical treatment and the poi-
soning of the bees, and the botanical species visited. Nevertheless, it gives an
idea of how the various pesticides may affect the insect and, above all, how
bees capture them. The seven compounds detected achieve their effect
through both contact (in particular dimethoate, parathion, and methyl-
parathion) and ingestion; ethiofencarb and monocrotophos are also systemic.
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Figure 11.3 Active ingredients registered internally (“homogenized”) and exter-
nally (“washed”) in honey bees in various bee Kkillings
(PAR = parathion, DTO = dimethoate, ETH = ethiofencarb,
MEP =methyl parathion, OME =omethoate, =~ MON = mono-
crotophos, AZM = azinphos-methyl).

Monitoring stations

The design of a beehive monitoring station must take several factors into
consideration. Each colony making it up shows specific attitudes and terri-
torial preferences; consequently the surveying of the territory may be
enhanced and diversified by increasing the number of families present —
that is, the more beehives there are, the more reliable the environmental
monitoring [14]. It is, however, necessary to consider the management
costs of a monitoring network. Increasing the number of colonies in a
monitoring station means raising the cost of inspections, including health
checks, as well as the cost of sample gathering and laboratory analyses.
Therefore, the choice of two beehives represents a compromise between
the financial resources available for the study and the goal of obtaining as
much information as possible from the bees in order to determine, on the
basis of suitable criteria, the state of health of the territory.

The families of bees making up the monitoring stations must be in a
good state of health, of average “strength” and, above all, similar in kind.
The “strength” of a colony is assessed by carrying out an accurate exami-
nation of the hives in front of which forager bees’ flight activity is



194 C. Porrini et al.

observed, the age of the queen, the number of frames occupied by the
bees, the number of frames for brood, its compactness or discontinuity, the
percentage of new and old brood, the presence of drone cells and royal
cells, the number of frames with food stores, the percentage of old and
new honey, and the quantity of pollen present.

Location of monitoring stations

To ensure that the beehives will be positioned in appropriate locations for
monitoring purposes, the area to undergo investigation must be chosen
taking into account the use to which the territory is put, its orographic fea-
tures, the composition of the vegetation, the presence or absence of
“shelter” zones and natural areas, and the impact of human activity. In
order to maximize the bees’ intake of pollutants, reference may be made
to a study by Colombo et al. [15] which takes into consideration two
factors: the dispersal of the pollutant — assessed using the methods of
atmospheric diffusion and the fallout of materials from an ideal emitting
stack, taking into account wind conditions and the classes of atmospheric
stability typical of the place to be monitored — and the manner in which
contaminants are taken in by the colony, according to the ethology of for-
aging and the distribution of bees in the territory surrounding the hive.
For this purpose, it is necessary to have detailed information about the
botanical species inhabiting the area, how they succeed one another
during a given period and their power to attract bees, as well as other
more general information regarding weather conditions and physical traits
of the territory.

Evaluation of bee mortality

An assessment of bee mortality is fundamental to ensure reliable monitor-
ing of pesticides with this biological indicator.

Taking a census of dead honey bees presents several problems that
many authors have attempted to overcome by means of various solutions.
The cages devised by researchers can only give an incomplete picture of
total mortality. These structures capture only the bees that have managed
to return to the hive and are expelled, on dying, by their companions. The
bees that have died on the field or on their way back to the hive cannot be
counted. This fraction of mortality varies according to the cause of death:
if the compound has a strong destructive power (highly toxic), the bees
dying “away from home” will represent a large percentage. If, on the con-
trary, the compound produces a more gradual effect, a majority of bees
will succeed in returning to the hive. Whenever a substance induces a slow
poisoning, its lethal effect will result in a progressive, often unapparent,
depopulation of the colony that the beekeeper cannot detect in time [16].

Over the years, various researchers [17-22] have employed different
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kinds of structures for collecting dead bees in field and semi-field experi-
ments to assess the hazards deriving from the pesticides used in farming.
The cages must be efficient and meet several requisites:

¢ no interference with the flight and the normal activities of bees on the
flight board;

prevent access to possible predators, e.g. wasps;

allow the bees to be easily counted;

withstand different climatic conditions;

easy to set up and remove;

above all they must be inexpensive.

One of the biggest drawbacks of these structures is that the bees may
become so accustomed to the presence of the cage that they begin to
consider it part of the hive and therefore clear away the dead bees from
it [23, 24].

In 1960 Gary [25] designed a rectangular cage made of wire, which
researchers preferred to others because of its practicality. In Italy, a
slightly modified version of Gary’s cage [26] has been widely used both for
environmental monitoring with bees and in field trials conducted to assess
the hazards of pesticides [9, 12, 13, 27-31]. Although similar to the cage
developed by Gary in 1960, it is simpler, consisting only of metal wire
netting without film and lubricants, and the part serving as a cover has
been reduced to a thin strip.

In 1987 Marchetti et al. [26] conducted tests on the effectiveness of the
modified version of Gary’s cage. Marked groups of dead bees were intro-
duced into the hives to simulate five levels of mortality: 50, 100, 200, 400,
and 800 bees. For the five levels of mortality, the following mean percent-
ages of recovery were reported: 92.0, 93.2, 94.1, 87.8, and 87.2 percent,
respectively. This type of cage thus appeared to be a highly effective
means of collecting dead bees despite its simple structure. It was observed,
however, that after a period of time the bees came to consider these cages
as part of the hive itself and thus “sweeper” bees removed the dead bees
collected in them. Consequently, a new cage was conceived, the so-called
underbasket [23]. This basket is made up of a wooden frame and two
metal wire nets, a bottom one with a fine mesh and a top one with a larger
mesh. The structure is not integral with the beehive as it is positioned
beneath the entrance. A special cover may be applied to prevent the dead
bees collected in the baskets from rotting or being washed away by rain.
Tests were conducted to assess the efficacy of the modified version of
Gary’s cage and the underbasket. The findings showed the underbasket to
be more effective and reliable over time. In fact, with Gary’s cages
between 65.2 and 90.4 percent of the dead bees were recovered whereas
the percentage achieved with the underbasket was between 71.4 and 96.4
percent [32].
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Subsequently other trials were conducted to evaluate the efficacy of
various types of cages taking into account the influence of variables such
as time [33], whether death was natural or artificial [34], and the weekly
holding capacity of dead bees, which, as mentioned previously, may be
removed by different animals such as wasps and ants [35]. The latter study
placed the holding capacity of the various kinds of receptacles in correla-
tion with the environment (simplified or complex) and season (spring and
summer).

The efficacy of Gary’s cage was found to vary according to the above
factors: 97.6 =3.2 percent in spring and 84.8 = 14.9 percent in summer in
the simplified environment; 66.1 =26.6 percent in spring and 85.2+19.1
percent in summer in the complex environment. The underbasket, also
tested in the four situations, showed much greater consistency: 99 = 1.1,
97.3+1.3,98.9*1.1, and 90.3 = 7.4 percent, respectively. In all the experi-
ments, therefore, the underbasket proved to be more reliable. It has thus
been chosen for our own research projects. However, further efforts are
being made to devise a trap that can completely prevent saprophages from
removing dead bees.

Electronic bee counters

These devices should be able to count bees going in and out of the hive. It
should thus also be possible to determine the number of bees dying out on
the field.

In the past, various contrivances have been built. As far back as 1925
Lundie [36] sought to monitor beehive activity with a device consisting of
thin metal strips that the bees were supposed to lift as they flew in or out,
thereby making an electric contact. Various technological solutions were
subsequently proposed: mechanical systems [37], hydraulic devices [38], a
system with heat probes and oscillating cylinders [39], weighing proce-
dures [40, 41], as well as a variety of other strategies such as the assess-
ment of collected pollen [42] and a count of bees coming back after the
beehive entrance had been closed [43, 44]. However, all these techniques
had a drawback in that they were highly imprecise and required constant
maintenance. The introduction of photoelectric technology led to the
development of new systems [45-54]. Unfortunately, none of them has
proved to be satisfactory for the purposes of environmental monitoring,
although a recently introduced model promises to be much more reliable
[55, 56]. Our own instrument comprises a transit detection module and
a central data-gathering and storage unit, controlled by a program
capable of following every single movement of the insect and signaling any
irregular transit situations. Although in theory it should present no limits,
in practice it has not yet proved to be wholly reliable for its intended
purpose [57].
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Critical threshold of mortality

The physiological mortality of a beehive is not easy to ascertain. It
depends on numerous variables such as the season, the strength of the
family, and the surrounding environment. Nonetheless, taking into
consideration the number of eggs laid by the queen during the season, the
number of brood cells occupied, and the number of adult bees, it may be
hypothesized that about 1000 bees die naturally on any given day during
the period of densest population, i.e. from May to July [58, 59]. Smaller
values are recorded both before and after these months. The calculations
made on the basis of the bees collected in cages will be an underestimate
because, as noted previously, the efficacy of this gathering method varies
according to the environment the hives are situated in and the season (see
section on “Evaluation of bee mortality”).

Various experiments have been undertaken for the purpose of deter-
mining a critical threshold of mortality that may be assessed using
underbaskets. Our study takes into account observations made in non-
contaminated areas where this type of trap was shown to capture weekly
up to 2.5 percent (175 dead bees per hive) of the maximum natural
mortality.

Six monitoring stations, each comprising two hives, were posted in the
township of Castenaso (province of Bologna). In the months of April and
May 1997, the dead bees found in the baskets positioned in front of the
hives were retrieved and analyzed weekly. The aim of the study was to
identify the level of mortality at which pesticide residues began to appear;
this level would thus be considered as the threshold marking the boundary
between natural and induced mortality.

During the experiments, 48 samples of dead bees were collected and
analyzed. Seventeen samples exceeded the critical threshold hypothesized
of 350 dead bees per week per station (the sum of two hives). Fourteen
(82.3 percent) were found positive, i.e. they contained at least one residue
of a compound, whereas only 19.3 percent of the samples below the
threshold of 350 dead bees were found to be positive. Of the latter
samples, 66.6 percent fell within the bracket of mortality ranging from 300
to 350 dead bees (Figure 11.4) [60].

On the basis of these findings, therefore, it can be deduced that the crit-
ical threshold of mortality in a station comprising two hives is 300-350
dead bees per week. However, in some cases it may also be useful to
analyze bee specimens that do not reach the critical threshold of mortality
as they can provide evidence of active principles harmless for bees but
dangerous for the environment. In addition, whenever the number of dead
bees collected from the two hives in a station differs significantly, it is
advisable to perform a separate palynological and chemical analysis on the
two samples so that the crops treated may be more precisely identified.
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Figure 11.4 Relation between the number of dead bees and the presence of pesti-
cides residues.

Chemical analysis of dead bee specimens

Different methods of analysis may be used for the qualitative and quanti-
tative determination of carbamates and organophosphorus insecticides:

gas liquid chromatography (GLC)

high-performance liquid chromatography (HPLC)

enzymatic methods based on the inhibition of acetylcholinesterase
immunoenzymatic methods.

The extractive method chosen will depend on the type of analysis adopted
and the matrix in which the analyzed substances are contained, which may
or may not require the extract to be purified. The particular matrix ana-
lyzed in this study makes all the above-described methods more difficult to
apply. As the bee’s body is a complete organism, it contains a myriad of
molecules that may interfere with the analytic processes in many different
ways. Therefore, the extraction and purification of the compounds to be
determined take on great importance.

At present the most widely used method of analysis is gas chromatogra-
phy. Increasingly sophisticated instruments allow more reliable qualitative
and quantitative determinations of these compounds to be carried out.
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Combining gas chromatography and mass spectrometry (GLC-MS) is a
particularly useful means for achieving a rapid identification: the com-
ponents leaving the gas chromatography apparatus are injected directly
into a mass spectrometer for the analysis of each chromatographic peak.
The data provided with regard to the molecular structure of the com-
pounds allow them to be clearly identified. In recent years a broad variety
of analytic methods have been developed as alternatives or complements
to gas chromatography. These methods involve the use, for example, of
enzymatic reagents or biosensors which, in order to determine the pesti-
cides being examined, exploit their inhibition of the enzyme’s activity in
the presence of an appropriate substrate and detection system. Various
families of pesticides can be determined using enzymes: dithiocarbamate
fungicides inhibit the aldehyde dehydrogenase, sulfonylurea herbicides
inhibit acetolactate synthase, whereas organophosphorus insecticides and
carbamates inhibit acetylcholinesterase [61].

Acetylcholinesterase is by far the most widely used enzyme in the
preparation of biosensors for determining pesticides, both because
organophosphorus insecticides and carbamates represent over half of the
entire insecticide market and because the acetylcholinesterase commer-
cially available has a high degree of purity and specificity of action and
may be paired with many transducers (potentiometric, amperometric) in
both flow and nonflow systems [62]. The specific tendency of organophos-
phorus pesticides and carbamates to inhibit acetylcholinesterase has been
exploited for the purpose of determining these compounds, which are first
separated by means of HPLC, then detected through a post-column reac-
tion with immobilized acetylcholinesterase [63].

Various immunoenzymatic assays have been developed and several kits
are now commercially available [64]. The aim of these techniques is to
achieve a simpler, faster, and less costly determination of these com-
pounds than is possible with GLC, while preserving the high degree of
sensitivity and specificity that such analyses require. They are particularly
useful for conducting a preliminary screening in laboratories where a
larger number of samples must be analyzed [65].

The classic method for determining pesticide residues in bee samples is
as follows [66]. Ten grams of bees are taken and mixed with 50ml of
water; then the following steps are performed:

extraction with acetone

separation in methylene chloride

purification in the column

gas chromatographic analysis with an NPD (nitrogen phosphorus
detector) or ECD (electron capture detector).

Most of the chemical analyses for our experiments are conducted at the
Technical Department of the Regional Bureau for Prevention and the
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Environment (ARPA) of Emilia Romagna (provincial section of Rimini),
the laboratory of the Centro Studi Ambientali (CSA — Environmental
Studies Center) research institute of Rimini and the National Institute of
Apiculture of Bologna (INA). For the analyses carried out at INA, at
present we prefer to use a method in which the sample to be analyzed is
purified by means of phosphatic precipitation so that interfering elements
are eliminated before it undergoes separation with methylene chloride.
This method ensures better chromatograms for a multiresidual technique
as well as cleaner instruments [67].

Intense efforts are being undertaken both to overcome detection limits
and to increase the number of determinable compounds, also for the
purpose of developing alternative analytical methods that are simpler,
cheaper, and require less solvent. Researchers are currently experimenting
new methods for purifying samples and new extraction systems specially
tailored to the bee’s body that rely on techniques such as “gel permeation”
[68] and solid phase extraction. A particular focus is placed on the study of
enzymatic and immunoenzymatic assays for classes of compounds; these
methods may allow samples to be passed through a fast preliminary
qualitative screening and thus drastically reduce the number of analyses to
be performed.

Palynological analysis

The identification of pollen may be of great importance in the field of
monitoring with bees: a palynological analysis of bee products or of honey
bees themselves provides precise information about the plants visited, and
this information will be all the more precise if detailed knowledge is avail-
able regarding the vegetation present within the bees’ flying range.

The most suitable matrix will be chosen according to the aim of the
monitoring project: bees are used for monitoring pesticides, as they allow
the determination of the crops that may have undergone treatment; when
heavy metals are being monitored, honey is analyzed in addition to the
bees themselves; bees and pollen are mainly used in the case of radio-
nuclides, whereas pollen is the most suitable matrix for the detection of
phytopathogenic microorganisms.

A sophisticated environment-monitoring technique, called the marker
pollen technique, has been developed; it provides for the sowing, in spe-
cific areas, of botanical species that are particularly appealing to bees, and
which are not present in the research area. This method is being tested for
the monitoring of Erwinia amylovora and may be very useful in territories
characterized by a homogeneity of crops (e.g. extensive single-crop farms).

As to sample-preparing techniques, the classic methods of melissopaly-
nology are used for honey [69]. Some methods developed for bee samples
provide for the bees’ bodies to be first washed with acetone and then
placed in a centrifuge so that the sediment can be collected. If the same
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sample is also to be used for determining the presence of pesticide
residues, ether is added to the bees, which undergo a brief sonication; the
bees are separated from the ether and the sediment is collected by means
of centrifugation. In all cases, following extraction, the sediment — which
contains pollen grains or pollen as such — is transferred onto a glass plate,
englobed within a drop of glycerinated gelatine and examined under an
optical microscope.

The terminology used to identify pollen types is based on a standard
nomenclature [70, 71]. In some cases, it is possible to trace both the crop
the pollen has originated from and its location by comparing the pollinic
spectrum of each bee sample analyzed in the laboratory, the specially pre-
pared crop-growing maps, and on-site observations [72, 73].

Data processing

Abundant information about the territory being surveyed may be derived
by analyzing the data gathered with this monitoring method. It is possible
not only to draw up a list of the compounds used in different areas in dif-
ferent periods, but also to prepare detailed monthly maps showing the
degree of chemical contamination within the territory itself, rated using a
two-way Index of Environmental Hazards (IEH) [74, 75]. This index is
obtained by crossing the mortality class of a station with the Index of Pes-
ticide Toxicity (IPT) of the substances detected through the chemical
analysis of dead bees from that station (Table 11.1). Table 11.1 has been
compiled taking into account several factors. As noted previously, bees

Table 11.1 Index of Environmental Hazard (IEH*) using IPT (Index of Pesticide
Toxicity) and mortality classes, as specified in the text

Mortality classes
(monthly mean of the number of dead bees per week)

0-200 200-400 400-800 >800

Residue-free samples D, D, C; C,
or mortality below
critical threshold
0 <IPT< 0.125 D, D, G, B,
0.125 <IPT< 025 D, (0N C, B,
025 <IPT< 0375 D, G, B, B,
0375 <IPT< 05 (0N C, B, A,
0.5 <IPT< 0.625 C, B, B, A,
0.625 <IPT< 0.75 C(C B, A, A,
0.75 <IPT< 0875 B, B, A, A,

IPT> 0875 B, A, A, A,

Note

*IEH: A,, persistent; A,, worrying; A;, substantial; A,, considerable; B,, high elevated; B,,
important; B;, widespread; C,;, medium average; C,, medium-low; C;, moderate; D,, low; D,,
limited; D;, minimal; D,, absent.
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dying on the field cannot be counted in the cages. Therefore, in some cases
where a relatively small number of dead bees are found, subsequent chem-
ical analysis may reveal them to contain an extremely toxic compound; on
the contrary, a high rate of mortality may be associated with a compound
that is only slightly toxic. In the former case, it may be plausibly assumed
that the bees came only marginally into contact with the compound, or
that the latter was powerful enough to kill many bees instantly. In the
latter case, it is likely that another product was to blame for the bees’
death but that it degraded rapidly, or that the slow-acting effect of the
compound detected allowed the bees to return to the hive and subse-
quently die.

Mortality classes have been set on the basis of nearly 5000 weekly sam-
plings carried out in recent years in monitoring stations in Italy (Table
11.2). The mortality class is derived from the monthly mean of weekly
mortality values. The IPT can be calculated using the formula:

11—, - O

where (ct), is the compound toxicity class with respect to bees, normalized
to the highest value, (fp). is the compound persistence factor, normalized
to the highest value, N is the number of bee samples testing positive, and
feor 1 the correction factor. This factor must be used only when, in the
same month, some of the honey bee samples being subjected to chemical
analysis (because they have exceeded the critical threshold of mortality)
were positive while others were negative; the purpose of the correction
factor is to give a “weight” to the latter samples in the formula. It is calcu-
lated as the ratio of the mean number of dead bees corresponding to
negative samples and the overall mean number in the period taken into
account. Only values greater than or equal to 1 are considered. When
several pesticide residues are found in a single bee sample, the numerator
in the formula for that sample can be obtained by means of a suitable
averaging procedure. This index represents only a first step toward a more
sophisticated processing of the data obtained by monitoring pesticides
with bees. Every aspect of the model proposed is thus susceptible to
improvement. First, it has been “calibrated” for a manual count of dead

Table 11.2 Samples percentage for each bee mortality class

Samples percentage Classes

80 0-200

15 200400
4 400-800

1 >800
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bees and thus if electronic bee counters prove to be successful in the
future, the model will have to be reformulated. Second, it may be integ-
rated with other environmental or compound-linked parameters, in addi-
tion to persistence.

Pesticide monitoring levels

The systems for monitoring pesticides with bees may involve different
levels of complexity and sensitivity, depending on the context and the
objectives pursued (Table 11.3) [76]. Table 11.3 shows the six alternatives
deemed most feasible; they differ in their objectives and the type of
commitment required. Obviously as increasingly sensitive and complex
methods are adopted, the human and financial costs will increase and the
sphere of application will necessarily be restricted. If, for example, every
Italian beekeeper installed cages for collecting dead bees (level I), it would
be theoretically possible to set up at least 80000 monitoring stations at a
minimal expense; this would be unlikely at level VI, given the heavy finan-
cial burden.

For each technique it will be necessary to determine the level of moni-
toring best suited to the purposes being pursued, keeping in mind the type
of environment concerned, its orography, how the soil is used, the vegeta-
tional composition, the impact of human activity, and the resources avail-
able. In every case, different methods may be used simultaneously.

Experiences in Italy

In Italy, many interesting results have been achieved using bees as bioindi-
cators of pesticides in the agro-ecosystem. Since 1980 this strategy has
been applied in 34 provinces, townships or inter-municipal territories
through much of northern Italy. Overall, 400 monitoring stations have
been installed to cover a total territory of 2800km?. Between 1983 and
1986, in particular, the analysis of 581 gathered samples of dead bees
revealed which compounds were most widely used in that period in cultiv-
ated fields, above all in northern Italy [29, 30] (Table 11.4).
Dithiocarbamates, used as fungicides, are only slightly toxic for bees
and may not be ascribed direct responsibility for their death. However,
their vast presence in dead bees confirms them as being the most wide-
spread compounds in cultivated fields. Although they are included in a
low-toxicity class, they are believed to be potentially hazardous to human
health as they contain a metabolite, ethylene thiourea, which, in large
doses, causes damage to the thyroid. The dithiocarbamates were almost
always found together with other products, insecticides for the most part,
which were truly to blame for the bees’ death. These include dimethoate, a
compound serving a large variety of purposes but often misused. The use
of parathion, a compound that has prevailed on the agricultural scene for
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Table 11.4 Pesticide monitoring with honey bees. Main active ingredients regis-
tered in the 4-year period 1983-1986 in Italy

Active ingredient Positive samples (%) *
Dithiocarbamates (Mancozeb, Maneb, 70.8
Metiram, Zineb, Ziram)

Dimethoate 15.3
Parathion 14.7
Azinphos-methyl 11.9
Carbaryl 11.0
Methyl parathion 104
Endosulfan 7.2
Omethoate 72
Methamidophos 2.4
Note

*Frequency of active ingredients found in 442 samples of dead bees being positive when
subjected to chemical analysis (out of 581); the samples were taken from intensively farmed
areas.

many years, is instead indicative of backward farming techniques and dis-
regard for the environment. In fact, this compound is deadly for a large
number of beneficial organisms.

In recent years more specific and more amply circumstantiated studies
have been conducted in different areas such as the province of Forli, the
province of Ferrara, the territory of the Comunita Montana dell’Alto
Tevere Umbro (Mountain Community of the Upper Umbrian Tiber
Valley), the province of Pesaro, the City of Venice, the territory within the
jurisdiction of the USL (local health authority) of Salo (in the province of
Brescia, on the shore of Lake Garda), the town of Medole (province of
Mantua), the town of Correggio (province of Reggio Emilia), the town of
S. Martino in Rio (province of Reggio Emilia), the town of Guastalla
(province of Reggio Emilia), the coast of Emilia-Romagna [77], and the
town of Castenaso (province of Bologna) (Figure 11.1).

A 2-year study (1987-1988) conducted in the province of Ferrara
showed that the compounds found in the highest percentages in dead
bee samples were also the most widely sold in the province, confirming
the bee’s efficacy as a biological indicator [3, 78]. The pesticide
monitoring strategy was first successfully implemented in the province
of Forli, an area of intensive orchard growing; with the backing of
the Provincial Authority, it was possible to pursue the investigation unin-
terrupted from 1982 to 1993. The data gathered in this period brought to
light a decided trend in improvement as far as the pesticide contamination
of the agro-ecosystem of Forli was concerned. This was ascribed above all
to a new awareness among farmers, who were more careful about using
pesticides properly and choosing products that did not threaten the
environment and, in particular, were not harmful to useful insect species
[79-81].
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Monitoring case

In 1998 a monitoring project with bees was undertaken to identify any
cases of pesticide abuse or misuse. The study was conducted in the town-
ships of Castenaso (CAS), Granarolo Emilia (GRA), and Ozzano Emilia
(OZZ) (province of Bologna), which together form a longitudinal territor-
ial strip of 129km? (Castenaso 33km? Granarolo Emilia 34km? and
Ozzano Emilia 62km?) that runs from the flatlands north of the Via Emilia
to the foothills of the Bolognese Apennines south of the same road
(Figure 11.5).

A large variety of crops are grown within the territory in question,
though cereals like wheat, corn and sorghum are by far the most common.
Moreover, there are large plots of alfalfa and sugar beet as well as a
myriad of smaller fields set aside for the cultivation of potatoes, various
vegetables, fruit trees, grapevines (especially in hilly areas), and nurseries.
Trees and wild herbaceous plants also inhabit many large areas, in particu-
lar along the Idice and Quaderna rivers.

In the 13 stations installed, the critical threshold of mortality was
exceeded a total of 47 times (17 in Castenaso, 14 in Granarolo Emilia, and
16 in Ozzano Emilia): 10 in station OZZ 4, six in stations CAS 5, GRA 1,
and GRA 3, five in station CAS 2, four in station OZZ 3, three in station
CAS 4, two in station GRA 2, and one in stations CAS 1, CAS 3, CAS 6,
0ZZ 1, and OZZ 2. A total of 47 bee specimens were sent to the labora-
tory for analysis and 38 (80.9 percent) were found to contain at least one
pesticide residue.

The data were analyzed on the basis of the IEH once a month for the
purpose of delineating the trend in chemical contamination within the ter-
ritory surveyed. The data gathered from station OZZ 3 are reported to
serve as an example.

In the last two weeks of the month of May, when the survey began, a
total of six bee killings were recorded. Subsequent chemical analyses
showed all the dead bee samples to be positive. Judging from the overall
data, the month of May (or rather the last 15 days of the month) could be
considered moderately contaminated, with the exception of a peak at
OZZ 4, where a very large number of dead bees was found (Figure 11.6).

A pollen analysis on the bees body and subsequent examination of
crop-growing maps revealed that chemical treatments were most fre-
quently undertaken to control grain aphids (Rhopalosiphum padi, Sitobion
avenae, etc.). In the majority of cases the damage caused by these parasites
— which, among other things, may be effectively controlled by ladybirds
(Coccinella 7-punctata, Adonia variegata, etc.) — is less than the cost of the
chemical treatment; nonetheless, farmers continue to perform such treat-
ments, killing huge numbers of bees and ladybirds.

Aphids are insects that suck the sap of various plants through slender
styles and then filter the sap to derive its nutritional elements. The left-
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Figure 11.5 Monitoring stations in the areas of Castenaso, Granarolo Emilia, and
Ozzano Emilia (province of Bologna) in 1998.
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Figure 11.6 Mean honey bee mortality, pesticides, and IEH values registered in
CAS, GRA, and OZZ monitoring stations in May, 1998
(DTO =dimethoate, =~ PRM = pirimiphos-methyl, = MEP = methyl-
parathion, TAM = methamidophos, OME = omethoate, FTN = feni-
trothion).

over, mainly sugary substances are deposited on leaves and stems, cover-
ing them in honeydew, which bees have a very strong liking for.

At station OZZ 3, only one mass death was discovered, on May 25. The
pesticides found (dimethoate and omethoate) and the pollen present on
the bees’ bodies (above all Papaver, other wild species and ornamental
species like Magnolia, Pinus, and Gleditsia) suggest that the bees gathered
the honeydew secreted by aphids in the wheat fields around the monitor-
ing station, especially in proximity to homes with gardens (Table 11.5 and
Figure 11.7).

In June there were no fewer than 20 bee killings — almost half (42.5
percent) of the total recorded in the whole period under examination.
Given the compounds found and the number of dead bees, rather high in
some cases, the entire area could be considered in a state of medium to
high contamination, which reached a peak at stations GRA 1, GRA 3,
0ZZ 3, and OZZ 4 (Figure 11.8). The majority of chemical treatments
had been carried out to defend sugar beet and vegetable plots and above
all vineyards against parasites. At station OZZ 3 the critical threshold was
exceeded three times, on June 13, 20, and 27. In the first case, chemical
analyses revealed the presence of fenitrothion, which — as could be
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Figure 11.7 Crop-growing map of OZZ 3 station with the route of the honey
bees before bee killing.

inferred from the traces of pollen of Pinus, situated in an avenue southeast
of the station, and of a whole series of wild plants, mostly present in the
southern part of the monitoring area (Table 11.5 and Figure 11.7) — had
been used on vineyards situated about 800 meters away in that direction,
probably to control either grape thrips (Drepanothrips reuteri) or grape
tortrix (Argyrotaenia pulchellana).

In the second case, no pesticide residues were found in the bee sample
despite the high mortality (731 dead bees). This apparently contradictory
fact may have two plausible explanations: the compound either broke
down rapidly or was not among the substances sought. In any case, the
pollen traces indicated that the bees had foraged in the southernmost area,
characterized by uncultivated hillsides with an abundant flowering of
Hedysarum (Figure 11.7).

On June 27, the bees’ death was ascribable to a treatment performed on
vineyards situated south of the station (prevalence of pollen of
Hedysarum) (Figure 11.7) to control grape moths (Lobesia botrana) and
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Figure 11.8 Mean honey bee mortality, pesticides, and IEH values registered in
CAS, GRA, and OZZ monitoring stations in June, 1998
(DTO = dimethoate, FTN = fenitrothion, TAM =methamidophos,
PRM = pirimiphos-methyl, OME = omethoate, MEP = methyl-
parathion, FXY = fenoxycarb, PHT = phenthoate).

grape bud moths (Eupoecilia ambiguella). The product contained fenoxy-
carb, whose use is banned in Italy!

The long series of bee killings continued in the month of July. In fact, 23.4
percent of the cases occurred in this period. Thus from the standpoint of
chemical contamination, this month did not differ greatly from June. The sta-
tions revealing the highest degree of contamination were CAS 2, CAS 5, and
OZZ 4 (Figure 11.9). The treatments were aimed especially at vineyards,
orchards, and vegetable fields. At station OZZ 3, the mortality never
exceeded the critical threshold either in this month or in subsequent months.

In August, there was an abrupt drop in chemical treatments and con-
sequently the number of mass bee killings declined drastically: only five
out of the total of 47 cases, or 10.6 percent. From the pollen detected on
the bodies of the dead bees, it could be inferred that treatments had been
performed exclusively on vineyards and vegetable crops. Overall, the terri-
tory could be defined as moderately contaminated by pesticides. The sta-
tions with the highest IEH were CAS 5 and GRA 2 (Figure 11.10). In
September and October, the last two months in which the study took
place, the number of mass bee Kkillings was lower than in the previous
periods: two in September and three in October. Low levels of contamina-
tion were reported in all stations (Figures 11.11 and 11.12).
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Figure 11.9 Mean honey bee mortality, pesticides, and IEH values registered in CAS,
GRA, and OZZ monitoring stations in July, 1998 (PHT = phenthoate,
SUP =methidathion, OME =omethoate, MEP=methyl parathion,
DTO = dimethoate, FTN = fenitrothion, PRM = pirimiphos-methyl).
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Figure 11.10 Mean honey bee mortality, pesticides, and IEH values registered in
CAS, GRA, and OZZ monitoring stations in August, 1998
(TAM = methamidophos, MEP =methyl parathion, PRM = pirim-
iphos-methyl, PHT = phenthoate).
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Figure 11.11 Mean honey bee mortality, pesticides, and IEH values registered in
CAS, GRA, and OZZ monitoring stations in September, 1998
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Figure 11.12 Mean honey bee mortality, pesticides, and IEH values registered in
CAS, GRA, and OZZ monitoring stations in October, 1998
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When the crop-growing maps are compared with the maps of
pesticide contamination, the first impression is that the division of farm-
land into smaller fields results in a higher use of pesticides and conse-
quent accentuation of drift phenomena. In fact, in stations OZZ 1 and
OZZ 2, where the fields are larger than in other areas, the environment
was generally less contaminated by pesticides. In other areas such as Cas-
tenaso, where it was possible to compare the data obtained in 1998 with
historical data (monitoring started in 1991 in this area), the data gathered
in the different stations showed variations in the use of pesticides and in
mortality trends over the years that reflected a high fragmentation of agri-
culture.

In 1998, as in more recent years, the problem of dimethoate again came
to the forefront. The widespread use of this compound (detected in 42.1
percent of the bee specimens analyzed), especially in the month of May,
suggests that grain aphids are the target of the majority of the chemical
treatments performed. This hypothesis has been further confirmed by
palynological analyses. The year in question also saw an extensive use of
fenitrothion, which in some cases was detected in dead bees even several
weeks after spraying took place due to the slow release of the compound
from the microcapsules containing it.

Methyl parathion, methamidophos, and methidathion, all too often
found in dead bee samples, are hazardous both for the environment and
for man and reflect a non-professional approach to farming and above all a
lack of respect for the territory. There is also the issue of fenoxycarb. The
sale and use of this compound is banned throughout Italy (Ministerial
Decree 8.8.1995; G.U. n. 189 of 14.8.1995, an exception being made only
for the province of Bolzano), in view of its toxic effects on beneficial ento-
mofauna. Nonetheless, residues of this compound were found in a bee
sample taken from station OZZ 3 in June.

By comparing the palynological data and pesticide residues found in
dead bees with crop-growing maps it was possible to determine episodes
of inappropriate pesticide use, such as treatments performed in windy
weather conditions (detectable, for instance, through a high quantity of
pollen from spontaneous plants found on the bee’s body) or when the
crops treated were flowering.

Using the IEH as our reference, it may be affirmed, in conclusion, that
the most alarming situations were reported in stations CAS 2, CAS 5,
GRA 1, GRA 3,0ZZ 3, and OZZ 4.

Monitoring of heavy metals

In Italy, researchers began to investigate the relationship between these
contaminants and bees at the beginning of the 1980s, focusing on two
areas. The first involved an assessment of the quantities of heavy metals
contained in beehive products, honey in particular, whereas the second
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area of research centered on the use of bees for monitoring these contami-
nants in urban or industrial areas.

The presence of metals in honey is tied to the latter’s botanical origins
but also depends on the type of soil it is produced in and the human activ-
ities taking place there. In order to carry out a thorough investigation, a
honey-based reference material for the detection of trace elements must
be produced and this was the task undertaken by our research team in
collaboration with the Higher Institute of Health [82].

In 1986, the first tentative attempts were made to use bees for monitor-
ing heavy metals in the cities of Rome [83], Florence, Arezzo, and Pisa [84].
The research was subsequently extended to Modena [72], Reggio Emilia,
Bologna, Forli, Ravenna, Rimini [85], and Cesena. Other studies were
carried out in industrial areas or areas crossed by major roadways: Bologna
Apennines, Valleys of Terni, and Valleys of Brescia (Figure 11.1).

Although some interesting data were obtained, the researchers realized
that they had to focus their attention on the mechanisms by which honey
bees capture heavy metals and the choice of a suitable matrix. One of the
fundamental aspects that differentiate heavy metals from other pollutants
such as pesticides is the method of their introduction into the territory and
their environmental fate. Pesticides are scattered both in time and space
and, depending on the type of chemical compound, its stability, and affin-
ity with the target organism and the surrounding environment, they are
degraded by various environmental factors over a greater or lesser period
of time. Heavy metals, on the other hand, are emitted in a continuous
manner by various natural and anthropical sources and, since they are not
degraded, they are continuously kept “in play,” thus entering the physical
and biological cycles. Heavy metals present in the atmosphere can deposit
on the hairy bodies of bees and be brought back to the hive with pollen, or
they may be absorbed together with the nectar of the flowers, or through
the water in puddles, ditches, fountains, and streams, or through the
honeydew produced by aphids.

A number of variables have to be considered when using bees, or
beehive products such as honey, to monitor heavy metals in the environ-
ment: the weather (rain and wind can clean the atmosphere or transfer
heavy metals to other environmental sectors), the season (the nectar flow,
which is usually greater in spring than in summer and autumn, could, emis-
sions being equal, affect the pollutant by diluting it), and the botanical
origin of the honey (the honeydew produced by aphids, like the nectar of
flowers with an open morphology, is much more exposed to pollutants
than the nectar of flowers with a closed morphology).

Capture of heavy metals by bees

To understand how bees are affected by different types of heavy metals
and, in particular, how they capture them, a study was carried out analyz-
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ing 178 samples of forager bees caught on their return to hives in three dif-
ferent areas: an urban environment, an industrial area, and a rural loca-
tion.

As can be seen from Figure 11.13, the lead in the urban and industrial
areas is found in higher quantities in the “mineralized” material (accumu-
lated inside the bees) than in the “washed” one (deposited on the bee’s
surface), in agreement with the findings of other authors [86], to a highly
significant degree (P <0.0001), while the ratio was inverted in the rural
areas, that is, the metal in question was found at a higher rate in the
“washed” material than in the “mineralized” sample (P <0.0005). As
regards nickel a significant difference was found only in the rural area
(P<0.05), where the amount was again higher in the “washed” material.
This was also the case for chromium, which, however, exhibited a statisti-
cally significant difference in all three environments (urban, P<0.05;
industrial, P <0.005; rural, P <0.005).

As noted above, the “mineralized” material from the urban and indus-
trial areas contained more lead than the “washed” samples, while the
opposite was true for samples from the rural area; this could indicate that
persistent contamination induces higher absorption of pollutants, by
inhalation or ingestion, into bees’ bodies during foraging. On the other
hand, the fact that higher levels of all three metals were found in the
“washed” material than in the “mineralized” material in the rural environ-
ment could suggest that the pollutants are in a transitory condition, and
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Figure 11.13 Quantity of heavy metals detected internally and externally in honey
bees in relation to three different environments.



218 C. Porrini et al.

are more scattered throughout the atmosphere as they do not impregnate
or deposit on the different environmental components visited by bees.
Nickel and chromium do not behave like lead in the two more highly cont-
aminated areas; this discrepancy is probably attributable to their different
environmental fate but also reflects the high number of cases in which
both the values (“washed” and “mineralized”) were equal because they
were below the limit detectable by the instrument [87].

Studies on the bee matrixes to be used

In a study conducted in the ceramics-manufacturing district of Sassuolo
(province of Modena) and Scandiano (province of Reggio Emilia) (Figure
11.1), Cavalchi and Fornaciari [88] affirmed that the bee matrix was diffi-
cult to interpret due to the complexity of the factors influencing the assimi-
lation of pollutants, but that honey and propolis appeared to be good
biological markers of fluoride contamination.

In the city of Modena, the levels of lead, chromium, nickel, and
cadmium in the air (as measured by automatic detectors) were compared
with those contained in honey, larvae, and pollen samples taken monthly
from beehives situated in the vicinity of the detectors themselves. The
findings cannot be considered conclusive, as the average monthly data
recorded by the automatic detectors referred to a single point in the atmo-
sphere whereas the bechive data were referable to the area around the
hive visited by bees in a given month. Nonetheless, they showed that the
“fresh” honey recently imported into the honey chamber was the matrix
that best reflected the trend in lead contamination of the atmosphere, as
recorded by the detectors [89]. It was also observed, again with regard to
lead in the honey matrix, that the values provided by the detectors were a
reliable anticipation of the biological data. In the same study, the authors
also tried to estimate the ratio of the mean concentration of the various
contaminants in honey (in pg/kg) and that in the air (in pg/m?®), which may
be estimated as approximately 1000-2000 for lead and nickel, 2000-4000
for chromium, and 3000-5000 for cadmium [90].

Bees and beehive products have been compared with other environ-
mental markers [91]. The authors compared the percentages of lead and
cadmium detected in bees, “fresh” honey, pollen, propolis, and royal jelly
with the results derived from the analysis of clover (Trifolium pratense L.)
and rain. Their findings showed no correlation between the heavy metals
found on bees’ bodies and in beehive matrixes and those detected with
other “environmental markers.”

Specific experiments have been undertaken to determine which of the
various bee matrixes best represented the territory being monitored. To
assess the various metals (chromium, nickel, copper, zinc, cadmium, lead,
potassium, calcium, and magnesium) found in honey, pollen, and beeswax,
several authors [14, 92, 93] have used not only standard statistical tests but
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also multivariate statistical analysis, which allows the most information to
be obtained with a limited input of data. The authors concluded that the
matrix which best illustrates the state of the environment is pollen, fol-
lowed by wax and honey, respectively.

All these studies are no doubt of great interest and the results obtained
can help us to understand how bees may be most effectively used to
monitor environmental pollution. However, it is our opinion that when
seeking to establish whether the bee may be considered a good environ-
mental marker, it is not so important to find a good correlation with other
environmental markers or monitored sites. Unlike other biological indic-
ators, the bee is a traveling sensor that visits various environmental sectors
(air, water, vegetation, soil); moreover, heavy metals are by now ubiqui-
tous pollutants, each with their own environmental fate. It may be much
more important to assess that each matrix is able to give repeatable data.
For this purpose the two matrixes, bees and honey, were examined under
the same conditions and using the same procedures. In the course of
several monitoring sessions carried out over the past few years in different
areas, large numbers of the same type of bees or honey samples were
taken from the same hives: the bees were all foragers on return to the
colony, while the honey was “fresh,” recently imported into the honey
chamber. The individual samples (43 in the 16 samplings of bees and 74 in
the 29 on honey) were analyzed separately.

For the purposes of our statistical analysis, two types of non-parametric
tests were used to compare the variability coefficients of the values
obtained in the two matrixes: the Kolmogorov—Smirnov two-sample test
and the Mann-Whitney U-test. The former is more accurate for small
samples, while the latter is preferable for larger samples [94]. The statisti-
cal analyses thus conducted showed a significant difference for chromium
(U-test P<<0.05) only. As regards the other metals, a slightly higher
degree of reliability was observed for honey (Figure 11.14). Therefore,
“fresh” honey seemed to be the best matrix to use in environmental moni-
toring programs, not only because sampling is easy, but also and above all
because of the broad nature of the information it is able to supply, as it
comes from the nectar collected for several days in large areas. Nonethe-
less, bees may successfully complement honey in order to provide more
complete environmental information.

Chemical analysis of heavy metals

The analyses were first conducted at ARPA of Emilia Romagna (provin-
cial section of Rimini) and subsequently in the laboratories of the CSA
research institute in Rimini.

The bees were washed with a solution of 5 percent HNO; (Suprapur
Merck 67 percent) in distilled water (Milli-Q Millipore) to determine the
amounts of heavy metals deposited on the body. Subsequently they
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Figure 11.14 Comparison between honey bee and honey matrixes referred to data
repeatability for lead, nickel, and chromium.

underwent a mineralization procedure: the bees were mixed with a solu-
tion of 1.5ml HNO; concentrate (Suprapur Merck 67 percent) and 0.4ml
H,0, (Aristair - BDH 30 percent) and placed in a microwave (MLS-1200
MEGA, Milestone) device at S00 W for 5 minutes. The mineralized mater-
ial was mixed with distilled water to obtain 25ml and analyzed, like the
wash solution, by atomic absorption spectrometry (SpectrAA 220 G
Varian) with a graphic heater and Zeeman effect corrector (GTA 110
Varian) and autosampler (PSD 110 Varian). For the analysis of honey, a
direct dilution (1 to 20) with Triton X 100 (Merck) at a strength of 0.2
percent in distilled water was prepared and analyzed by standard addition
method.

Reference values for heavy metals

Environmental pollution monitoring initiatives seek to establish a threshold
of risk, making reference to limits which, if broken, should trigger an alarm.
However, especially as far as heavy metals are concerned, it is always advis-
able to make reference to control areas that are sufficiently similar to those
being investigated and are proven to be relatively free of contamination.
Such controls are important because they allow the natural factors in play in
the area under investigation to be taken into consideration.
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The reference values used for our studies were drawn in part on the
basis of data available in the literature and in part from our own experi-
mental data. The literature does not provide homogeneous data, given the
variety of research aims and methodological approaches. However, pre-
cisely for this reason, we can consider them because of the large number of
environmental variables (Table 11.6).

On the basis of the data obtained during studies conducted over the last
few years in many areas, our research team has been able to make a fairly
reliable data analysis for the purpose of determining reference levels for
“fresh” honey and bees. The minimum and maximum thresholds have
been defined by calculating a quartile so as to derive two median values
for a group of data: the low quartile and the high quartile (Table 11.7).
From the two sets of data — drawn from the literature and experimentally
— it was possible to derive the approximate reference values shown in
Table 11.8.

The above reference values are subject to variation over time as they
must be constantly updated on the basis of new data. Hence they will be
automatically adapted to changing environmental situations. For example,

Table 11.6 Heavy metal concentration in honey (bibliographical data)

Heavy metal Range (mg/kg) Refs Type of honey
Pb 0.016-0.8 95] Floral

Pb 0.02-0.37 96] Floral

Pb 0.02-0.52 [96] Honeydew
Pb 0.01-1.10 97] Floral

Pb <0.02-0.33 98] Forest

Pb <0.02-0.06 [98] Floral

Pb 0.001-0.289 99]

Pb 0.01-1.10 100]

Pb 0.024-1.667 [101]

Pb 0.00-0.28 [102]

Pb 0.00-0.94 [103] Floral

Pb 0.0032-0.186 [82] Sunflower
Pb <0.06-1.31 [104] Floral

Pb <0.06-0.561 [104] Eucalyptus
Pb <0.06-0.204 [104] Chestnut
Pb <0.06-0.125 [104] Acacia

Pb <0.06-0.093 [104] Citrus

Pb 0.054-0.075 [106]

Cr 0.001-0.0039 [82] Sunflower
Cr 0.016-0.197 [105] Wild floral
Cr 0.012-0.205 [105] Sunflower
Cr 0.017-0.579 [105] Floral

Cr 0.037-0.618 [105] Acacia

Cr <0.08-0.11 [104] Eucalyptus
Cr <0.08-0.541 [104] Floral

Ni 0.01-1.93 [102]

Ni 0.017-0.049 [82] Sunflower
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Table 11.7 Heavy metals concentration in honey and in bees in all samples ana-
lyzed during our research

Matrix Heavy Sample  Range (mg/kg)  Low quartile High quartile

metal number
Honey Pb 962 0.0013-1.74 0.02 0.111
Honey Ni 972 0.004-3.23 0.02 0.208
Honey Cr 963 0.0008-0.78 0.005 0.013
Bees Pb 392 0.02-25 0.439 2.744
Bees Ni 393 0.025-8.064 0.105 0.427
Bees Cr 393 0.005-6.902 0.038 0.275

Table 11.8 Reference thresholds for heavy metal monitoring with honey and bees

Matrix Heavy metal Reference threshold
Low High
Honey Pb 0.02 0.115
Honey Ni 0.02 0.2
Honey Cr 0.005 0.015
Bees Pb 0.40 2.0
Bees Ni 0.10 0.40
Bees Cr 0.04 0.25

the reference values with regard to lead were higher until quite recently,
but the drastic decline in the use of lead in gasoline has resulted in falling
rates which are reflected in the honey bee matrixes analyzed.

Method used for monitoring heavy metals

All the operations of sample gathering and preparation must be conducted
so as to avoid every risk of contamination. The two beehives used for each
station were prepared according to the procedure described in the section
on “Monitoring stations“ during the experimental period, which in Italy
goes from April to September. Feeding must be completely avoided in
order to stimulate the bees to forage naturally. Therefore, the hives must
be prepared in advance so as to obtain strong, healthy colonies. The
smoker, which is used to inspect the hives, must be used sparingly even
though, according to the findings obtained in preliminary experiments, it
should not release heavy metals (Table 11.9). The samples of “fresh”
honey are drawn from the honeycomb or, in the latter’s absence, from the
nest. A portable refractometer is used to facilitate its identification. In
uncapped honey, the humidity level must be higher than 19 percent. The
sample is obtained either by aspirating the honey from the cells with a
syringe or removing a portion of honeycomb, which is then squeezed in
the laboratory. The bees to be gathered are the foragers on return to the
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Table 11.9 Absorption by honey of heavy metals contained in smoke*

Matrix Aliquot Pb (mg/kg) Ni (mg/kg) Cr (mg/kg)
number mean = SD mean = SD mean = SD
Honey treated 5 0.011 =£0.002 0.141 = 0.006 0.006 = 0.0002
with smoke
Honey not 5 0.013=0.0007 0.135*=0.009 0.006 = 0.0008
treated
Note

*The smoke was produced from cardboard and sprayed with an apicultural smoker directly
onto the honey. All aliquots came from the same honey sample.

hive, but without their load of pollen. They may be captured when they
settle on the flight board by means of an aspirator or other similar means.

Monitoring case

In 1999, an experiment was conducted in the city of Gravellona Toce
(province of Verbania), situated near Lake Maggiore, to assess the pres-
ence of lead, nickel, and chromium emitted by vehicles and various indus-
trial plants located in the area undergoing investigation. Three monitoring
stations, each comprising two hives, were placed in strategic points of the
city (GR); another was set up in the National Park of Val Grande, also
near Lake Maggiore, to serve as a nearby control station (T1), and the last
was placed in Chiusi della Verna (province of Arezzo), in the Apennines
between Tuscany and Emilia, to be used as a remote control station (T2)
(Figure 11.1).

The study involved various aspects, including a morphological analysis
of the particles found in the samples, in order to determine the origin
(traffic, urban waste incinerators, or industrial plants) of the contaminants
investigated and the analysis of the heavy metal content inside the body
and on the surface of bees. As the findings have not yet been published,
just a few data are reported here. A sample of “fresh” honey was drawn
from the hives every month and a sample of foragers every 2 weeks.
Unfortunately, in the second control station (T2) it was not possible to
obtain bee samples.

The data obtained were subjected to the Kruskal-Wallis test. The test
revealed significant “between-month” differences (P <0.05) in the three
metals contained both in the honey and bee samples, while as regards the
“between-station” differences, the results were statistically significant only
for lead in bees. The comparison with the control stations (T1 and T2)
revealed a significant difference only for chromium in honey and lead in
bees.

The mean levels of lead fell between the minimum and maximum refer-
ence values. The overall mean recorded for honey was 1.2 and 2.7 times
higher than in control stations T1 and T2, respectively, and 1.9 times
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higher in the case of bees (T1). Different trends were observed for the two
matrixes: in honey there was an uptrend until August, followed by a down-
turn in September (Figure 11.15), whereas in bees the trend see-sawed
(Figure 11.16).

The mean concentration of nickel in honey fell between the minimum
and maximum reference thresholds until July only, and was 3.6 and 1.6
times higher than in the two control stations (T1 and T2); instead, the
mean found in bee samples drawn from the three stations in Gravellona
was 1.2 times lower than the mean in station T1. Both matrixes underwent
see-saw trends with a very high peak detected in honey in August (Figures
11.17 and 11.18).

There was an uptrend in chromium levels, which peaked in August for
honey and in September for bees, and subsequently a slight downtrend for
both matrixes. With regard to the bees from control station T1, it is worth
pointing out the high mean value of July: 3.66 mg/kg! The overall mean for
honey was found to be 4 and 1.3 times higher than in T1 and T2, while as
was the case with nickel, the mean values in bees from T1 were twice as
high as the means obtained for the city stations (Figures 11.19 and 11.20).

Some conclusions may be drawn on the basis of the above findings. The
relatively insignificant differences found between the quantities of heavy
metals in the area under examination and in the control areas and the
similar trends observed in the two areas with regard to lead in bees and
nickel in honey demonstrate that these types of pollutants have by now
become ubiquitous and it is thus difficult to find uncontaminated areas.

The two matrixes undergoing comparison, honey and bees, may com-
plement each other in providing information about heavy metal contami-
nation in the environment. Whereas honey may be used to obtain average
data regarding a vast area, as it derives from nectar that has been collected
in many places on different days, bees, given their behavioral character-
istics, can provide us with more detailed information than honey, because
the pollution detected on them may be ascribable only to the five or six
days preceding their capture [107].

Monitoring of radionuclides

Small amounts of radionuclides are dispersed in the environment from the
chimneys of nuclear power plants, factories, or health establishments.
Alternatively, they may be discharged accidentally (unlike several decades
ago when atomic experiments were performed deliberately in the atmo-
sphere) and dispersed in the environment at a greater or lesser rate and
over more or less extensive areas, remaining in certain matrices for periods
of time ranging from several hours to hundreds of years, depending on
their nature (half-life), the severity of the incident (which could range from
an explosion in a nuclear power plant reactor to a small leak), and the
medium into which they are discharged (air, water, or underground).
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Gravellona (GR), Val Grande (T1), and Chiusi della Verna (T2)
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The use of honey bees and hive products to monitor radioactivity dates
back to the end of the 1950s and the beginning of the 1960s when Svoboda
correlated a rise in the level of *Sr in honey with the nuclear experiments
being performed in the atmosphere at the time [108]. Several years later,
Racoveanu and co-workers came to a similar conclusion [109]. Honey bees
were used to monitor radioactive emissions from nuclear power plants.
The measurements of beta and gamma activity in honey coming from bee-
hives in the area gave negative results [110]. However, other authors noted
"Be, ¥'Cs, *H, and *Na (although at infinitesimal levels) in honey pro-
duced near the Los Alamos National Laboratory in New Mexico [111].
For some years now (since before the Chernobyl incident), our research
team, in collaboration with local beekeepers, has also been monitoring for
possible radioactive waste in the area surrounding the Trino Vercellese
and Caorso nuclear power plants (Figure 11.1). The radiometric measure-
ments made by Dr Antonio Rossi of the Servizio di Fisica Sanitaria at the
Ospedale Maggiore, Bologna, on samples of honey, wax, larvae, honey-
comb, and bees have never revealed significant levels of activity as com-
pared to the background level (unpublished data).

It was not until the Chernobyl state of emergency (April-May 1986)
that the excellent efficacy of bees in detecting radioisotopes was unequivo-
cally demonstrated. Since the Chernobyl incident, numerous experiments
have been conducted involving bees, both with a view to evaluating the
radioactive elements contained in the hive products and their transfer
dynamics [112-123] and to assessing the efficacy of using bee colonies as
biological indicators. In this context honey from various botanical origins
was analyzed in an attempt to understand the dynamics of radionuclide
fallout in the Tuscany region (Figure 11.1) [124]. Honeydew honeys
proved to be the most contaminated, followed by nectar honeys. The
authors correlated the different levels of radioactivity measured not only
with the botanical origin but also with the presence of pollen grains in the
honey, as well as with atmospheric events. Giovani et al. [125] measured
radioactivity in honey in the Friuli-Venezia Giulia region (Figure 11.1)
and used rainfall data for May 1986 to standardize the concentrations of
137Cs and *Cs detected with ground deposition. They concluded that floral
honey, together with acacia and honeydew honey, can be used to trace
maps of radioactive contamination in a given area. In another research
project carried out by our team, again in the context of Chernobyl [126],
numerous samples of honey, bees, wax, and pollen were analyzed. The
findings demonstrated that pollen was the most efficient indicator of
atmospheric radionuclide contamination as it reflects that of the air.
Honey bees can also be used profitably for monitoring, while there are
numerous uncertainties to the use of honey.

Pollen accurately reflects levels of air contamination, thus proving to be
an excellent indicator of radioactive pollution (Figures 11.21 to 11.23). Of
all hive products, pollen is the best matrix for detecting radionuclides, due
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Figure 11.23 Levels of Cs-137 in air and in pollen during May 1986.

to its greater exposed surface area in comparison to other hive products
and closer contact with the environment both before and during transport.
In addition, pollen is easy to collect and has a greater importance than
honey as the spectrum of flowers used as a source by bees is wider than for
nectar during peak blossoming periods.

Bees themselves have also proved to be efficient indicators of environ-
mental contamination; gamma spectrometry measurements show a higher
correlation, compared to honey, between '’Cs radioactivity in the bee
matrix and ground deposition (R = 0.95) (Figure 11.24).

As far as honey is concerned, measurements made of the *’Cs content
in samples of different botanical origin collected from six Italian regions
during the period May—July 1986 identified values of between about 3 and
360Bq/kg (30-360Bq/kg for honeydew honey, 20-180Bq/kg for chestnut
honey, and 5-60Bq/kg for acacia honey). Subsequent research carried out
during the period 1994-1996 on samples of honey coming from the same
zone (Turin) (Figure 11.1) and nominally classified as lime honey revealed
137Cs levels of between 1 and 5Bg/kg, with the exception of two samples
with ¥'Cs of more than 30Bg/kg. Subsequent analysis of pollens showed
that the two honeys with the highest *’Cs content contained chestnut
pollen in amounts more than 50 percent, demonstrating that the radioac-
tivity of honey is greatly influenced by the pollen content, in agreement
with the findings of other authors [124].

One disturbing case emerged from bee and hive product research
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Figure 11.24 Levels of Cs-137 in honey bees collected in different locations on
May 9, 1986, versus Cs-137 ground deposition.

during the post-Chernobyl period. In a sample of wax taken from a hive in
the Emilia-Romagna region and in one of bees taken in the Friuli-Venezia
Giulia region (Figure 11.1), both in May 1986, the gamma spectrum
showed characteristic peaks of the **Zr-"’Nb pair in a percentage unlike
that of any of the other matrices analyzed, i.e. considerably higher than
the levels attributable to Chernobyl fall-out. Thus the radioactive contami-
nation detected in these two samples was difficult to attribute to the inci-
dent in the power plant in the former Soviet Union. The fact was
intriguing, but given that no plausible explanation could be found, the data
were set aside. In July of 1987, however, a news report from the UK
caused the “case” to be reopened. The English newspaper The Independ-
ent published an article on the English army’s use of rapid-decay radio-
active dust in simulations of nuclear incidents. In the article, army
spokesmen confirmed that use of this radioactive material was indispens-
able to make the exercises realistic. This aroused the suspicion that it
might be a common practice in NATO circles to perform simulations of
this kind. Moreover, considering that there are NATO bases located in the
two aforesaid Italian regions (and 14 years ago, before the fall of the
Berlin Wall, there were certainly more than now) and the fact that the two
elements *Zr and *Nb have a limited half-life (64 and 35 days, respec-
tively), the report may plausibly explain the data collected by our
researchers.
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Bees have proven to be highly effective in detecting even very low
levels of environmental radioactivity, as was demonstrated on the occasion
of the leakage of "Cs at Algeciras (Spain) in the spring of 1998. In May
1998, our radiochemical laboratory detected an anomalous presence of
cesium 137 in honey bee samples taken from environmental monitoring
stations in the Bologna province (Castenaso, Granarolo Emilia, and
Ozzano Emilia) (Figure 11.5) during the weeks May 17-24, May 30-June 6
and June 6-13. During the week May 24-30, the level of this radionuclide
was instead below the limit of detectability at all stations (Figure 11.25).

Cesium 137 is an artificial radionuclide used in clinical, industrial, and
research applications and one of the main radioactive products of fission
reactions taking place in nuclear reactors. The possibility that the anom-
alous radioactivity derived from active nuclear plants can be rule out as
the ¥’Cs was not accompanied by the other radionuclides produced during
fission. Towards the end of April 1998, an incident occurred at the Algeci-
ras steel works in southern Spain with emissions of '¥’Cs coming from a
radioactive source no longer in use. This source ended up in the foundry.
The fact that the presence of '’Cs was interrupted for a week and then
resumed is not unusual as the transport and soil deposition of air-dis-
persed pollutants is strictly linked to wind and precipitation. The levels of
radioactivity were negligible and many times below every alarm threshold,
but the bee matrix promptly revealed the presence, albeit minimal, of *’Cs
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Figure 11.25 Comparative gamma spectrum of honey bee samples collected
weekly from May 17 to June 13, 1998, at monitoring stations in
the local authority areas of Castenaso, Granarolo Emilia, and
Ozzano Emilia (province of Bologna).
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in the atmosphere with an efficiency above that of traditional monitoring
techniques.

Monitoring of phytopathogenic microorganisms

Recently our research team, which includes, besides the authors, the “La
Carlina” cooperative, the Department of Plant Pathology of the Univer-
sity of Bologna, and the Plant Protection Service of the Region Emilia-
Romagna, demonstrated for the first time how honey bees could be used
as a bioindicator to detect the presence of phytopathogenic microorgan-
isms in the environment, both for the purpose of prevention and for epi-
demiological studies. The study was conducted on Erwinia amylovora —
the causal agent of a severe disease among Rosaceae known as Fire Blight
— as part of a campaign against an epidemic which started in 1994 in
Emilia-Romagna [127, 128].

Bacterial Fire Blight of Rosaceae

Fire Blight is caused by E. amylovora, a gram-negative bacterium belong-
ing to the family of the Enterobacteriaceae. It is one of the most destruc-
tive diseases that can affect important plants like pear and apple trees and
is also capable of causing damage to over 200 species belonging to the
Rosaceae family [129, 130]. This disease is highly dangerous mainly for two
reasons: first, it is almost impossible to prevent it from spreading, espe-
cially as it is carried by numerous vectors including, as reported in the
literature, the honey bee [131-133]; and second, there are no reliable
means for fighting it, although the disease has been known since 1780 and
is the subject of intense research throughout the world. The lack of satis-
factory disease control criteria, combined with the virulence of the
pathogen itself, has led pear-growing to be totally abandoned in some
areas particularly suited to the cultivation of fruit trees; this has occurred,
for example, in some areas of the eastern United States [134, 135]. The
only effective way to beat the disease is thus prevention, which means
direct, early detection of disease symptoms [136].

The disease was described for the first time in the American State of
New York in 1780. It gradually spread throughout the world, affecting
New Zealand, Europe, and Asia. In Italy, the first sites of bacterial infec-
tion were observed in 1990 [137, 138]. In the region of Emilia-Romagna
(Figure 11.1), E. amylovora was reported for the first time in 1994, when
five foci of the disease were identified in pear orchards [139]. The
provinces of Bologna, Ferrara, Modena, Reggio Emilia, Ravenna, and
Forli (Figure 11.1) together represent the major pear-growing area in Italy
and one of the largest in Europe. Consequently, the appearance of Fire
Blight stirred up great alarm and provided a large stimulus to research on
this topic.
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The idea of using bees to monitor E. amylovora is founded on the
assumption that if bees can spread the disease by carrying the bacteria
within the hive’s range of action, it should also be possible to detect the
presence of the bacteria itself in this area by looking for it on bees or in
other materials carried by bees to their hive, as in the case of environ-
mental pollutants. Like the other monitoring schemes using bees, the
project first of all required the identification of the most suitable matrix.
Among the beehive matrixes that could be used for this type of monitor-
ing, the choice fell on pollen, deemed best suited to the purpose as
samples are relatively easy to collect, little time passes between the bees’
gathering of pollen and researchers’ collection of samples to be analyzed,
the bacteria survives longest in this matrix [131], and finally, it is possible
to ascertain precisely which species the bees have visited.

Second, it was necessary to develop an original analytic method based
on PCR-ELISA with chemiluminescent detection techniques. This
required, among other things, the synthesis of a oligonucleotide hybridiza-
tion probe for the plasmidic DNA of E. amylovora, which brought a
significant improvement in terms of specificity and detection limits com-
pared to the methods described previously in the literature [127, 128]
(Figure 11.26). This ultra-sensitive, specific method was thus applied in
order to detect the bacteria in samples of pollen gathered — using special
traps — from beehives within whose range of action there were sites
affected by Fire Blight and, for comparative purposes, in samples collected
from what were considered disease-free areas.

In 1998 five stations, each comprising three hives, were installed in
areas where the presence of Fire Blight had been ascertained and another
station in an area considered to be disease-free. Samples were gathered
twice weekly from the beginning of April until the middle of May, which
corresponded to the main flowering period of the species of interest
(pears, apples, and hawthorn). From May to July, samples were taken
weekly according to whether there were any second flowerings or other
possible sources of inoculation. The pollen trap was left on the hives for at
least 2 hours. The pollen gathered from the traps was immediately frozen
with dry-ice and stored at —20°C until the time of analysis. Each sampling
was conducted so as to avoid possible cross-contamination.

At the end of the 1998 sampling campaign, the presence of E.
amylovora had been detected in at least one sample taken from each of
the stations situated in the infected area, except for one (station B, Figure
11.27), where the diseased pear trees had been completely eliminated the
previous year. In the station located in the disease-free area (station A,
Figure 11.27), on the other hand, no samples tested positive. All the posit-
ive samples contained pear pollen, while not all samples containing pear
pollen tested positive.

The findings demonstrated the possibility of detecting the presence of
E. amylovora in the environment by using bees to keep vast areas under
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Figure 11.26 PCR-ELISA chemiluminescent method for detection of Erwinia
amylovora.

continuous surveillance for long periods. The number of positive samples
is not very high in proportion to the total samples gathered, but if monitor-
ing is limited to the flowering period of the most important species
(April-May), the percentage rises considerably. In any case, at least one
sample containing E. amylovora was found in every station where foci of
the disease had already been identified.

To confirm these initial findings, the experiment was repeated in 1999
with four stations: two of them were in areas considered disease-free (sta-
tions A and B, Figure 11.28) and two in areas severely affected by the
disease (stations C and D, Figure 11.28). The experimental monitoring cam-
paign of 1999 not only confirmed the 1998 findings for the stations situated
in areas where the presence of Fire Blight had already been verified, but
also revealed the presence of E. amylovora in the month of April in an area
considered unaffected; several months later the disease devastatingly mani-
fested itself in an orchard of young pear trees (station A, Figure 11.28).
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Figure 11.27 Presence of Erwinia amylovora in pollen samples collected in
1998 at six monitoring stations. Higher histograms indicate posit-
ive samples. Stations C, D, E, F were placed in infected areas,
station B in an area where infected pear orchards were elimi-
nated, and station A in an unaffected area.

The study thus provided experimental proof that bees can detect the
presence of the bacterium before it manifests itself in visible symptoms on
affected plants.

Following these encouraging results, the 2000 campaign was designed
with the aim of assessing the operational efficacy of using honey bees for
the early detection of Fire Blight. It would also seek, where possible, to
predict the risk of the disease spreading to areas that were not yet affected
but adjacent to identified disease-harboring sites. Moreover, marker
pollens are being used in the hope of obtaining more precise information
on contaminated plots frequented by bees.

Seven of the nine stations installed in 2000 were in a line perpendicular
to the southeast front of expansion of the epidemic in the province of
Forli-Cesena (Figure 11.1); the first station was located near the most
recently ascertained focus of the disease and the last station at a distance
of about 28km away, in the direction of a disease-free area. The other two
stations were set up respectively in a heavily infected area and in a trans-
ition area containing both healthy orchards and blighted orchards; in the
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Figure 11.28 Presence of Erwinia amylovora in pollen samples collected in
1999 at four monitoring stations. Higher histograms indicate
positive samples. Stations C and D were placed in infected areas,
stations A an B in areas not affected by Fire Blight.

latter the researchers plan to test the so-called marker pollen method. If,
as there is reason to believe, this experimental monitoring campaign shows
a positive outcome, it will be possible to start using bee data to better and
more promptly orient disease-prevention teams and keep hard-to-inspect
areas under surveillance. It will also be possible to monitor the spreading
of the disease and to try to predict where it will hit. Thus it may be hoped
that this useful insect will be transformed from an alleged “plague-
spreader” into a precious ally in the battle against Fire Blight.

These experiences have opened up new horizons for the use of honey
bees as bioindicators by demonstrating that they may also be used to
monitor phytopathogenic microorganisms present in the environment. The
possible applications are many.

General conclusions

Using honey bees for environmental monitoring has produced interesting
results in all the fields investigated by our research team. After twenty
years of experience, we may venture to affirm that only bees can provide
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continuous, real-time detection of pesticide contamination at low operat-
ing costs. Only these insects, in fact, are capable of immediately and
unequivocally revealing the improper use of pesticides and, in many cases,
the location where the chemical treatment was performed.

The level of pesticide contamination can be defined on the basis of an
index that takes different parameters into account. In the future, this index
may be improved by including, above all, such factors as environmental
fate and other factors ascribable to the various pesticides detected with
bees.

Compared to pesticides, heavy metals are undoubtedly more complex
to analyze, but the kind of information that honey bees can provide, by
combining the factors of time and space, serves as a stimulus to further
investigation. The heavy metals considered in our studies showed an
upward trend both in honey and in bees; this trend needs to be examined
and interpreted correctly in order to “calibrate” the beehive instrument
with reference to the chemical and physical detection methods, and to use
this calibrated instrument alongside the classic comparison with control
areas presumed relatively free of contamination.

Another future area of study will center on analyzing the morphology
of the particles transported by bees (already applied in other research
sectors). This will aid researchers in identifying the origin (vehicles or
industry) of heavy metal contamination.

Radionuclide monitoring, based on the methods developed during the
Chernobyl emergency, is being continuously adopted in various areas. Dif-
ferent aspects merit attention, such as, for example, the resuspension of
radioactive particles that occurs when fields are ploughed and their impact
on forager bees.

The arrival in Italy of the phytopathogenic bacteria Erwinia amylovora
has shown how honey bees, branded as dangerous carriers of the micro-
organism, may, if wisely exploited, prove to be an excellent tool for detect-
ing the presence of the bacteria in a certain area before the disease has a
chance to manifest itself, so that prompt action may be taken to halt its
progress.

Despite the strides forward taken thus far, in the future broader
research will have to focus on various aspects such as setting up colonies
suited to environmental monitoring purposes, by selecting, for example,
bees with a tendency to explore a vaster territory around the hive, and
more continuously. Moreover, it will be necessary to develop more reli-
able, but inexpensive, facilities and techniques for monitoring the trends in
the main beehive parameters (mortality, flight activity, expansion or
decline in brood and food stores, etc.). Keeping expenses down is essential
for promoting bee monitoring projects, at least in Italy. In fact, to gain
approval these projects must compete with other similar ones, not only in
terms of the information they provide — which may be original or serve to
complement other types of surveys — but also in terms of operating costs.
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honeys based on their
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Summary

The elemental analysis of 150 French acacia honeys (Robinia pseudoacacia
L.) collected by beekeepers in apparently polluted and nonpolluted envi-
ronments was performed by using inductively coupled plasma atomic
emission spectrometry (ICP-AES) to measure significant concentrations
of Ag, Ca, Cr, Co, Cu, Fe, Li, Mg, Mn, Mo, P, S, Zn, Al, Cd, Hg, Ni, and
Pb. Fortunately, Cd, Hg, Ni, and Pb were not detected in the analyzed
samples. Conversely, Ag, Cu, Al, Zn, and S were found in some samples
located near industrial areas. Because a high variability was found in the
concentration profiles, correspondence factor analysis was used to ratio-
nalize the data and provide a typology of the honeys based on the concen-
tration of these different elements in the honeys. The results were
confirmed by means of principal component analysis and hierarchical
cluster analysis. Finally, the usefulness of the acacia honey as a bioindica-
tor of heavy metal contamination is discussed.

Introduction

The continued expansion of industrial production and the growing use of
chemicals in agriculture have led to an increase in the number and quanti-
ties of xenobiotics released into the different compartments of the bios-
phere [1]. The health risks to human and nonhuman biota associated with
these chemicals are evaluated on the basis of critical and reliable informa-
tion on exposures and on related adverse health effects [2]. In this process,
the estimation of the environmental concentrations of the hazardous
chemicals plays a key role. A number of precise technical sampling
methods are available for monitoring pollutants in the environment.
However, due to their high technicality and cost, they are generally not
used routinely [2]. Conversely, bioindicators are now widely employed for
estimating, at low cost, the level of contamination of organic and inorganic
chemicals in aquatic and terrestrial ecosystems [e.g. 3-5].
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Thus, honey bees commonly forage within 1.5km of their hive and
exceptionally as far as 10 to 12km, depending on their need for food and
its availability [6]. During their foraging flights, they visit numerous plants
to gather nectar, pollen, honeydew, sap, and water. Honey bees also visit
puddles, ponds, and other aquatic resources to collect the 10 to 40 liters of
water which are necessary annually for the colony [7]. When honey bees
settle on leaves, penetrate in the corolla of flowers to gather nutritive sub-
stances, and collect water in aquatic resources, they provide composite
samples from thousands of different visited points spread across a broad
area. Consequently, these insects and their products such as honey, wax,
or royal jelly can provide a good idea of the level of contamination which
can be found in air, soil, vegetation, and water in a radius of a few kilome-
ters from their hive [8, 9].

Heavy metals, which are ubiquitous environmental pollutants, are
found in all the compartments of the biosphere and in living species [e.g.
10-13], including honey bees and their products [14-24]. In this context,
samples of French acacia (Robinia pseudoacacia L.) honeys, directly col-
lected by beekeepers in hives located in media presenting different
degrees of pollution, were analyzed for their concentrations of heavy
metals and some other metallic and nonmetallic elements in order to see
whether it was possible to find a relationship between industrialization and
the levels of honey contamination by heavy metals and related com-
pounds. An attempt was also made to provide a typology of the honey
samples from the multivariate analysis of their concentrations of metallic
and nonmetallic elements in relation to environmental variables.

Materials and methods

Sampling

Under the authority of the CNDA (National Center for the Development
of Apiculture), beekeepers of various French departments were first con-
tacted by letter to determine their interest in being involved in a study
dealing with the elemental analysis of acacia honeys and their typology on
the basis of environmental variables. A sampling protocol and material to
collect and store the honey were then sent only to those beekeepers inter-
ested in the project and who agreed to provide all the necessary informa-
tion to interpret the analytical results found with their honey(s). In the
protocol, beekeepers were required to select one hive located in an unpol-
luted area and another near a source of pollution such as an industry,
mine, highway, urban area, and so on. It was necessary to manually collect
the honey samples by slow extraction from the combs. Beekeepers had to
use the material provided for the study to avoid problems of external cont-
amination by trace elements. The use of bee smokers was prohibited, and
it was also forbidden to smoke during the sampling process. Honey
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samples had to be stored in small hermetically sealed containers which
were certified as free of trace elements, and were sent out to the bee-
keepers.

The environmental conditions around the hives had to be clearly
described. It was also required to give some climatic information, such as
the main direction of the winds, and so on. If the two hives selected by a
beekeeper were located in the same department, the kilometric distance
between them had to be provided. Finally, any unusual event (e.g. fire)
also had to be mentioned.

A total of 150 different acacia honeys were obtained from various
French departments (Figure 12.1). All samples were collected in
May-June 1999. Honeys were sent by post to the analytical laboratory for
determination of their metallic and nonmetallic element content.

Figure 12.1 Honey sampling regions in France (in dark).
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Analytical method

Prior to the preparation and chemical analysis of the honeys, the samples
were coded and randomized to avoid identification of their location and
characteristics by the chemists. The mineralization of the honey samples
was performed in polypropylene-stoppered vials of volume 10ml [Plas-
tiques Gosselin, ref. TR 95 PPN 10TT (vials) and ref. B135 (stoppers)] by
dissolution in HNO; at 69.5 percent (63.01 g/mol; d =1.409) (Carlo Erba,
ref. 408071). The nitric acid was diluted in a 2/3 ratio with water previously
purified according to the guidelines of the French Pharmacopoeia (10th
edition). For each honey sample, amounts of 1g and 2 g, exactly weighed,
were digested with 5ml of the above acidic solution. Stoppered vials were
placed in a bain-marie and warmed up to the temperature of mineraliza-
tion of 60°C. After 3 to 4 hours under these experimental conditions, the
volume of each vial was exactly adjusted to 10ml with HNO; (2/3) and the
mineralization at 60°C was continued as described above. The time
required to obtain complete mineralization of a sample ranged from 6 to 7
hours and the product was analyzed after keeping it for 15 hours at room
temperature. A solution of Sml was injected into an inductively coupled
plasma atomic emission spectrometer (Panorama, Jobin & Yvon) previ-
ously calibrated for the 18 metallic and nonmetallic elements studied. The
zero point was obtained from the acidic solution used to mineralize the
honey and which corresponded with a blank. The wavelengths (nm) of the
emission peaks of the 18 elements studied were the following: aluminum
(Al), 396.152; cadmium (Cd), 226.502; calcium (Ca), 317.933; chromium
(Cr), 267.716; cobalt (Co), 228.616; copper (Cu), 324.754; iron (Fe),
259.940; lead (Pb), 220.353; lithium (Li), 670.776; magnesium (Mg),
279.553; manganese (Mn), 257.610; mercury (Hg), 184.887; molybdenum
(Mo), 202.032; nickel (Ni), 231.604; phosphorus (P), 178.225; silver (Ag),
328.068; sulfur (S), 180.672; zinc (Zn), 213.856. All samples were analyzed
automatically in triplicate by using the spectrometer. In addition, for each
sample, both quantities (i.e. 1 and 2g) were analyzed. The standard devia-
tions were always less than 5 percent. The limit of the detection of S, Al,
Ni, Ca, Mg, P, and Pb in the honey samples was 1ng/g. That for Hg was
0.5ng/g while Ag, Cr, Fe, Li, and Mn were not detected at a concentration
less than 0.2ng/g. The limit of detection of Co, Cu, Mo, Cd, and Zn was
0.1ng/g.

Data analysis

Statistical analyses were performed with ADE-4 [25], a powerful statistical
software program designed specifically for the analysis of environmental
data. ADE-4 includes the main linear multivariate analyses and numerous
graphical tools for optimal data display.
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Analytical results

The elemental analyses obtained from 1 or 2g of honey yielded similar
results, and hence were averaged. The number of positive responses (i.e.
concentrations greater than the different limits of detection) for each
metallic or nonmetallic element in the 150 honeys analyzed and their cor-
responding average, smallest, and highest concentrations (in mg/kg to raw
(wet) weight) are given in Table 12.1. Detailed analytical results are listed
in Table 12.2, except for elements with a frequency of positive responses
less than 5 percent.

Table 12.1 shows that calcium (Ca), magnesium (Mg), and phosphorus
(P) were detected in all the samples analyzed. The concentrations of these
three elements show Gaussian distributions (graphs not given). The results
obtained are not surprising because of the nature, role, and ubiquity of
these fundamental elements. Manganese (Mn), is also significantly present
in most of the honey samples. Aluminum (Al), molybdenum (Mo), and
sulfur (S) have been detected in more than 50 percent of the samples, and
to a lesser extent, copper (Cu) and zinc (Zn). About 30 percent of the ana-
lyzed samples include measurable concentrations of cobalt (Co) while
about 20 percent of the honeys are contaminated with quantifiable concen-
trations of chromium (Cr). Table 12.1 shows that silver (Ag) has been
detected in 10 samples with concentrations ranging from 0.08 to 2.16 ppm.
Lithium was only measured in samples 6, 43, 44, 133, and 149 (Table 12.2)

Table 12.1 Number of positive responses (Nb/150) for the 18 elements studied with
their corresponding mean, lowest, and highest concentrations (in ppm)

Element Nb/150 Mean Range

Ag 10 0.596 0.08-2.16
Ca 150 22.86 2.98-108.50
Cr 33 0.187 0.05-0.52
Co 46 0.091 0.03-0.25
Cu 72 0.163 0.03-2.30
Fe 107 1.167 0.13-10

Mg 150 8.708 1.43-109.50
Mn 141 0.777 0.06-10.34
Mo 86 0.441 0.07-0.81

P 150 73.45 32.12-397.5
S 84 15.39 1.60-67.66
Zn 67 0.746 0.04-5.96
Al 99 0.374 0.05-1.44
Li 5 0.07 0.02-0.24
Ni 0 na* na

Hg 0 na na

Cd 0 na na

Pb 0 na na

Note

*na, not applicable.
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No. Ag Ca Cr Co Cu Fe Mg Mn Mo P S Zn Al
1 <ld* 1477 <ld 0.03 <lId 176 545 029 045 5361 <Ild <ld 030
2 <ld 1818 <Ild <Ild <lId 081 550 033 <Ild 4748 <Id 040 <Id
3 <ld 782 <ld <Ild <Id <ld 377 009 049 4738 <ld <Ild <lId
4 <ld 1295 <ld 0.04 <lId <ld 691 021 <Ild 5687 <Ild 042 027
5 <ld 761 <ld 007 <Id 0.17 5.81 020 044 5478 286 011 <lId
6 <ld 548 011 <Ild <iId 037 3.03 010 043 4288 511 027 <Id
7 <ld 468 0.09 004 <Id 0.66 2.11 <ld 048 4078 <Ild <Ild <lId
8 <ld 730 <ld 003 <Id 013 417 028 048 4970 <ld <Ild <lId
9 <ld 1140 <ld <Ild <Id 1000 16.65 0.52 0.58 125 9.11 0.74 043

10 <ld 1095 016 010 <Id 476 997 028 081 9836 <Ild 097 0.10
11 <ld 1886 <Ild 011 <Id 1.03 727 139 <Ild 6111 <Ild 070 0.39
12 <ld 1025 <ld <Ild <Id 044 417 022 061 4925 <Ild 034 031
13 <ld 1348 <ld 010 <lId <ld 553 041 053 5728 <Ild <Id 025
14 <ld 984 015 011 <Id 047 346 022 071 5129 <Ild 032 <Id
15 <ld 562 013 010 <Id 033 273 014 077 5372 <Ild 020 <lId
16 <ld 2395 <ld <Ild <lId 0.63 16.27 173 042 8151 1689 <Id 0.62
17 <ld 1013 <Ild <Ild <lId 157 503 028 079 5934 <Ild 029 0.10
18 <ld 1939 <ld <Ild <Id <ld 737 017 <Ild 7170 1030 <Id 048
19 <ld 2983 015 011 022 079 1834 3.05 0.72 9655 <Id 045 <lId
20 <ld 1085 <Ild 012 057 1.78 46.83 264 <Id 1493 3590 0.65 0.63
21 <ld 1306 <ld <Ild <Id 079 347 018 056 4802 <Ild <Id 031
22 <ld 1687 <ld <Ild <Id 061 939 093 062 5574 <Ild <Ild <lId
23 <ld 3499 <ld <Ild <lId 159 477 142 059 5770 818 052 0.50
24 <ld 3296 <ld <Ild <Id 1.00 749 311 060 7122 <Ild 0.76 0.13
25 <ld 1545 <ld <Ild <Id 039 400 035 0.68 4624 573 <Ild <Id
26 <ld 734 012 011 <Id 062 282 019 063 4644 <Ild <Ild <lId
27 <ld 4734 008 013 1.68 223 1026 1034 0.68 3502 60.11 095 1.10
28 <ld 6701 <ld 013 230 294 1095 9.65 0.58 3975 67.66 126 1.01
29 <ld 5520 <Ild <Ild <lId 1.82 1297 058 060 7371 17.09 <Id <lId
30 <ld 2348 013 011 <lId 080 7.32 173 067 6266 <Ild <Ild <Id
31 <ld 2040 016 013 <ld 0.76  7.06 126 073 5395 <Ild 024 <Id
32 <ld 2315 016 013 <Id 082 820 122 076 6115 <Id 1.88 <lId
33 <ld 1982 <ld <Ild <Id 070 614 019 0.63 5758 820 <Id 028
34 <ld 1524 <ld <Ild <Id 138 624 022 062 7078 596 079 043
35 <ld 1112 <Ild <Ild <Id 047 476 010 0.68 56.77 1147 <Ild 027
36 <ld 1881 <ld <Id <Id 064 785 042 <Ild 5588 <Id 0.55 030
37 <ld 1435 <ld <Ild <Id <ld 516 048 <Id 4458 <Ild 0.72 0.28
38 <ld 3386 <Ild <Id <Id 1.18 2335 289 <Id 1058 1520 128 043
39 <ld 1825 <Ild 011 <Id 1.06  6.98 116 0.65 5780 <Id 149 046
40 <ld 2037 <ld <Ild <Id <ld 6.82 115 <ld 5875 412 179 049
41 <ld 2747 <ld <Ild <lId 335 641 128 <Id 5232 <Id 596 098
42 <ld 2146 <ld <Ild <Id 1.56  9.06 279 0.62 59.60 749 130 1.17
43 <ld 3436 <ld <Ild <Id 0.41 12.00 <ld <Id 6573 16.89 <Ild 044
44 <ld 1455 <Ild <Ild <lId 058 523 013 <Id 6230 1024 <Id 0.56
45 <ld 1530 <ld <Ild <Id 069 532 017 042 5250 9.06 <Id 0.63
46 <ld 21.63 0.14 0.08 <Id 162 543 013 037 5328 <Ild 047 0.74
47 <ld 1586 <Ild <Ild <lId <ld 4.02 009 053 5433 <Ild <Id 025
48 <ld 1594 <Ild 0.08 <lId 054 774 037 054 4332 <Ild 049 <Id
49 <ld 1815 <Ild 0.07 027 123 547 012 053 5483 1127 <Id 040
50 <ld 3454 <Ild <Ild <lId 121 1935 019 <Id 9048 1734 <Id <Id
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Table 12.2 Continued

No. Ag Ca Cr Co Cu Fe Mg Mn Mo P S Zn Al
51 <ld 1519 <ld <Ild <lId 027 613 008 037 5614 <ld <Ild <Id
52 015 3471 015 008 <Id <ld 1898 0.60 043 8397 <Ild <Id 0.66
53 <ld 1373 <ld <Ild <Id 055 474 016 046 6235 1292 <Ild <Id
54 <ld 1369 <ld <Ild <lId 049 461 015 <ld 5083 <Id <Id 036
55 <ld 258 <Ild <Ild <lId <ld 1474 027 050 1186 1150 <Id 0.46
56 <ld 1354 <ld <Ild <Id 037 378 010 <Ild 5645 <Ild <Id 025
57 <ld 3510 <ld <Ild <Id 038 372 022 <ld 5009 <Ild <Ild 025
58 <ld 1754 <ld 007 < 062 992 082 044 5143 <Ild 038 029
59 <ld 1286 <ld <Ild <Id 117 413 013 <Ild 418 <Ild 046 0.79
60 <ld 1595 <ld <Ild <Id <ld 454 011 032 4354 <Ild <Ild 040
61 <ld 13.67 011 <Ild <Id 068 6.06 012 <Id 5539 949 045 0.75
62 <ld 9.08 <Ild <Ild <Id 086 438 016 <Ild 4417 690 <Ild 026
63 <ld 2691 <ld <Ild <lId 177 9.07 084 <Id 4348 1696 1.11 0.93
64 <ld 2447 <ld <Ild <lId 130 839 063 <Id 4660 789 <Ild <Id
65 <ld 5796 <ld <Ild <Id <ld 36.28 137 053 918 <Id 2.00 1.00
66 <ld 1224 <ld 0.08 <Id 088 417 014 034 4817 13.69 <Id <Id
67 <ld 1374 <ld 0.03 <Id 082 532 023 011 3763 11.77 <Ild 035
68 <ld 1600 <ld <Ild <Id 032 526 017 044 5003 1.60 <Id 0.20
69 <ld 2733 <ld <Ild <Id 135 694 030 012 6317 1775 <Ild <lId
70 <ld 2866 <Ild <Id 0.06 097 887 <ld 010 6198 1758 091 0.16
71 0.08 693 0.05 <Id 0.04 <ld 255 009 026 5772 524 <ld 0.05
72 <ld 2113 010 <Id 0.04 <ld 208 006 012 3783 836 <Ild 0.14
73 <ld 6177 <Ild 0.04 0.24 097 19.08 054 0.6 7771 3012 0.81 0.63
74 <ld 1226 006 <Id 0.04 <ld 199 014 014 3478 800 <Id <lId
75 <ld 2451 <ld 0.03 0.16 067 649 018 0.15 70.86 <Id 0.56 0.30
76 <ld 9012 024 <Id 0.10 1.03 1871 599 <Id 7511 2881 0.58 <Id
77 <ld 1727 <Ild 0.03 0.06 050 550 018 0.19 6627 1679 027 023
78 <ld 2753 0.09 0.04 0.07 071 911 052 <Ild 7321 2138 <Id 023
79 <ld 1405 020 <Ild <Id 213 405 030 014 4788 <Ild <Ild 1.02
80 <ld 8013 <Ild 0.04 0220 2.63 63.13 <ld <Ild 2234 3762 148 144
81 <ld 3097 <ld <Id 0.10 424 866 044 0.13 86.81 2193 <Id 0.59
82 <ld 1227 011 0.09 0.09 <ld 410 047 024 7023 1372 <Id 021
83 <ld 4626 0.14 <Ild 0.06 0.64 9.71 135 <ld 6627 1653 <Id 0.30
84 <ld 2705 <ld <Id 0.04 0.62 535 <ld <ld 7172 950 <Id <lId
85 <ld 1364 025 <Ild 0.05 081 495 028 <Id 6135 1866 0.16 021
86 <ld 7040 <ld <Id <Id 075 490 030 <Ild 5948 26.05 023 <lId
87 <ld 1011 <Ild 0.04 0.05 <ld 313 010 020 5450 1316 <Ild 0.16
88 <ld 1140 <Ild <Ild 026 036 442 011 <Ild 4624 <Ild <Ild <Id
89 <ld 8.62 036 <Id 0.06 <ld 299 009 <Ild 6795 12.08 029 0.17
90 <ld 7.08 0.09 <Id 0.05 <ld 214 013 <Ild 4379 846 <Ild 0.18
91 <ld 2193 <Ild <Ild 030 074 606 020 021 4649 13.68 <Ild <lId
92 <ld 1331 <ld <ld <l 0.69 298 <ld <ld 3212 674 041 <Id
93 <ld 932 <Ild <Id 0.06 025 338 010 <Ild 56.09 <Ild <Id 023
94 <ld 785 013 <Id 0.06 057 408 012 <Ild 49.15 1053 023 036
95 <ld 3622 <Ild <Ild 0.06 041 748 019 <Ild 6594 11.03 <Id <Id
96 013 1326 0.09 <Id 0.06 <ld 251 286 012 5663 641 055 <lId
97 <ld 1805 <Ild <Ild <lId <ld 558 017 0.07 4468 1260 <Id <Id
98 <ld 1685 <Ild <Ild <lId 052 566 039 <Ild 5361 1278 0.89 <lId
99 017 2614 <ld <Ild 0.14 050 716 294 025 78,63 1386 <Id 028

100 <ld 649 <Ild <Id 0.07 <ld 166 012 <Ild 9423 <Id 055 0.17

101 <ld 1685 <Ild <Ild 0.04 <ld 365 012 014 5719 949 <Id 0.09
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102 <ld 1413 <Ild 025 0.06 <ld 323 029 072 9954 1146 <Id 0.15
103 <ld 1331 <Ild 021 0.05 <ld 2383 034 075 9833 <Id <Id 026
104 <ld 801 <Ild <Id 0.06 <ld 1359 016 <Ild 8906 <Ild <Ild <lId
105 <ld 1359 <Ild 0.06 0.05 <ld 3.81 024 016 5544 <Ild <Id 0.10
106 054 1052 051 <Ild 0.06 <ld 2353 014 068 1019 <Ild 044 0.11
107 <ld 1565 <Ild <Ild 0.05 <ld 322 036 023 638 <Ild <Id 0.10
108 <ld 2823 011 <Ild 0.07 <ld 6.96 122 <ld 6779 2186 <Ild <lId
109 <ld 1275 <Ild 0.03 0.06 <ld 4.78 <ld <Ild 5444 1565 036 0.19
110 <ld 870 <Ild <Id 0.05 <ld 191 011 <Ild 9448 <Ild <Id 0.05
111 <ld 985 <Ild <Id 0.03 <ld 3.03 021 034 6498 <Ild <Ild <lId
112 <ld 19.68 <Ild <Id 0.06 <ld 6.83 057 <ld 7384 1539 <Id 0.07
113 <ld 2241 <ld <Ild 0.08 043 495 074 061 1052 1222 049 0.21
114 <ld 6454 <ld <Ild 0.12 <ld 15.00 293 <Ild 1487 <Ild 0.72 025
115 <ld 1078 <Ild 020 0.11 463 18.00 3.08 <Id 1543 23.83 0.66 0.37
116 <ld 979 <Id <Id 0.04 043 2.69 <ld <ld 579 <ld <Ild <lId
117 <ld 2833 <Ild <Id 0.08 0.63  6.44 197 <ld 1161 <Ild <Id 0.51
118 <ld 1688 <Ild <Id 0.06 073 326 032 <Id 101 <Ild <Id 040
119 <ld 1161 <Ild 021 0.07 040 273 0.18 0.65 1004 1093 0.56 0.16
120 <ld 2394 <Ild <Ild 0.10 065 516 021 <Ild 1162 <Ild <Ild <lId
121 <ld 2741 <ld <Ild 0.07 072 473 078 <Ild 69.80 656 <Id 042
122 <ld 3752 <Ild 0.08 0.31 061 1464 035 016 1105 2359 <Ild <lId
123 2.16 796 050 <Id 0.06 <ld 248 0.09 <Ild 9683 810 <Id 0.15
124 <ld 2128 <Ild 019 0.08 055 425 031 049 1045 <Ild <Id 0.30
125 <ld 2192 <Ild <Ild 0.08 <ld 4.61 020 <Ild 1184 <Id 0.69 <Id
126 <ld 298 <ld <Id 0.05 <ld 10.14 018 0.62 1004 11.61 0.58 0.15
127 0.57 1455 052 <Id 0.07 <ld 346 024 067 9661 9.89 039 0.11
128 <ld 957 <ld <Id 0.05 348 296 123 <ld 5516 <Ild <Ild 0.09
129 <ld 4815 <Ild 0.09 0.09 524 12.65 087 <Ild 96.70 25.88 0.66 0.25
130 <ld 2895 <Ild <Id 0.06 <ld 417 019 064 1007 <Ild <Id 017
131 <ld 2347 <Ild <Ild 0.08 <ld 7.01 037 <Ild 1291 <Ild <Id 0.30
132 <ld 5240 <ld <Ild <lId <ld 12.14 034 025 6224 2273 <Ild <lId
133 0.61 3396 030 007 <Id 115 1026 019 <Ild 61.56 2013 043 <Id
134 <ld 3158 <Ild <Id 034 1.02 888 035 <Id 5620 2048 <Id 038
135 <ld 2671 <Ild <Id 0.19 064 802 033 <Ild 5020 1931 0.60 0.65
136 <ld 1452 <Ild <Ild <lId 059 295 025 <Ild 3345 1051 <Id 0220
137 <ld 3804 <Ild 0.08 <Id 0.92 13.04 1.03 0.10 7240 2799 073 <lId
138 <ld 4332 <Ild <Ild <lId 137 598 328 024 49.06 1797 174 <Id
139 <ld 3765 <Ild <Id 0.30 139 961 155 <ld 4999 2199 0.76 0.78
140 <ld 30.04 <Ild 0.06 0.33 0.69 1228 079 026 5934 2282 <Ild <Id
141 <ld 687 <Ild 003 <Id <ld 325 025 055 4704 <Ild 011 <id
142 <ld 2986 <Ild <Id <Id 024 932 045 049 5320 <Id 0.04 <Id
143 <ld 1166 <Ild <Id 0.06 319 259 024 <ld 9736 495 <Ild 0.11
144 <ld 1132 <Ild <Id 0.04 306 369 027 <ld 6496 <ld <Ild <lId
145 <ld 835 <Id <Id 0.05 016 231 022 017 6935 <Ild <Ild 0.09
146 1.03 877 <ld <Ild 045 1.02 143 064 036 9340 637 092 <lId
147 052 2134 047 <Id 0.05 064 370 020 <Ild 101.8 <Ild <Id 0.17
148 <ld 983 <Ild <Id 0.06 <ld 1.98 <ld <ld 9858 <Ild <Id <Id
149 <ld 1424 <Ild <Ild <lId 038 5.01 043 010 4078 <Ild <Ild 023
150 <ld 2773 <ld <Ild <lId 069 916 044 <Ild 59.13 22775 044 045
Note

#<]d = Less than the limit of detection. For the values see text.
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with concentrations of 0.06, 0.06, 0.04, 0.24, and 0.02mg/kg, respectively.
Finally, nickel (Ni), mercury (Hg), cadmium (Cd), and lead (Pb), which
are particularly hazardous for biota and are indicators of industrial pollu-
tion, were not detected in the 150 honeys (Table 12.1). This is particularly
surprising because about 50 percent of the samples were collected in hives
located in polluted areas. Even if we can assume that some hives were mis-
classified by the beekeepers, the descriptions provided for most of them
clearly show that numerous hives were undoubtedly located near sources
of industrial pollution (e.g. highways, petroleum industries). In addition,
the detectable presence of some elements such as Ag or Cr clearly reveals
that some honey samples were collected in polluted areas. Information on
the level of contamination of French honeys by heavy metals and related
pollutants is scarce. Recently, Fléché and co-workers [7] revealed that,
between 1986 and 1996, among the routine analyses performed by the
CNEVA (Centre National d’Etudes Vétérinaires et Alimentaires —
National Center for Veterinary and Alimentary Studies) on honeys of
various origins, only 97 were focused on the detection of heavy metals,
while 615 analyses were carried out for detecting pesticides and 341 were
performed to find the level of contamination of honeys in antibiotics. In
addition, among these 97 analyses, while the presence of Pb was investi-
gated systematically (with 10.3 percent positive response (p.r.)) and that of
Cd was searched in 83 samples (1.2 percent p.r.), the contamination in Hg
was only investigated in four honey samples (0 percent p.r.). Fléché et al.
[7] also emphasized that in the framework of their annual control of the
quality of honeys, in 1994, the CNEVA analyzed 122 French honeys and
28 foreign honeys for their concentrations of Pb and Cd. While Pb was not
detected in the former group, 43 percent of the latter were contaminated
by detectable concentrations of this element with a mean concentration of
3.8ppm. Conversely, Cd was not detected in the foreign honeys while 3
percent of the French honeys were contaminated by detectable amounts of
Cd with a mean concentration of 0.07 ppm [7]. However, in these analyti-
cal results, the type of honey was not given even though it is well known
that this parameter widely influences the levels of contamination found in
samples gathered in the same geographical area. Thus, for example, in a
recent study, Barisic and co-workers [24] showed that the concentrations
of Pb in meadow honey, mixed meadow and honeydew honey, and honey-
dew honey from Gorski Kotar (Croatia) were 0.80 = 0.64, 1.08 = 0.59, and
3.38 = 1.55 ppm, respectively.

In order to perform a rational analysis of Table 12.2 and provide a
typology of the acacia honeys based on their detectable concentrations in
metallic and nonmetallic elements, different linear multivariate analyses
were performed on this 13 X 150 data matrix.
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Multivariate analysis of the honey samples
Correspondence factor analysis

Background

Among the different linear multivariate methods that can be used to
analyze Table 12.2, correspondence factor analysis (CFA) was selected
because its x* metrics permits work on data profiles and the natural biplot
representation of the variables and objects which greatly facilitates the
interpretation of the graphical displays [26]. In addition, CFA has been
used successfully on similar data matrices for rationalizing (eco)toxicologi-
cal information [27-30].

Analysis of the factorial map F,F,

CFA allows the dimensionality of the 13 X 150 data matrix (Table 12.2) to
be significantly reduced since the six first axes (i.e. F; to F;) account for
about 93 percent of the total inertia of the system.

The factorial map F,F, (Figure 12.2), which accounts for most of the
variance of the system (i.e. 62.23 percent), clearly reveals an opposition
between the presence or the absence of detectable concentrations of sulfur
(S) in the samples. Thus, broadly speaking, the honey samples belonging
to the compact cluster of points located on the right of Figure 12.2B do not
have sulfur. Conversely, points located in the top left of Figure 12.2B deal
with honey samples containing significant concentrations of sulfur. It is
clear that CFA can be used to perform a more precise analysis of the
points displayed on the factorial map. Thus, for example, sample number
41 does not contain a detectable concentration of sulfur but, in addition, it
presents the highest concentration in zinc (i.e. 5.96 ppm). This explains its
location as an outlier in the lower part of Figure 12.2B. Conversely,
samples 85 and 86 contain fairly similar concentrations of sulfur but the
former is also contaminated by Cr, Cu, and Al while the latter does not
have detectable concentrations of these elements. In addition, sample 86
contains more Ca than sample number 85. These chemical differences
explain their different locations on Figure 12.2B.

The strong opposition between the honeys with or “without” sulfur
clearly reveals that this element has to be viewed as a contaminant. It is
difficult to explain the origin of this contamination. It is assumed that
environmental pollutions mainly explain the fairly high concentrations
found in the honeys but direct human contamination cannot be excluded
for some samples. Thus, for example, honey sample number 20 with
35.90mg/kg of sulfur was collected near a highway, as were samples
number 27 (S=60.11mg/kg), number 85 (S=18.66mg/kg), number 86
(§=26.05mg/kg), and others. In the same way, the honey sample number
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Figure 12.2 F\F, factorial maps for the 13 elements (A) and 150 honey samples
(B).

81 with 21.93mg/kg of sulfur was collected in a hive located near a textile
factory. Other honeys gathered near various industrial sites also contain
substantial amounts of sulfur [e.g. 73, 132]. However, surprisingly, the
highest concentration of sulfur was found in sample number 28 which was
collected in a mountainous area apparently exempt from industrial pollu-
tion. Because this sample was provided jointly with sample number 27,
collected in a polluted area, we cannot exclude human contamination
introduced by the beekeeper, especially if we consider the very high or
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fairly high concentrations found for most of the other elements in these
two samples (Table 12.2).

Another trend which can be underlined in Figure 12.2B is the gradient
determined by Cr and Ag (Figure 12.2A). Note that on Figure 12.2A, the
true location of Ag was not indicated in order to have a scale yielding an
optimal graphical display of the variables and objects. The joint reading of
Figures 12.2A and 12.2B shows that sample number 123, which is located
at the top right of Figure 12.2B, is the most contaminated in silver with
2.16 mg/kg and also contains a very high concentration of chromium (i.e.
0.50mg/kg). This is not surprising because this sample was collected in a
hive located within an urban area (more specifically in the center of a rural
city of about 6000 inhabitants). A high concentration of Ag (i.e.
1.03mg/kg) was also found in sample number 146 located in the upper
right of Figure 12.2B. This sample was collected near a highway. Sample
number 127 located in the vicinity of sample number 146 also presents a
high concentration of Ag (i.e. 0.57mg/kg) and is the most contaminated in
Cr (i.e. 0.52mg/kg). However, this sample was labeled by the beekeeper as
being collected in a nonpolluted area. It is surprising because it is also con-
taminated by Cu, Mo, Zn, Al, and so on (Table 12.2).

P, Ca, and Mg are elements found in all the 150 honey samples but with
various concentrations. Mn is also detected in most of the samples (Tables
12.1 and 12.2). Consequently, it is difficult to determine formal trends in
relation to environmental pollutions for these elements. However, it is
interesting to note that an inverse relationship can exist between the con-
centrations found for P and those recorded for Ca and Mn. Thus, because
sample number 126 shows the lowest concentration of Ca (i.e. 2.98 mg/kg),
a very low concentration of Mn (i.e. 0.18 mg/kg), and a fairly high concen-
tration of P (i.e. 100.4mg/kg), it is located in the upper right of Figure
12.2B. This is in accordance with the location of these three variables on
Figure 12.2A. This sample, which was collected at a distance of 10km from
a city, also contains 0.05mg/kg of Cu, 0.62mg/kg of Mo, 11.61 mg/kg of S,
and only 0.58 mg/kg of Zn. Undoubtedly, these concentrations also influ-
ence its location on Figure 12.2B.

Analysis of the factorial map F,F;

The factorial map F,F; (Figure 12.3), which accounts for 56.86 percent of
the total inertia of the system, emphasizes the fact that the presence of
cobalt (Co) in the honey samples is correlated with that of molybdenum
(Mo). Of the 46 samples containing detectable concentrations of Co
(Table 12.1), only nine do not contain significant concentrations of Mo
(Table 12.2). Consequently, these two elements form a cluster in the
bottom right of Figure 12.3A. Note that the same situation occurs in
Figure 12.2A but Figure 12.2B is more difficult to read than Figure 12.3B
as regards honey samples containing Co and/or Mo. Conversely, it is easy
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Figure 12.3 F|F; factorial maps for the 13 elements (A) and 150 honey samples
(B).

to see, for example, that sample number 10 which is located in the bottom
right of Figure 12.3B presents a fairly high concentration of Co (i.e.
0.10mg/kg) and the highest concentration of Mo (i.e. 0.81 mg/kg).
Undoubtedly, Co and Mo are found mainly in the acacia honeys collected
in polluted areas. However, exceptions can be found.

Figure 12.3B also highlights samples with specific contaminants. Thus,
for example, samples 27 and 28 contain the highest concentrations of Cu.
As indicated previously, sample number 123 is the most contaminated by
Ag. Sample number 80 contains the highest concentration of Al (i.e.
1.44mg/kg). Sample number 86 contains fairly high concentrations of Ca
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and S while Ag, Cr, Co, Cu, Mo, and Al have not been detected and the
other elements are present in limited amounts. All these details can be
readily deduced from Figures 12.3A and 12.3B.

Analysis of the factorial map F,F;

The factorial map F,F; (Figure 12.4), which only accounts for 32.69
percent of the total inertia of the system, confirms the general trends
stressed previously with the factorial maps F,F, and F,F;. In addition, it
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Figure 12.4 F,F, factorial maps for the 13 elements (A) and 150 honey samples
(B).
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allows some chemical characteristics of the honey samples to be refined.
Thus, for example, sample number 41, which was collected in a hive
located near a paper pulp factory, presents the highest concentration of Zn
(i.e. 5.96 mg/kg). This sample, located on the bottom left of Figure 12.4B,
also contains a fairly high concentration of Al (i.e. 0.98 mg/kg). In the
same way, sample number 65, which was collected near a highway, is also
significantly contaminated by these two elements (Table 12.2). However,
in neither of these two samples sulfur has been detected (Figure 12.2B).
Sample number 19 contains substantial concentrations of Cr, Cu, and Co
and a very high concentration of Mo. Similarly, sample number 52 con-
tains measurable concentrations of Ag, Cr, Co, Mo, and Al. Sample
number 32 contains no detectable concentrations of Ag and Al (Table
12.2) but is contaminated by Cr, Co, Mo, and Zn. Conversely, honey
samples located in the upper left of Figure 12.4B generally do not contain
these elements or are only contaminated by some of them. Thus, for
example, sample number 57 only contains significant amounts of Ca and P,
all the other elements are present in small quantities. The particular loca-
tion of Al on Figure 12.4A, but also on Figures 12.2A and 12.3A, has to be
related to the ubiquity of this pollutant. In the same way, Fe also presents
a rather central location on Figures 12.2A, 12.3A, and 12.4A.

Principal component analysis and hierarchical cluster analysis

Because, as emphasized previously, Table 12.2 could be analyzed by other
multivariate techniques, principal component analysis (PCA) [31] was also
used to reduce the dimensionality of this data matrix. The PCA results
(not shown) are broadly in accordance with those obtained from CFA. A
hierarchical cluster analysis (HCA) was also carried out on Table 12.2. An
aggregative procedure using a x> distance and an average linkage algo-
rithm were used [32, 33]. The results obtained with this type of multi-
variate method are difficult to compare directly with those produced by
CFA or PCA. With PCA or CFA, the different variables and objects are
explained on different factors, consequently, to draw conclusions, it is
always necessary to consider different factorial maps accounting for differ-
ent parts of the information. Conversely, with HCA, all the information of
the data matrix is displayed through two dendrograms: one for the vari-
ables and another for the objects. Therefore, the comparison of the results
obtained with a CFA and an HCA is not straightforward. Despite this
point, on the dendrogram of the variables obtained from the HCA of
Table 12.2, it has been possible to confirm the atypical position of Ag and
the relative independence of the other elements except for Ca, P, and Mg
and to a lesser extent S which form a cluster (figure not given). In the same
way, the dendrogram of the objects clearly shows the existence of some
important outliers [e.g. 41, 123] in contrast with samples organized in more
or less strong clusters (figure not given).
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Discussion

It is difficult to compare our results with those published in the literature
because they generally deal with different types of honeys. In addition,
other analytical methods and protocols have generally been used to quan-
tify the concentrations of metallic and nonmetallic elements in the
samples. Kump and colleagues [21], comparing the performances of
radioisotope X-ray fluorescence spectrometry, total reflection X-ray fluo-
rescence spectrometry, atomic absorption spectrometry, and inductively
coupled plasma atomic emission spectrometry as methods for detecting
contamination in metallic and nonmetallic elements in different types of
honeys, have clearly addressed these problems. They have shown that in
the acacia honey, the concentrations of most of the trace elements were
lower than those generally found in the other honey varieties tested. Nev-
ertheless, our results clearly reveal an absence of significant contamination
of the French acacia honey by Ni, Cd, Hg, and Pb. In fact, because of the
large number of samples collected in various contaminated sites located in
different geographical regions (Figure 12.1), we can assume that the
French acacia honey is not significantly contaminated by these elements.
For comparison purposes, note that Rowarth [18] showed, by means of
atomic absorption spectrometry, that the concentrations of Pb in 59
samples of New Zealand honey taken from several enterprises in three
localities in the North Island, and from different stages, ranged from 0.009
to 1.131 ppm. With the same analytical technique, Cesco et al. [22] meas-
ured 1.84 = 0.48 ppm of Pb in honeys collected in a polluted area located in
the city of Portogruaro (Venice, Italy). The highest concentrations of Pb
were found in propolis (13.7 = 6.14ppm) and royal jelly (13.1 =0.43ppm).
Cesco et al. [22] also found concentrations of Cd ranging from about 1 to
3ppm, depending on the matrix analyzed. Barisic et al. [24] showed that
the concentrations of Pb in meadow honey, mixed meadow and honeydew
honey, and honeydew honey from Gorski Kotar (Croatia) ranged from
0.19 to 2.77, 0.22 to 2.62, and 0.84 to 6.78 ppm, respectively. In addition to
their (eco)toxicological usefulness, these results are also very interesting
from a methodological point of view. They clearly illustrate the difficulty
in comparing honey samples due to intra (within) and inter (between)
variability. Ni was found in lower amounts, with the highest concentrations
measured for the meadow honey, mixed meadow and honeydew honey,
and honeydew honey being 0.188, 0.211, and 0.472 ppm, respectively [24].
Conversely, some of the 150 acacia honeys analyzed are highly contami-
nated by Ag, Cr, Zn and/or other elements which are undoubtedly linked
to human pollutions. However, the true source of the contamination is
often difficult to determine. While samples collected in contaminated sites
generally present the highest concentrations in these elements, exceptions
can be found. Thus, honeys originating from apparently unpolluted
sites can present a fairly high level of contamination for one or more of
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these elements. It is obvious that the role of the wind in transportation
cannot be excluded for explaining the presence of contaminants far from
their emission source. However, direct contamination induced by bee-
keepers cannot be excluded. Thus, for example, as the pH of the acacia
honey is equal to 3.9 [34], the contact of a sample with a galvanized surface
will induce an elevated level of zinc in this sample. Even if the beekeepers
were asked to provide samples collected directly in the honeycomb cells of
the hives with the appropriate equipment to avoid contamination, we are
aware that our protocol has not always been followed. Thus, changes have
been already noted for three beekeepers (129/130/131, 134/135, 143/144).
Sample number 129 was collected in a hive located near a dump while
samples 130 and 131 originated from uncontaminated sites. While these
samples have not been extracted directly from the honeycomb cells but
after the honey harvesting, the different concentrations found in these
samples (Table 12.2) are logical. Thus, we can assume that no bias has
been introduced. This also seems to be the case for samples 134/135 and
143/144 which were apparently collected in nonpolluted areas. Because the
analytical results of these seven samples were logical, they were kept to
perform the multivariate analyses. However, we cannot certify that for all
the other honey samples, the sampling protocol has been scrupulously
respected by the beekeepers and hence, direct contamination during pro-
cessing and/or storage cannot be excluded.

More generally, Tables 12.1 and 12.2 reveal a high variability in the con-
centrations found for most of the elements. Consequently, it is not
surprising to see the scattering of the points (i.e. samples) on Figures 12.2
to 12.4. The variability in the concentrations of metallic and nonmetallic
elements in honeys has been reported in numerous articles. However,
generally these papers deal with honeys of different biological origins
and/or collected according to various methods and/or not related to pos-
sible environmental contaminations. Thus, Bengsch [35] generally
emphasized the large variations in the concentrations of K, P, Ca, S, Mg,
Mn, Si, B, Fe, Zn, Cu, and Ba measured in honey samples by ICP-AES.
However, while 14 different biological types of honeys were analyzed,
acacia honey was excluded from his study. In addition, no relationships
with direct or indirect human contaminations were considered. The same
criticism can be made of the work of Lasceve and Gonnet [36] dealing
with the comparison of light (Robinia pseudoacacia, Lavandula) and dark
(Abies pectinata, Calluna vulgaris) honeys for their mineral composition
measured by activation analysis with thermic neutrons. While the geo-
graphical origin of the samples was provided, it is obvious that on the basis
of only 14 French samples analyzed (i.e. 4 Rp, 3 L, 4 Ap, 3 Cv), and
without any indication of the levels of contamination found in the media in
which these honeys were collected, no formal conclusions can be made.
Tong et al. [14], from the analysis of 19 honey samples of various biological
origins and collected with different protocols near zinc mines, industrial



Elemental analysis of French acacia honey 265

areas, or highways, also showed a high variability in the concentrations
found for most of the metallic and nonmetallic elements. Because the con-
centrations of the elements were related to the sources of sampling, it is
interesting to provide the ranges found by these authors for the 18 ele-
ments under study. These concentration ranges (ppm fresh weight) were
the following: Ag (0.002-0.094), Ca (3-540), Cr (0.003-2.1), Co
(0.002-0.50), Cu (0.13-3.3), Fe (0.41-40), Mg (2-370), Mn (0.18-12), Mo
(0.003-0.10), P (5-500), S (0.9-390), Zn (0.18-5.6), Al (0.09-18), Li (not
analyzed), Ni (0.011-0.83), Hg (<0.1 in all samples), Cd (<0.001-0.028),
and Pb (0.03-0.28). While some of their samples were collected in the
vicinity of highly polluted areas, it is surprising that the highest concentra-
tion of Ag was only 0.094ppm if we consider that the highest concentra-
tion found for Cr was 2.1ppm. Indeed, our study has clearly shown the
relationship between these two elements. Conversely, even if Al was
detected in about two-thirds of our samples, it is interesting to note that
the highest concentration (i.e. 1.44 ppm, sample number 80 on Table 12.2)
is about 12 times lower than the highest concentration found for this
element by Tong et al. [14] (i.e. 18 ppm, sample collected near the New
York State Thruway).

Concluding remarks

From 150 samples collected with comparable protocols, in various identified
polluted and nonpolluted environments, all being located in France, it has
been possible to show that acacia honey was not a good bioindicator of the
environmental pollution by heavy metals and related elements. Indeed, it is
true that generally the most contaminated honeys correspond to samples
collected in hives located within polluted areas. However, contaminations
can also be found in apparently uncontaminated areas. Even if some of
these contaminations may be explained by acidic reactions of the honey with
metallic surfaces during their processing, because some beekeepers were not
able to respect our sampling protocol, the true source of contamination of
the collected samples often remains difficult to determine.

More generally, our analytical results and multivariate analyses reveal
that acacia honeys present a very high variability in their concentrations in
metallic and nonmetallic elements. This makes it impossible to propose an
average profile for characterizing the French acacia honeys from their ele-
mental analysis. It would be worthwhile investigating whether similar con-
clusions can be drawn from the analysis of other types of French honeys.
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13 The role of insect-resistant
transgenic crops in
agriculture

L. Jouanin and A.M.R. Gatehouse

Summary

Phytophagous insects are responsible for major losses in crops. For the
past five decades pest control has been accomplished largely by the use of
chemical pesticides, although some success has also been achieved towards
producing plants with enhanced levels of endogenous resistance using con-
ventional plant-breeding (i.e. host-plant resistance) and in vitro tech-
niques. Recent technologies such as plant genetic engineering provide
breeders with the opportunity for introducing resistance genes from
foreign species into crop plants.

Different approaches have been considered to obtain such plants,
through the expression of entomotoxic proteins. The main strategy to date
has been based on the expression of endotoxins (Cry) originating from the
soil bacterium Bacillus thuringiensis (Bt), with the commercialization of
such crops in the USA since 1995. However, in order to enlarge the
spectra of activity against insects and to co-express different toxins in
transgenic crops, screenings for new entomotoxic proteins of plant, bacter-
ial, and insect origin have become necessary and some genes encoding
such toxins have already been introduced into crops and tested against
selected insect pests. The state of the art of these different strategies is
considered in this chapter.

Introduction

Pest control is accomplished largely by the use of chemical pesticides;
however, losses in the major crops remain important [1]. In addition,
major problems related to the use of these products have been reported,
the most important being detrimental impacts on the environment, such as
pollution of land and water tables, toxicity towards nontarget organisms,
and accumulation in food chains. Thus, it is necessary to develop more
environmentally benign methods of crop protection. The use of other
types of pest control measures such as breeding for resistant varieties,
modified agricultural practices, biological control, and biotechnology
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products must be developed. In this context, transgenic plants represent a
very promising technology. The first transgenic plants were obtained in
1983 [2] and reports of the first applications to insect resistance were
published in 1987 [3-6]. Many field trials have been performed in different
countries during the following years, and in 1995 B. thuringiensis
(Br)-potatoes became the first Br-expressing crop to be commercialized,
soon to be followed by the commercialization and cultivation in 1996 of
lepidopteran-insect-resistant cotton in the USA [7].

The expression of an insecticidal protein in plants presents many advan-
tages over the exogenous application of chemicals. The “toxin,” confined
in the plant, is active at the early stages of insect attack and thus further
reduces the level of damage. In addition, the “toxin” is only likely to have
a direct effect on phytophagous insects feeding on the plant, although it
may have indirect effects on insects which predate/parasitize these pest
species. The expressed insecticidal gene product can be effective against
insects feeding inside the plant (borers) as well as protecting parts of the
plant which are difficult to treat with conventional pesticides (roots). The
culture costs are reduced (but the seeds are more expensive) and the
environment is more protected. Before introduction and expression in a
transgenic plant, the gene(s) encoding the insecticidal protein must be
identified. Since the insect gut is the prime target for the majority of insect
resistance genes at present being utilized or developed, in order to confer
the resistance trait, the “toxin” must be active after ingestion. This
consideration has, up until now, excluded the use of neurotoxins. Insectici-
dal proteins can be of diverse origins and the most well known are derived
from bacteria or plants. While the expression of endotoxins originating
from the bacterium B. thuringiensis has been the most successful strategy
for obtaining insect-resistant plants, many other strategies are also being
developed; the different classes of insect resistance genes which have been
expressed in transgenic crops are summarized in Table 13.1. The aim of
this chapter is to summarize major studies carried out to date, and to
discuss the potential problems posed by the use of this new technology.
The reader is also referred to other recent reviews [7-9]. This chapter pro-
vides an introduction to two further chapters presented in this book
(Chapters 14 and 15) which discuss, in detail, work carried out to evaluate
the risks of entomotoxins expressed in transgenic plants on honey bees.

Entomotoxins introduced into plants by recombinant DNA
technology

Bacillus thuringiensis 6-endotoxins

B. thuringiensis is a gram-positive bacterium that synthesizes insecticidal
crystalline inclusions during sporulation. The crystalline structure of the
inclusion is made up of protoxin subunits called 8-endotoxins. Most B.
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Table 13.1 Classes of insect resistance genes expressed in transgenic crop plants

Source Target pests
Microorganisms
Bacillus thuringiensis (Bt) Lepidoptera, Coleoptera
Isopentyl transferase (ipt) Lepidoptera, Homoptera
Cholesterol oxidase Lepidoptera, Coleoptera
Vegetative insectical proteins (Vips) Lepidoptera
Plants
Enzyme inhibitors (serine, cysteine, a-amylase)  Lepidoptera, Coleoptera,
Homoptera
Lectins Coleoptera, Homoptera,
Lepidoptera
Chitinases Homoptera
Anionic peroxidase Lepidoptera, Coleoptera,
Homoptera
Tryptophan decarboxylase (TDC) Homoptera
Animals
Protease inhibitors (insects) Lepidoptera, Homoptera,
Orthoptera
Chitinases (insects) Lepidoptera
Avidin (chicken egg white) Coleoptera, Lepidoptera

thuringiensis strains produce several crystal (Cry) proteins, each possess-
ing a specific host range. The narrow host range of each individual toxin
makes this group of insecticidal proteins very attractive with respect to
both efficiency and environmental safety. The classification of the Cry pro-
teins is based on hierarchical clustering using amino-acid sequence identity
[10, http://epunix.biols.susx.ac.uk/Home/Neil_Crickmore/Bt/insdex.html].
A large number of the isolated and characterized genes encode toxins
active against Lepidoptera (CrylA, CrylB, CrylC, Cry2, Cry9) although
others are toxic towards Coleoptera (Cry3), Diptera (Cry 4), and nema-
todes (Cry 5). Most of these proteins, even in the Cryl subfamily, have a
distinctive insecticidal spectrum. The size of most of these Cry proteins is
about 130kDa and they are produced in an inactive form. After ingestion,
the alkaline environment of the insect midgut causes the crystals to dis-
solve and release their protoxins (several protoxins can be included in the
same crystal). The protoxin is then cleaved by gut proteases to give a
65-70kDa truncated form which is the active toxin. The toxin binds to spe-
cific receptors on the cell membranes and forms pores that destroy the
epithelial cells by colloid osmotic lysis [11] resulting in the death of the
insect. Specificity is, to a large extent, determined by a toxin-receptor
interaction [12], although solubility of the crystal and protease activation
also play a role [13].

B. thuringiensis was initially used as a bioinsecticide against different
lepidopteran pests [14]; however, due to low field-persistance, the use of
Bt sprays is relatively limited. The fact that Bt toxins have little effect on



272 L. Jouanin and A.M.R. Gatehouse

either nontarget organisms or mammals, together with their high and
rapid toxicity towards target insects, as well as the availability of a large
number of genes possessing different specificities, makes these toxins very
interesting for introduction into plants.

The first published reports of the introduction and expression of cryl A
genes into plants were published in 1987 [3, 4, 6]; in these early studies
tobacco and tomato were used as model plants. Bt genes have now been
transferred to a number of other crops such as cotton, maize, rice, and
potato [reviewed in 15, 16]. Initially, both full-length (encoding the pro-
toxin) and truncated (encoding the N-terminal part of the protein) cry
genes were introduced into plants; only plants expressing truncated genes
conferred protection against insect larvae. However, trials performed on
these first-generation Bt-plants demonstrated low levels of protection
under field conditions [16]. Subsequently, many attempts were made to
increase the level of expression; however, the best improvement was
observed by using partial or entirely synthetic genes (where the nucleotide
sequences are modified without changing the amino-acid sequence [17]).
A substantial increase in the amount of Cry protein expressed was
observed after this gene modification and field trials of Bt-cotton
demonstrated that the plants were completely protected against important
lepidopteran pests [18]. Different synthetic Cry genes (CrylAa, b, c,
CrylC, cry9C) have been synthesized [reviewed in 15] and many reports of
the successful introduction of these genes into various plants have been
published together with the results of field trials [19]. Among the Bt
d-endotoxin genes cloned, several genes (Cry3A, B) encode toxins active
against Coleoptera such as the colorado potato beetle (CPB, Leptinotarsa
decemlineata). Synthetic Cry3A genes have also been designed and suc-
cessfully introduced into potatoes. However, the activity spectra of
coleopteran Cry-toxins is restricted to a limited number of insects from
this order and there appear to be no published reports of Cry proteins
with activity towards important insect pests such as the Southern- or
Northern-corn rootworm or the boll weevil.

In order to increase the level of expression of the native Bt gene, the
crylAb gene [20] and the cry2Aa2 gene [21] have been expressed in
chloroplasts by homologous recombination. The large number of chloro-
plasts in a cell leads to a very high level of toxin production (3-5 percent
of soluble proteins) in tobacco. Nevertheless, chloroplast transformation is
far from being routinely achieved and this technology needs to be adapted
to crops.

Plant proteinase inhibitors

Plant proteinase inhibitors (PIs) are small proteins which are known to be
involved in the natural defense of plants against herbivory [22]. Hydrolysis
of dietary proteins in insects can involve different types of digestive pro-
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teinases — serine-, cysteine-, aspartic- and metallo-proteinases — and differ-
ent proteinases predominate in the gut according to the insect order. Many
different plant serine PIs have been characterized and cloned; they can be
classified according to their sequence homology [23]. The most studied are
the Bowman-Birk, the Kunitz, and the potato PI; fewer plant cysteine Pls
have been characterized and cloned to date.

The mode of action of serine and cysteine Pls at the molecular level is
known [24]. They are competitive inhibitors and form nonconvalent com-
plexes with proteases. The antimetabolic action of these PIs against insects
is not fully understood: direct inhibition of digestive enzymes or enzyme
hypersecretion (to overcome the inhibition), inducing depletion in essen-
tial amino acids, is known to be involved [25].

Serine-like proteinases are predominant in lepidopteran larvae [26]. It
has been shown that different serine PIs are able to inactivate lepi-
dopteran proteases and to cause deleterious effects on development and
growth when incorporated into artificial diets [reviewed in 23, 25]. The
first constitutive expression of a PI in a plant was reported by Hilder et al.
[5], who showed that a trypsin/trypsin inhibitor derived from cowpea
(Vigna unguiculata), CpTI, conferred resistance against Heliothis virescens
when expressed in tobacco. Many reports [reviewed in 8, 10, 11, 25] detail
the production of transgenic plants expressing PIs of various origins and
their antifeeding effects on different lepidopteran larvae. However, to be
effective, the level of PI expression must be high [27]. In addition, insects
can rapidly adapt to the ingestion of PI by overexpressing existing pro-
teases or inducing the production of new types, less sensitive to the intro-
duced PI [28-30]. In order to achieve durable resistance, crop protection
strategies based on PIs will require further optimization, since lepi-
dopteran larvae possess a diverse pool of serine proteases; information on
the molecular interactions of the enzyme-inhibitor complex and the
response of the insect to the presence of these inhibitors will be essential.
This could be achieved by co-expressing PIs of different types and/or
improving the affinity of introduced PIs for the target insect proteases [31,
32]. Until now, even if increased mortality and reduced growth of lepi-
dopteran larvae have been observed after ingestion of serine PI-expressing
plants, these effects have not been deemed sufficiently convincing to
permit the commercialization of such crops.

Studies carried out on the protease content of the gut of different
Coleoptera have shown the presence of cysteine proteases, which, in many
cases, represent the major class of digestive proteases [33]. The cDNA of
OC-I, a rice cysteine PI, has been constitutively expressed in different plant
species. When expressed to a level of 1 percent of the soluble proteins in
poplar, it causes an increase in insect mortality; however, this lethal effect is
observed mainly at the end of the larval stages [34]. A significant growth
reduction in Colorado potato beetle larvae was observed when OC-I was
expressed in potatoes [35]. However, OC-I expression in oilseed rape failed
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to confer resistance towards several coleopteran species feeding on this
plant [reviewed in 36]. As already observed with Lepidoptera, the lack of
effects can be linked to a number of factors: the need for high expression
levels (which was not obtained in oilseed rape), overexpression of cysteine
proteases, compensation by serine proteases and degradation of the intro-
duced PI by insensitive proteases [36]. The digestive complex of
coleopteran insects involves proteases of different classes (serine, cysteine,
aspartyl) and it may be difficult to obtain durable protection using PIs for
this insect order, even if PIs of several types (serine and cysteine for
example) are expressed simultaneously.

Plant lectins

Lectins are proteins containing at least one noncatalytic domain which
binds reversibly to a specific mono- or oligosaccharide [37]. Lectins have
been isolated from many plant tissues such as seeds, storage and vegeta-
tive tissues of dicots and monocots. On the basis of molecular and struc-
tural analyses, plant lectins can be classified into different families [38].
The role of lectins in the plant is not well characterized, but they are
thought to be involved in different physiological processes such as storage
proteins, sugar transport, cell-to-cell recognition, interaction with microor-
ganisms, and defense against pests and pathogens. A role for lectins as
defense proteins in plants against insect pests was first proposed by Janzen
and Juster [39] who suggested that the lectin from the common bean
(Phaseolus vulgaris PHA) was responsible for the resistance of these seeds
to attack by coleopteran storage pests. Over the past few years, lectins
from a wide variety of sources have been tested for their entomotoxic
properties in intensive screening programs. These studies have shown that
lectins belonging to different families and with different sugar specificities
exert interesting effects on different insect genera. Effects included a delay
in the rate of insect development, a decrease in fecundity, and mortality
[reviewed in 40, 41]. The mechanism of action of lectins on insects is not
well understood, but is thought to be complex. A prerequisite for lectin
toxicity involves binding to specific “receptors,” although binding in itself
does not necessarily infer that a given lectin will be toxic. Many studies
have demonstrated binding of lectins to the midgut epithelial cells of
insects from different orders including Homoptera, Coleoptera, and Lepi-
doptera [42-45] and in some instances this binding has induced morpho-
logical changes such as disorganization of these cells, which in turn is
thought to affect nutrient absorption. Further evidence that lectins affect
digestion and absorption is provided by the recent findings that they can
alter the activity of specific digestive enzymes within the insect gut or
block glycoproteins involved in digestion or transport [40].

Not only do lectins exert their effects within the gut itself, but they are
also known to confer systemic effects. They have been shown to be
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sequestered in the fat bodies of rice brown planthopper (Nilaparvata
lugens; BPH) [44] and in the hemolymph of lepidopteran species such as
tomato moth [45]. In addition to the toxic effects outlined above, lectins
have also been implicated in altering insect behavior both in artificial diets
[46] and when expressed in transgenic crops [47].

Lectins are currently receiving most interest as insecticidal agents for
control of homopteran pests following the demonstration that they were
toxic to planthoppers [48] and, to a lesser extent, aphids [49, 50]. Expres-
sion in transgenic plants of the mannose-specific lectin from snowdrop
(Galanthus nivalis agglutinin, GNA) has been shown to be effective
against homopteran pests [47, 51-55]. It is also effective against several
lepidopteran pest species [56, 57]. However, to date, there are no pub-
lished reports of field trials of plants expressing lectins.

Plant a-amylase inhibitors (a-Als)

The common bean, Phaseolus vulgaris, contains a family of related seed
proteins (PHA-E and -L, arcelin and a-AI). PHA-E and -L are classical
lectins with strong agglutination activity while a-Al can complex insect
a-amylases and is thought to play a role in plant defense; it has been
shown to inhibit the a-amylases present in the midgut of coleopteran pests
of stored products [58]. The common bean a-Al has been expressed in pea
and in Azuki bean, where its expression confers resistance to the bruchid
beetles, Callosobruchus maculatus and C. chinensis [59, 60]. As well as
being active against pests of stored grain, Schroeder et al. [60] further
demonstrated that the expression of this gene in pea confered resistance to
Bruchus pisorum. In a recent study Morton et al. [61] demonstrated com-
plete protection under field conditions of transgenic peas expressing the
a-Al-1 against this pea weevil.

Other toxins of bacterial origin

In order to identify new insecticidal proteins, large screening programs of
bacterial extracts have been initiated in different laboratories [7]. These
programs have allowed the identification of new gene candidates for gen-
erating insect-resistant crops. Supernatants from exponential cultures of B.
thuringiensis were shown to contain toxins active against Lepidoptera such
as Agrotis ipsilon (black cutworm, BCW). Two of these toxins, vegetative
insecticidal proteins (VIPs), with toxicity towards lepidopteran larvae,
have been isolated [62]. Insecticidal proteins (VIP1 and VIP2) have also
been isolated from supernatants of Bacillus cereus isolates [62]. Strepto-
myces cultures are known to secrete cholesterol oxydase (COX), an
enzyme active against the boll weevil (Anthonomus grandis), a major
cotton pest worldwide. This protein is active within the same range as Bt
toxins [63] and has been expressed in tobacco protoplasts [64].
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To date, while no reports of transgenic plants expressing these recently
identified bacterial toxins have been published, Estruch et al [7] have
nevertheless described the use of these genes to generate a second genera-
tion of insecticidal plants.

Toxins of insect origin

In the search for new toxin genes, several studies have raised the possibil-
ity of altering/interfering with specific physiological processes within
insects using proteinase inhibitors or chitinase of insect origin. For
example, one serine PI isolated from the hemolymph of M. sexta adversely
affects insect development when expressed in plants [65-67]. Chitin is
present in insects, not only as exoskeletal material but also in the per-
itrophic membrane [68], and during molting there is known to be an
increase in chitinase activity. In recent studies, constitutive expression of
the M. sexta (tobacco hornworm) gene encoding this chitinase in tobacco
was shown to cause a significant reduction in growth of tobacco budworm
(H. virescens) larvae, whereas no differences were observed in tobacco
hornworm (M. sexta) [69]. A synergistic effect was observed when this
insect chitinase was used in combination with sublethal doses of Bt toxin,
with detrimental effects being observed in the case of M. sexta [69].

Commercialization and risk assessment of insect-resistant
transgenic crops

Commercialization

The first Bt-cotton field trial was reported in 1992 [18] and since 1996
only one Bt-cotton (Bollgard™, Monsanto) has been released. This
plant expresses the CrylAc protein which protects it against several
lepidopteran insect pests (Heliothis virescens, Helicoverpa zea, and
Pectinophora gossypiella). In 1999, 27 percent of the total acreage of
cotton was planted with Bt-cotton in the USA.

Similarly, Bt-maize has been developed with resistance to the European
corn borer (ECB; Ostrinia nubilabis), with the first report of a field trial
published by Koziel et al. [70]. The commercialized Bt varieties originate
from five different transformation events which vary according to which
gene is expressed (crylAb, crylAc, and cry 9C), and the promoter associ-
ated with the coding sequence (which affects the quantity and location of
the Cry protein). In 1999, 30 percent of the cultivated area in the USA
consisted of transgenic varieties. In 1995, Bt-potato (NewLeaf™, Mon-
santo) became the first Bt-crop to be commercialized. However, they are
not, as yet, cultivated on large areas (4 percent acreage in 1999 in the
USA). A summary of the global area of transgenic crops by country, crop,
and trait is given in Figure 13.1.
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Figure 13.1 Global area of transgenic crops in 1999 by (A) country (millions of
hectares); (B) crop; (C) trait (millions of hectares). Reference source:
Global Review of Commercialized Transgenic Crops (1999). ISAAA
Briefs, No. 12.

Insect resistance

The repeated and unmanaged use of chemical pesticides has led to the
rapid evolution of resistant insect populations. However, development of
resistance within insect populations is not just confined to chemicals since
field uses of B. thuringiensis-based biopesticide products have led, in the
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case of one insect, Plutella xylostella, to the occurrence of resistant insect
populations in Hawaii [71] and in other areas [reviewed in 72]. The
important increase in the cultivation of transgenic insect-resistant crops
could lead to the same problem. Most of the introduced genes work as
monogenic traits and could therefore be readily overcome. For the most
part, only crops expressing Cry genes have been grown in the field in large
quantities and as yet no cases of insect resistance have been reported.
However, there is no doubt that the potential for resistance is present [73].
In addition, under laboratory conditions many strains of Cry-resistant
insects have been selected [72]. As a result, the potential for insect resis-
tance to develop is a major consideration whenever large plantations of
insect-resistant crops are planned [74].

Resistance management strategies are oriented towards a reduction of
selection [reviewed in 19, 75, 76]. These strategies are of different types:
tissue- or time-specific expression of toxins, transfer of multiple toxins
with different modes of action, low doses in combination with natural
enemies, high doses plus refuge, and other cultural practices.

Use of tissue- or time-specific promoters

In most cases, the toxin is expressed under the control of constitutive pro-
moters such as the CaMV 35S promoter and its derivatives, or monocot
ubiquitin or actin promoters. Tissue- and time-specific promoters can be
used to limit toxin production to the tissues fed upon by the pest, or to
periods when the pest attacks the plant. For example, to protect against
seed-attacking insects, the promoter from the seed protein phytohemag-
glutinin from beans has been used to drive expression of the a-amylase
inhibitor [59]. The rice sucrose synthase promoter which confers phloem-
specific expression has been used to generate plants resistant to sap-
sucking insects such as aphids and planthoppers [54, 77]. The use of
inducible promoters allowing toxin expression only after wounding such
as insect feeding has also been considered. Duan et al. [78] obtained
lepidopteran-resistant transgenic rice lines expressing a potato PI under
the control of its own promoter. Induction of expression by chemicals (sal-
icylic acid) has also been observed using the tobacco promoter of the
pathogenesis-related protein [79].

Gene pyramiding

The use of multiple resistance genes or gene-pyramiding (stacking)
requires the incorporation into the plant genome of genes encoding two or
more entomotoxins each possessing different modes of action. Increasing
attention is now being devoted to the study of the co-expression of differ-
ent genes. It is for this reason that it is important for the future to identify
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new toxins since, for many insects, the choice of genes available for trans-
fer is limited.

High-dose and refuge strategy

The high-dose strategy is considered to be the most efficient and promis-
ing way of managing resistance in Bt crops, if used in conjunction with
refuges [80]. Refuges are areas planted with nontransgenic plants where
the pest population can survive and act as a reservoir of wild-type suscepti-
ble alleles. The success of this strategy depends upon the initial frequency
of allele resistance [81, 82].

Risk assessment

When using transgenic plants or derived products, it is important to deter-
mine the entomotoxin toxicity towards other organisms. Three categories
need to be considered: humans, animals, and nontarget insects. In this
chapter, we will only consider the risks which are specific to insect-
resistant transgenic plants, and not those relevant to all transgenic plants
and which are more related to the biology of the plant itself (impact on
biodiversity by crossing with wild relatives, pollen dispersion, etc.).
Another point which will not be discussed here concerns the potential
risks associated with the marker genes (coding for antibiotic or herbicide
resistance) generally used to select the transformed cells at the first stages
of the transformation procedure. Some studies have demonstrated the
innocuity of the proteins encoded by such marker genes [83-85]. In addi-
tion, different strategies are now available which avoid or eliminate these
marker genes in plants available commercially.

Risk for humans and animals

Potential risks must be considered in relation to the final use of the trans-
genic crop. For example, it will differ for cotton (industrial use), maize
(use of derived products and animal feeds), and vegetables (human con-
sumption), and as to whether it is eaten raw or after cooking. However,
even if eaten raw, in the case of Bt, the ingested proteins are very rapidly
degraded by the digestive enzymes and, in most cases, lose their activity
and properties. B. thuringiensis sprays have been used for a long time and
different studies have demonstrated its innocuity for humans and
mammals. In the case of proteins of plant origin, most of them are already
present in vegetables and fruits and are thus consumed on a regular basis.
However, in some cases (proteinase inhibitors, a-amylase inhibitors,
certain lectins), they are considered as anti-nutritional and vegetables con-
taining them in large amounts should be cooked before consumption, as in
fact is usually carried out for many vegetables such as potatoes, beans, etc.
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Risk for non-target insects

A major advantage of insect-resistant plants (whether produced by con-
ventional plant breeding or via recombinant DNA technology) is the con-
finement of the entomotoxin within the plant, thus restricting exposure of
the toxin to insects feeding on the plant. However, secondary pests, preda-
tors, or parasites of pests could ingest or come into contact with the toxin.
Natural enemies of pest species are an important component of integrated
pest management (IPM) and, therefore, it is imperative to investigate pos-
sible adverse effects upon natural biological agents [86]. Apart from Cry-
expressing crops, most of the studies on nontarget insects have been
performed under laboratory conditions and must be considered as the
“worst-case scenario” [87].

Even if the main target of a toxin is an insect which causes considerable
damage to the crop, very often other insects can feed on the plant. If they
are sensitive to the expressed toxin, they will also be affected which, of
course, is advantageous in terms of crop protection. However, some
insects could be affected in a nonintended way. An example of this is the
monarch butterfly (Danaus plexippus), a mythic butterfly of North
America. Losey et al. [88] observed a higher mortality rate in butterfly
larvae fed milkweed coated with Bt-maize pollen as compared to larvae
fed leaves coated with nontransformed maize pollen or with leaves free of
pollen. However, it is important to note that this study was performed
under artificial laboratory conditions which do not reflect most of the
characteristics of the monarch way of life [89]. In a very recent report, the
EPA (September 22, 2000), on the basis of further trials, concluded “that
monarch butterflies were at very little risk from Bt corn products, contrary
to widely published reports.” EPA further found that “In fact, some
authors are predicting that the widespread cultivation of Bt crops may
have huge benefits for monarch butterfly survival.”

Potential risk for beneficial insects

If transgenic insect-resistant crops are to play a useful role in decreasing
pesticide usage, it is apparent that they must be compatible with other
components of IPM. Indeed, the recommended practices for deploying
transgenic crops are all based on IPM. Ideally, genes expressed in trans-
genic plants for control of pests should at the same time produce no
directly deleterious effects on predators or parasitoids, which may play an
important role in biological control. In this context, it is important to dis-
tinguish between indirect effects, resulting from a decreased food supply
or reduced food quality, i.e. as a consequence of controlling the pest (host)
species, and direct effects where the transgene product is toxic to the ben-
eficial insect.

The high level of specificity shown by Bt toxins suggests that the encod-
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ing genes are unlikely to cause deleterious effects on predators when
expressed in transgenic plants. Many studies have now been carried out
both in laboratory trials and in the field and, in the main, this assumption
has been shown to be the case [90]. For example, plants expressing Bt
toxins were used as hosts for aphids (toward which the toxin has no protec-
tive effect) and shown to have no deleterious effects on ladybirds feeding
on those aphids [91]. Other studies found no deleterious effects on benefi-
cial insects in transgenic cotton [18], potatoes [92], or corn [93]. On the
other hand, other studies have reported Bt to be toxic to lacewing, a benefi-
cial predator [94]. In the case of transgenes whose products do not cause
complete, or almost complete, mortality of the target pest, the situation is
different, and in these situations, natural enemies may form an important
component of crop protection. Much interest is therefore being placed on
the effects of transgenes, including lectins and PIs on both predators and
parasitoids. Recent studies showed that when adult 2-spot ladybirds
(Adalia bipunctata) were fed on aphids (Myzus persicae) colonizing trans-
genic potato plants expressing GNA, ladybird fecundity, egg viability, and
adult longevity were adversely affected, although no acute toxicity was
observed [95]. More recently, neonate larvae of 2-spot ladybird have been
reared to adulthood on either GNA-fed or control-fed M. persicae, using an
artificial diet. Under these conditions, GNA failed to show any deleterious
effects on ladybird survival or development [96]. In these studies it was
noted that the ladybird larvae consumed more GNA-dosed aphids which
were significantly smaller. The cowpea trypsin inhibitor (CpTI), similarly,
did not affect ladybird survival or development [97].

The effects of GNA and CpTI on the ability of the gregarious ectopara-
sitoid wasp Eulophus pennicornis to parasitize lepidopteran larvae have
also been investigated recently. The pest Lacanobia oleracea was selected
for study since transgenic potato plants expressing GNA were shown to be
significantly resistant to attack [57]. In these studies, using both artificial
diet and GNA-expressing potato plants, no deleterious effects were
observed on any of the measured biological parameters of the parasitoid
(survival, development, egg load, fecundity, F1 generation) [45]. However,
in the case of CpTI expressed in transgenic potato, indirect adverse effects
on the parasitoid were observed since the pest larvae did not grow to a suf-
ficient size for parasitism to take place; in the few instances when the para-
sitoid was able to parasitize the pest, its subsequent development was not
affected [98].

Potential effects of transgene products on pollinating insects such as
honey bees and bumble bees, which play a major role in seed production
and fruit set of many crops, are of great importance. They feed on pollen
and nectar and therefore it is necessary to determine the toxicity of the
entomotoxin expressed in insect-resistant transgenic plants both in the
short and long term. To date such studies with honey bees have been per-
formed predominantly using artificial diets where the entomotoxins are
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incorporated at different doses; these types of experiments must be con-
sidered as a “worst-case scenario.” When deleterious effects are observed,
even under such artificial conditions, it is important to try and avoid
expression of the given toxin in pollen and nectar. Detailed discussions of
experiments of this kind will be addressed in Chapter 14. However, the
final evaluation must be performed on transgenic plants grown under
natural conditions; this topic will be considered fully by Pham-Delegue et
al. in Chapter 15.

Conclusion and perspectives

To increase the yield and reduce the use of chemicals in modern agricul-
ture, it is important to develop new approaches to crop protection, includ-
ing the use of recombinant DNA technology. This technology has opened
up new avenues for obtaining crops resistant to their major insect pests.
Expression of bacterial Bacillus thuringiensis Cry endotoxins is the most
advanced of these strategies. Bt-expressing maize, cotton, and potatoes are
already commercialized in some countries. However, to date, they have
been grown mainly in industrial countries and it is of importance that this
technology be extended to developing countries [99, 100].

To avoid problems with the emergence of resistance within insect
populations it is important to cultivate these crops under resistance-
management regimes. In the long term, and with the aim of extending the
range of insect pests to be controlled, it is important to increase the
number of genes which can be expressed in plants. Many studies, currently
at the laboratory stage, are being performed with this objective in mind.
Another factor which will affect the future of these crops is the public
acceptance of products derived from transgenic plants [101-103]. Better
consumer information is necessary to allow a well-informed decision to be
made based on the comparison of the potential benefits of using transgenic
plants as against the continued reliance on chemical insecticides.
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14 Using proteins to assess the
potential impacts of
genetically modified plants on
honey bees

L.A. Malone and M.H. Pham-Delegue

Summary

Genetically modified plants manifest new traits via the expression of
foreign proteins encoded by inserted transgenes. For example, cotton
modified to contain a Bacillus thuringiensis (Bt) gene and expressing Bt
toxin in its leaves and buds will be protected from bollworm attack. Since
the protein products of many transgenes can be purified, these “active
ingredients” of genetically modified plants can be used in experiments to
assess the likely impacts of such plants on bees. Such tests have a number
of advantages: they can be conducted prior to the lengthy process of plant
modification, the effects of the proteins can be quantified and some tests
may be conducted with bees outside strict quarantine conditions. The
shortcomings of this approach are that indirect impacts of genetically mod-
ified plants on bees, such as pleiotropic effects resulting from changes in
plant phenotype, cannot be assessed and that the test conditions may be
somewhat artificial, for example keeping the bees in cages in an incubator.
This chapter summarizes current results from bioassays with bees and
purified transgene products. Effects of a range of proteins, Bt toxins, pro-
tease inhibitors, chitinases, glucanases, and biotin-binding proteins, on
adult bee gut physiology, food consumption, olfactory learning behavior,
and longevity are presented.

Introduction

Genetically modified (GM) plants are becoming an increasingly common
component of agro-ecosystems throughout the world. For example,
between 1997 and 1998 the global acreage planted in commercial GM
crops, excluding China, increased 250 percent to almost 70 million acres
[1]. Over 90 percent of this acreage was planted with either herbicide-
resistant (71 percent) or Bt (Bacillus thuringiensis) insect-resistant (28
percent) crops. Most GM crops have been planted in industrialized
nations, with the United States accounting for nearly three-quarters of the
total. Herbicide-resistant soybeans were the most commonly planted GM
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crop in 1998 (52 percent), followed by Bt-corn (24 percent), herbicide-
resistant oilseed rape (or canola) (9 percent), Bt- and herbicide-resistant
cotton (9 percent), and herbicide-resistant corn (6 percent) [1]. Tech-
niques have now been developed for genetically modifying a huge array of
crop species. Field trials have been approved and are under way for field
crops (e.g. wheat, rice, barley, tobacco), flowers, trees (e.g. poplar, spruce,
sweetgum), oil crops (e.g. sunflower, peanut), grasses, sugar crops (beet
and cane), fruits (e.g. apple, cranberry, grape, melon, strawberry), and
vegetables (e.g. tomato, potato, broccoli, carrot, eggplant, lettuce, pea) [2].

In recent years there has also been increasing interest in and concern
about the potential ecological impacts of GM plants, both in scientific
circles [e.g. 3, 4] and in the popular media [e.g. 5]. Recent research has
sought to generate information with which to quantify the ecological risks
that may be associated with widespread use of GM plants. Key issues
include the dispersal of transgenes to related weedy plants [6, 7], to soil
microbes [8-10], and perhaps to bee gut microflora [11], effects on plant
decomposition rates [12, 13], persistence of transgene products in the
environment [14, 15], the development of insect resistance [16], and effects
on nontarget organisms. This final category encompasses tests of the
effects of GM plants on mammals [17-20], on tri-trophic interactions
[21-25], on attractive insects such as butterflies [26-28], on soil biota [29,
30], and on pollinators such as the honey bee. Many GM crop species
depend upon or have yields improved by honey bee pollination and many
represent important nectar sources for honey production [31]. Thus there
is significant interest in this beneficial insect and the impacts that GM
plant technology may have upon it.

GM plants may have direct or indirect effects on bees. Direct effects
may be defined as those that arise when a bee ingests the protein that a
transgene encodes, for example when it is expressed in pollen. Indirect
effects may be defined as those which arise if the process of introducing
the transgene into the plant results in inadvertent changes to plant pheno-
type affecting its attractiveness or nutritive value to bees. Direct effects
can be examined in experiments using purified proteins. Since the process
of isolating and characterizing genes for incorporation into GM plants
usually involves the expression of the gene in a bacterial or other expres-
sion system [32], it is often possible to obtain reasonable quantities of the
proteins they encode. These can then be used in tests with both target and
nontarget organisms. Alternatively, many such proteins can be obtained in
purified form from their original sources, e.g. proteinase inhibitors from
potatoes [33, 34] or Bt toxins from bacterial cultures [35]. Since the pro-
duction of GM plants is labor-intensive, time-consuming, and may require
strict containment conditions, it is often advantageous to conduct bioas-
says using the purified proteins in advance of beginning the process of
plant transformation. This is a standard approach when identifying poten-
tial pest-resistance genes. For example, a range of protease inhibitors may
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be bioassayed before one is selected for incorporation into a GM plant
and then tested in planta [e.g. 36, 37]. The same approach has been
employed with honey bees and the results of such bioassays are the subject
of this chapter.

Recent research results

Bt Cry proteins

The insecticidal properties of delta endotoxin proteins produced in crys-
tals formed by the soil-dwelling bacterium, Bacillus thuringiensis or Bt, are
well known [38]. These crystal (Cry) proteins are toxic only to insects and
many have activity specific to insects of a particular Order, e.g. Cryl pro-
teins for Lepidoptera, Cry3 proteins for Coleoptera. Because of this, and
the ease with which Bt can be cultured, preparations consisting of Bt cells,
spores, and crystals have been used as biopesticides since 1961 [39]. These
have a good safety record with honey bees, especially when compared to
many chemical insecticides. For example, Bt products such as Dipel® or
Foray® are described as having “very low toxicity” to bees, whereas
Orthene® (an organophosphate), Carbaryl® (a carbamate), and Ripcord®
(a synthetic pyrethroid) are all listed as “toxic to bees” [40].

More recently, the genes encoding various Cry proteins have been iso-
lated, characterized, modified for plant expression and introduced success-
fully into a wide range of crop plants. Expression of a Cry protein in the
leaves or roots effectively protects the plant against attack by insects sus-
ceptible to that protein. Recent commercial examples include Bt-corn
resistant to European corn borer (Ostrinia nubilalis), Bt-cotton resistant to
the cotton bollworm (Helicoverpa armigera), and Bt-potatoes resistant to
the Colorado potato beetle (Leptinotarsa decemlineata) [2]. These plants
present single Cry proteins to the insect in a pure and “activated” form,
whereas the biopesticide preparations, containing whole bacteria and
spores, usually present the insects with mixtures of toxins that need to be
activated by conditions in the insect’s gut. Because of this, additional
testing needs to be undertaken to ensure the safety of GM Bt-plants to
beneficial insects such as bees. Fortunately, Bt toxins can be purified and
activated to resemble the state in which they are expressed in transgenic
plants [41-43], and these can be used in trials with bees.

Purified CrylAc (formerly CrylA(c)) toxin (lepidopteran-active) fed at
a concentration of 20 pg/ml to 1-3-day-old larvae and adults of Apis mellif-
era had no significant effect on the survival of these insects [44]. This toxin
concentration was more than “100 times the concentration of CrylAc
protein found in the field as present in pollen and nectar of transgenic
cotton” [44], but the authors did not give details of these gene expression
measurements. Similarly, purified Cry3Ba (formerly CryIlIB) toxin
(coleopteran-active) fed in sugar syrup at concentrations of 0.066 or 0.332
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percent to colonies of honey bees over a 2-month period had no effect
on larval survival or pupal dry weight [45]. Purified CrylBa toxin
(lepidopteran-active), mixed into a pollen-based food at 10, 2.5, or
0.25mg/g and fed to adult honey bees for 7 days post-emergence, had no
significant effect on the rate at which each food was consumed (Figure
14.1a) or on the longevity of the bees (Figure 14.1b) [46]. A similar lack of
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Figure 14.1 (a) Consumption by adult honey bees of pollen-food with 0.25, 2.5,
or 10mg/g Bt toxin (CrylBa) or with 2.5 or 10mg/g Dipel® Bt
biopesticide added. After 7 days all bees were given pollen-based
food without additive. (b) Survival of these bees.
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effect was noted with two Bt biopesticide preparations (Foray® 48B and
Dipel® 2X) fed to bees in the same experiment at 2.5mg/g. However, an
extremely high concentration of Dipel® (10mg/g) resulted in significantly
reduced food consumption and survival, although whether this was due to
the Bt toxin or some of the “inert” ingredients in the preparation was not
ascertained [46]. Purified CrylBa protein (625 ng/g in pollen-based food)
has also been fed for 7 days to newly-emerged adult bees that were tagged
and then returned to outdoor hives and monitored. Bees fed with CrylBa
did not differ significantly from control bees fed plain pollen-food in the
timing of their first flights, the period during which flights took place or in
estimated longevity [47].

In response to public concerns raised by recent monarch butterfly/Bt-
corn pollen studies [26, 27], tests are also under way to compare the
respective effects of purified lepidopteran-active Bt toxins, of a Bt biopes-
ticide preparation, and of a conventional chemical pesticide commonly
used on corn and potentially present when pollen is produced (M.H.
Pham-Delégue, unpublished data). Such work is expected to assess the
biosafety correlates of the different methods used for crop protection,
rather than simply comparing the effects of GM plants versus control
plants, which is not agronomically realistic.

Bee larval tests with Bt Cry proteins have been carried out in-house by
biotech companies (S. Sims, personal communication), but there are no
published reports of such work. Laboratory-based methods for rearing bee
larvae have been established [48] and these could be adapted for use with
Bt and other pest-resistance proteins, especially for the later larval instars
which are known to ingest pollen as well as the glandular secretions of
adult bees.

Results so far suggest that the specificities of different Bt toxins are
retained in their activated form and, with the possible exception of those
derived from hymenopteran-active Bt strains [49], Bt transgene products
are very likely to be safe for honey bees.

Protease inhibitors

Protease inhibitors (PIs) represent a second class of proteins that may be
expressed at insecticidal levels in GM plants [e.g. 37, 50-52], although
none has been commercialized for this application as yet [53]. PIs can be
isolated and purified from many different plants, animals, and microbes.
When ingested by insects, some PIs can inhibit their digestive proteolytic
enzymes, causing starvation and death [e.g. 54-60].

PIs vary in their ability to inhibit specific proteases. For example, cys-
teine proteases respond to one set of PIs and serine proteases to another.
Some PIs bind strongly to only one type of protease; others have dual
specificity. The impact of a PI on a particular insect will depend on the
insect’s gut protease profile and the specific activity (or activities) of the PI
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in question. Because their mechanism of action involves molecule-to-
molecule binding, the impacts of PIs on insects are often dose-dependent
[e.g. 55].

Honey bees use proteolytic enzymes, including trypsin, chymotrypsin,
elastase, and leucine aminopeptidase, to digest dietary protein [61-64]. It
is not surprising, therefore, that some PIs at some concentrations have
been demonstrated to have effects on these insects. Bioassay methods for
determining the effects of purified PIs incorporated into artificial diets on
various pest insects are well established [e.g. 55, 58]. These methods have
been adapted for use with adult honey bees, by mixing PIs at various con-
centrations into either sugar syrup or a protein food and presenting these
to bees kept in small cages in an incubator.

Purified Bowman-Birk soybean trypsin inhibitor (BBI) fed to foraging
(older) honey bees at concentrations of 1, 0.1, 0.01, or 0.001 mg/g of sugar
syrup had no effect on bee survival over 4 days [65]. However, trypsin
activity levels in foraging bees fed three different concentrations of BBI in
syrup for 3.5 days were significantly different from those in control bees.
The lowest BBI concentration (0.001 mg/g) resulted in a slight but signific-
ant increase in trypsin activity, while two other concentrations (0.1 and
1mg/g) resulted in significant reductions in activity. In vitro tests, in which
enzyme extracts from control bee guts were incubated with BBI at a range
of concentrations, showed an 80 percent reduction in non-specific protease
activity and a 100 percent reduction in trypsin activity.

Some other studies on the direct effects of PIs on bees have used newly-
emerged adult bees [63, 64, 66]. It is only during the first week or so of
adulthood that honey bees consume and need to digest significant amounts
of protein-rich pollen [67], so the impacts of PIs would be expected to be
greater at that time. When fed to young adult bees, four different serine
endopeptidase inhibitors had dose-dependent effects on bee survival and
many of the PI treatments significantly altered protease activity levels in
the midguts of these bees [63, 64, 66].

Aprotinin (also known as bovine pancreatic trypsin inhibitor or BPTT)
and SBTI (also known as SKTI or soybean Kunitz trypsin inhibitor) both
significantly reduce the survival of bees fed these Pls ad libitum in sugar
syrup at 10, 5, or 1 mg/ml, but not at 0.1 or 0.01 mg/ml [63, 66] (Figure
14.2a). In vivo activity levels of three midgut endopeptidases (trypsin, chy-
motrypsin, and elastase) and the exopeptidase leucine aminopeptidase
(LAP) were determined for these bees at two time points: Day 8 after
emergence and when 75 percent of bees had died. LAP activity levels
increased significantly in bees fed with either inhibitor at all concentra-
tions. At Day 8, bees fed BPTI at all concentrations had significantly
reduced levels of trypsin, chymotrypsin, and elastase (Figure 14.3a). At the
time of 75 percent mortality, bees fed BPTI at each concentration had
reduced trypsin levels, but only those fed the inhibitor at the highest con-
centration had reduced chymotrypsin or elastase activity. At both time
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Figure 14.2 Survival of adult honey bees fed with (a) aprotinin (0.01, 0.1, 1, 5,

or 10mg/ml in sugar syrup, continuously) or with (b) potato pro-
tease inhibitor 1 (POT-1) (0.1 or 2mg/ml in syrup, continuously,
or 2, 10mg/g in pollen-based food for 8 days).

points, only bees fed SBTI at the highest concentration had lowered
trypsin, chymotrypsin, and elastase activities. These results suggest that
the observed reductions in bee survival at the higher PI concentrations are
in fact the result of a disruption in their ability to digest protein. We may
also speculate that the increased levels of LAP represent some kind of
compensatory mechanism to make up for the loss of proteolytic function
in the gut.
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Figure 14.3 In vivo activities of four different digestive enzymes in adult bees
after 8 days of feeding ad libitum on syrup with (a) 1, 3, or 10mg/ml
aprotinin or (b) 0.1 or 2mg/ml potato protease inhibitor 1 (POT-1)

added. Control bees were fed plain syrup without additive.

Aprotinin (2.5mg/g in pollen-based food) has also been fed for 7 days
to newly-emerged adult bees which were tagged and then returned to
outdoor hives and monitored. These bees began to fly and also died about
3 days sooner than control bees fed with plain pollen-food, in accordance
with the survival effects noted in some of the laboratory bioassays
reported above. The period during which flights took place was not altered
by the PI treatment [47].
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Similar laboratory bioassay results were obtained with bees fed potato
proteinase inhibitor I (POT-1 or PI-I) and potato proteinase inhibitor II
(POT-2 or PI-II) [64] (Figure 14.2b). Newly-emerged bees were fed each
PI in either sugar syrup (2 or 0.1 mg/ml) administered ad libitum or in a
pollen-based food (10 or 2mg/g) which was replaced with control food
after 8 days. In vivo activities of trypsin, chymotrypsin, elastase, and LAP
were determined at Day 3 and at Day 8 (Figure 14.3b). Enzyme activities
were significantly lower at Day 8 than at Day 3, except for elastase, which
did not change. Potato PI-II significantly reduced the activity of all
endopeptidases at both time points, regardless of the dose level or the
medium in which the inhibitor was administered. Potato PI-I acted in a
similar manner, except that 0.1 mg/ml potato PI-I in syrup had no effect on
bees. There was no consistent trend in changes in LAP activity. Survival of
bees fed either inhibitor at 10mg/g in pollen or at 2mg/ml in syrup was
significantly reduced, with the effect of the pollen treatment being greater
than the syrup treatment. Survival of bees fed potato PI-I or potato PI-II
at 2mg/g in pollen or 0.1 mg/ml in syrup was similar to that of control bees.

Acute toxicity tests similar to those used to test chemical pesticides, in
which 10-day-old adult honey bees were either fed or injected with cowpea
trypsin inhibitor (CpTI), showed that an oral dose of 11 ug per bee and an
injected dose of 0.5 g per bee had no effect on bee survival after 24 or 48
hours [68].

Tests of short- and long-term toxicity of BBI, oryzacystatin I (OC-I),
and chicken egg white cystatin to honey bees have also been carried out
[69]. In the short-term test, 15-day-old worker bees were supplied with
11 g of PI each over a period of 24 hours, and then given control syrup.
None of the treatments resulted in significant bee mortality at 24, 48, or 96
hours. In the long-term test, 2-day-old bees were given a continuous
supply of syrup with 26 ug/ml PI added and their longevity recorded.
There was considerable variability in bee longevity in this test, but no
significant effects could be attributed to the ingestion of these PIs at this
low concentration and bees taken from the long-term test at 15-16 days
had levels of midgut proteolytic activity that did not differ from the con-
trols.

Sandoz [70] conducted further long-term tests with SBTI, OC-1, BBI,
and a mixture of OC-I and BBI fed continuously to 2-day-old bees at con-
centrations of 1, 0.1, or 0.01 mg/ml. Significant mortality occurred only for
bees fed SBTI, BBI, or the OC-I/BBI mixture at the highest dose level.
These findings were confirmed by Jouanin et al. [71] who reported that
OC-I (1, 0.1, or 0.01 mg/ml) had no effect on short- or long-term honey bee
mortality. BBI at 1 mg/ml, however, reduced bee survival, altered olfactory
learning performance and resulted in overproduction of the gut proteases,
trypsin and chymotrypsin.

Additional work has been conducted on the effects of the two serine
proteinase inhibitors, BBI and SBTI [72]. These experiments have shown
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that, compared to a control diet containing a neutral protein (bovine
serum albumin), diets containing these PIs at 1 mg/ml, and at 0.1 mg/ml to
a lesser extent, significantly increased the probability of bee death at a
given time. Bee gut proteolytic activities were increased when BBI and
SBTI were ingested at 1 or 0.1 mg/ml, with trypsin activity being increased
at both concentrations, and other activities only at the higher concentra-
tion. Interestingly, new forms of proteinases that were still sensitive to
BBI and SBTI were produced. This suggests that bees ingesting high doses
of BBI or SBTI will overproduce proteinases and thus will require large
quantities of amino acids derived from body proteins. Such mobilization of
body proteins might explain the reduced longevity and lower behavioral
responses of bees fed high doses of BBI or SBTI.

The impact of exposure to sublethal doses of PIs on adult honey bees is
not yet known, but some studies of one component of foraging behavior,
olfactory learning, have been carried out with honey bees that have con-
sumed PlIs. Addition of CpTI at 1, 5, or 10 pg/ml to the reward syrup
offered in a conditioned proboscis extension assay significantly reduced
the ability of bees to learn this response [68]. By contrast, addition of BBI
or cystatin at the same concentrations did not affect short- or long-term
learning ability in 15-day-old bees [69]. Furthermore, the learning perfor-
mances of bees that had been fed ad libitum with syrup containing
26 pg/ml of either OC-I or BBI for about 13 days prior to the proboscis
extension assay were unaltered by this treatment [69]. When bees were fed
with SBTI, OC-I, BBI, or a OC-I/BBI mixture at 1, 0.1, or 0.01 mg/ml for
15 days prior to testing, their learning ability was significantly impaired
only with the 1 mg/ml BBI treatment [71, 72].

Recently a study was designed to evaluate bees’ intrapopulation vari-
ability in response to BBI exposure, and to relate these responses to the
genetic background of the bees (M.H. Pham-Delegue, unpublished data).
Worker bees from the same hive were caged and fed 1pg/ml BBI for 15
days prior to testing in the conditioned proboscis assay. Individual learn-
ing performances were recorded. Then each individual was subjected to a
genetic analysis using microsatellite markers, so that the paternal origin of
each bee could be defined. Samples of bees from these lines were analyzed
for protease content in both treated and control bees. Interline differences
appeared in the learning abilities and in the protease content of the
control groups. BBI treatment induced a significant change in the learning
performances, especially during the extinction phase, which was consistent
with previous data [72]. This effect was found for all bee lines, which sug-
gests that although the genetic background is different, the need to com-
pensate the ingestion of BBI will result in a general metabolic reaction
leading to a change in the resistance to extinction of a learnt response. In
parallel, an increase in the amount of digestive proteases was shown, with
new forms, which were all sensitive to BBI, being produced (M.H. Pham-
Delegue, unpublished data). Further studies are still needed to establish
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whether there are interline differences in the response to BBI ingestion at
the level of the digestive physiology.

Thus, research with Pls and bees so far suggests that adult bee gut pro-
tease activities may be reduced, with a resultant impact on bee longevity,
when bees ingest these proteins. However, the effects will depend on the
specificity of the particular inhibitor and the concentration to which the
bee is exposed. PI effects on bee larvae have not yet been ascertained.

Few data are available to evaluate long-term exposure of bee colonies
to transgene products. Colonies fed sucrose solutions supplemented with
BBI (6 pg/ml) over a 2-month period were compared with a control colony
fed with standard sucrose solution. There were no differences between the
two, either in the amount of stored food and brood or in the foraging
activity and learning abilities of the treated bees. Additionally, the proteo-
lytic activities measured in adult bees and larvae sampled at the end of the
exposure period were similar for control and BBI-treated hives (M.H.
Pham-Delégue, unpublished data).

There are as yet few published measurements of PI expression levels
in pollen. It is therefore difficult to extrapolate from the results of
experiments with purified transgene products to making predictions
about the effects of GM plants on bees. However, if we assume that
the bees in the bioassays described above received a diet which was 25
percent protein, then the doses of PIs administered ranged from 0.004 to 4
percent of total protein received. GM PI-plants that are effectively pro-
tected from pest attack typically have leaf expression levels ranging from
0.05 to 2.5 percent of total protein. For example, rice expressing 0.5 to 2
percent of a potato PI was resistant to pink stem borer [73], Spodoptera
litura were killed by feeding on leaves of tobacco expressing 0.4 to 1
percent soybean trypsin inhibitor [37], rice expressing 0.05 to 2.5 percent
soybean trypsin inhibitor had improved resistance to brown planthopper
[74], and Wiseana spp. growth was reduced on white clover expressing 0.07
percent aprotinin [75]. Thus we may expect that, if pollen PI expression
levels are identical to those in leaves, then some GM PI-plants may have
the potential to have an impact on adult bee longevity. However, such
effects will undoubtedly be vastly less than the impacts that many cur-
rently-used chemical pesticides, especially those with high contact toxicity,
have on bees.

Chitinases

Genes encoding chitin-degrading enzymes have been isolated from a
number of sources, including plants, insects, and entomopathogenic
microorganisms [e.g. 76-81]. As chitin is an important structural compo-
nent in fungi and insects, chitinase genes have been engineered into plants
in order to protect them from fungal infection and pest attack [e.g. 82-84].
As with other insects, chitin is an important component of the cuticle of
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honey bees. Thus bees might be affected by ingesting chitinases expressed
in transgenic plants.

Acute toxicity tests with 10-day-old adult honey bees fed sugar solution
containing a chitinase purified from tomato (11 g per bee) showed that
this transgene product had no significant impact on bee survival after 24 or
48 hours [68]. Bees injected with 1.69 wg of chitinase were similarly unaf-
fected.

Using a standard conditioned proboscis extension assay in individual
restrained bees, it was demonstrated that concentrations of 1, 5, or
10 pg/ml chitinase added to the sugar reward delivered during the training
period did not affect olfactory learning performance [68]. Complementary
studies were conducted at the colony level in a flight room, using an artifi-
cial flower device [85]. Sucrose solutions, either pure or combined with
1.3mg/ml chitinase diluted either 100 or 1000 times, were presented in a
choice situation. There was no evidence of discrimination in the weights of
solution collected. However, the number of visits was lower by a factor of
four on the protein-added sources, compared to the control solution.

Results so far suggest that bees will not be directly affected by the chiti-
nases tested, although ranges of doses have not yet been tested and effects
on bee larvae have not yet been ascertained.

B-1,3-Glucanases

Glucanase genes have been isolated from a number of different plants,
where they form an important part of the plant’s response to attack from
fungal pathogens [e.g. 86-88]. They have also been isolated from micro-
organisms [e.g. 89, 90]. Transgenic plants expressing 8-1,3-glucanase have
demonstrated enhanced resistance to fungal pathogens [91]. This protein is
highly unlikely to be harmful to bees, since its substrate, 3-1,3-glucan, has
not been found in insects.

Purified B-1,3-glucanase had no effect on the 24- or 48-hour survival of
adult bees fed with 11 g per bee or injected with 0.3 wg of this transgene
product [68].

As with chitinase, the effects of 1, 5, or 10 wg/ml B-1,3-glucanase on bee
olfactory learning abilities has also been tested using the conditioned pro-
boscis extension assay [68]. With this protein, a lower resistance to the
extinction of the conditioned response was found, i.e. after training, bees
stopped exhibiting the proboscis extension response to unrewarded pre-
sentations of the olfactory stimulus more rapidly than in the control group.
At the colony level, the number of visits to feeders of an artificial flower
device set in a flight room, filled with sucrose solution mixed with
110 pg/ml B-1,3-glucanase diluted between 100 and 10000 times, was lower
as the concentration increased. However, there were no differences in the
amounts of solution collected that could be attributed to the type of feeder
solution presented [85].



302 L.A. Malone and M.H. Pham-Delegue
Lectins

Lectins are one class of entomotoxins under investigation for use against
Homopteran pests and the snowdrop lectin, Galanthus nivalis agglutinin
(GNA), has been introduced into several plants, including tobacco, wheat,
and potatoes, to confer resistance against Homoptera [92]. The mode of
action of GNA is still relatively unknown but it has been shown to bind to
insect gut cells, including those of aphids [93, 94], consequently inducing a
disruption in nutrient assimilation.

The acute toxicity of GNA at three concentrations (500, 800,
1000 pg/ml) was tested. No additional mortality was observed after 24 and
48 hours for any of the treated groups. Chronic toxicity of 10, 100 and
1000 pg/ml GNA-added solutions, over a 2-month period, was not signific-
antly different from controls. Consistently, 2 weeks’ exposure to the
protein at these concentrations did not affect bees’ learning responses in
the conditioned proboscis extension procedure (M.H. Pham-Delegue,
unpublished data).

Biotin-binding proteins

Proteins that bind to vitamins, such as biotin, represent another category
of potential pest-resistance transgene products [95-97]. Genes encoding
two such proteins, avidin and streptavidin, have been isolated from chick-
ens [98] and a bacterium [99], respectively. The avidin gene has recently
been incorporated into GM plants, which are then insecticidal to a variety
of insects [100, 101] Since avidin functions by binding to biotin and creat-
ing a vitamin deficiency (which is reversible) in the insect eating it, predic-
tions about its likely effects can be made with some knowledge of the
relative molar concentrations of both compounds in the insect’s diet.
Quantitative information about the insect’s biotin requirements is also
helpful, but for many species, including the honey bee, this is lacking.

Multifloral New Zealand bee-collected pollen contains 1.85 %+ 0.08 uM
biotin and New Zealand bee-bread contains 1.83 =0.36 uM biotin (J.T.
Christeller, personal communication). This suggests that pollen processing
by the bees does not introduce additional biotin. Pollen avidin expression
levels have not yet been measured (J.T. Christeller, personal communica-
tion). However, it is possible that avidin levels may exceed biotin levels in
GM pollen. We have fed newly-emerged adult honeybees ad libitum with
multifloral pollen with 6.7 or 20 uM avidin added and observed no signific-
ant change in the amounts of food consumed or in bee longevity, suggest-
ing that such bees either have no need for biotin or can biosynthesize it
(L.A. Malone, unpublished data). Further tests with bee larvae are under
way.

Even if further bioassays and experiments with whole GM plants were
to show that avidin may have an impact on bee nutrition, feeding a biotin
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supplement to reverse its effects would not be difficult, as biotin is inex-
pensive and beekeeping in most countries involves routine feeding and
medication of colonies.

Glufosinate resistance proteins

Herbicide resistance is at present one of the most commonly used traits in
commercial cultivars of GM crop plants [1]. Since this resistance operates
via the production of an enzyme to break down the herbicide and bees
lack such substrates, they are extremely unlikely to be harmed by these
plants. Bioassays with the purified products of such genes have not been
carried out, but some experiments with GM plants have (see Chapter 15).

Concluding remarks

Laboratory bioassay and in-hive test results so far suggest that the effects
of ingestion of transgene products by honey bees will be relatively pre-
dictable. These will depend on the nature of the protein, its specificity and
mode of action, and its concentration in the bee’s diet. For example, tests
to date with lepidopteran-specific Bt Cry proteins and with B-1,3-
glucanase have shown that these proteins have no effect on honey bees.
This is not surprising as bees probably lack the necessary Bt receptors and
do not contain 8-1,3-glucan. In contrast, PIs capable of inhibiting some of
the proteases known to be active in adult bee guts may have a negative
impact on bee longevity. As with other insects [55], these effects appear to
be dose dependent.

With better information on transgene expression levels in pollen and
nectar, laboratory assays could be designed to deliver purified proteins at
realistic concentrations to bees and thus provide useful information for
predicting direct effects of GM plants on adult and larval bees.

One potential disadvantage with this methodology is that the effects on
the social interactions that occur among bees in the hive are excluded in
caged-bee experiments. Even behaviors that are not obviously connected
to social aspects of bee life, such as the duration of pollen feeding, may
differ somewhat between bees in cages and in hives [67]. However, these
are perennial problems for honey bee researchers. Laboratory experi-
ments may sacrifice the “social reality” of the beehive, but allow better
control over the factors that may influence the bees in the experiment. The
replication necessary to obtain statistically significant results can be
attained more easily with caged bees in the laboratory than with field
experiments where often the unit of replication is the whole hive rather
than a cage containing 25 bees. Furthermore, while purified proteins can
often be expensive to obtain, they are inevitably less expensive and more
readily obtained than GM plants, which require time, skill, labor, and
glasshouse space or land to grow.



304 L.A. Malone and M.H. Pham-Delegue

Bioassays with purified proteins provide useful information for broadly
determining the areas that require further study. Information obtained
may also assist with decisions about how appropriate a particular genetic
modification will be for a particular plant species. In the future this
methodology could usefully be extended to look at other transgene prod-
ucts under development for expression in GM plants.
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Summary

In this chapter we consider genetically modified (GM) oilseed rape-honey
bee interactions, and some factors that could affect plant attractiveness to
bees. We report observations on the foraging behavior of honey bees in
situations of choice between GM oilseed rape expressing different genes
and untransformed ones. Studies were conducted under controlled, semi-
field, and field conditions, and no differential behavior was found between
GM and control genotypes. To evaluate the risk of direct exposure, we
investigated the amounts of gene products expressed in nectar and pollen.
In the plant material under test, no transgene proteins were detected,
which indicates that the risk of exposure to the proteins is reduced. Differ-
ences were found between GM and control genotypes in nectar and floral
odor composition. However, it was shown that foragers did not discrimi-
nate among the genotypes, and that they could learn the olfactory signals
from GM plants as well as from control plants. From these studies, it
appears that even though the bees can be exposed to the gene products or
subjected to secondary changes in the plant chemistry, these changes do
not lead to noticeable modifications in the behavior of the honey bee for
the genotypes tested.

Introduction

Mutual benefits between plants and pollinators such as honey bees rely on
the ability of bees to discover flowers providing nectar and pollen, to
memorize plant characteristics (floral color and shape, and chemical cues),
and to communicate information within the hive leading to the recruit-
ment of new foragers. These interactions can be affected by the genetic
transformation of melliferous plants. In order to assess possible risks of
genetically modified (GM) plants on bees, two types of effects must be
considered: bees could be affected by direct exposure to the gene product
either when foragers feed on contaminated nectar or pollen or when hive
bees feed on stored food, corresponding to short-term and long-term
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exposure, respectively. In addition, the genetic transformation process
itself may induce phenotypic modifications including changes in the nutri-
tional quality of the plant and/or its attractiveness to bees. Risk assessment
schemes for conventional insecticides involve a three-tiered approach [1]:
first tier would correspond to small-scale laboratory bioassays, the second
tier to extended laboratory or semi-field tests under more realistic con-
ditions, and the third tier to large-scale field studies. Such a tiered
approach could also be used for the risk assessment of GM plants on bene-
ficial insects [2]. Tests using gene products would preferentially be con-
ducted at the first-tier level, in a worst-case scenario where bees are
exposed to high doses of proteins, whereas the transformed plants would
be more suitable for testing under more natural conditions. Direct effects
can be assessed by using both purified protein products of the transgenes
and whole GM plants, but indirect effects should be evaluated mainly
using the plants themselves.

In this chapter, we focus on the effects of whole plants on the behavior
of honey bees. We also investigate the risk of direct exposure to the trans-
gene products in the nectar and/or pollen of GM plants, and the possible
changes in the secondary metabolism of the plants (nectar quality, floral
volatile composition).

Honey bee—GM plant interactions

Few experiments have been conducted to assess the behavior of bee popu-
lations on GM plants on a large scale, most probably because of the rather
drastic regulatory conditions imposed of the production of pre-
commercialized GM plants in the field. However, some observations of
bees exposed to transformed plants have been reported.

Studies on isolated plants set in indoor or outdoor cages

The first extensive study of the impact of GM plants on the foraging
behavior of honey bees was performed under confined conditions in an
indoor flight room (about 2.5X2m) and in an outdoor flight cage (same
size) in a more natural environment [3]. The plants under study were two
oilseed rape genotypes modified to increase fungal disease resistance
(developed by Sanofi Elf-BioRecherche Company) and the corresponding
untransformed genotypes, with plants being grown in individual pots. The
number of visits of foragers was similar on GM and control genotypes, as
well as under indoor and outdoor conditions. More detailed behavioral
analyses were conducted from video recordings, and confirmed that no
change was induced by plant transformation for any of the variables con-
sidered (such as time spent on the plant or on isolated flowers, and
number of nectar collection trials). However, differences appeared
between the pairs of genotypes considered, one pair of GM/control
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genotypes being more attractive than the other. Differences were also
found for a given pair of genotypes according to the environmental con-
ditions, the number of visits to the plants being higher in indoor con-
ditions. Interestingly, parallel nectar analyses conducted on the studied
genotypes showed that for one pair of GM/control genotypes, the GM
plants secreted more nectar and had a higher sugar content than the
untransformed ones (see Table 15.1). Therefore, the conclusion of the
study was that the foraging behavior of the bees was not markedly differ-
ent on the fungi disease-resistant genotypes and on the control genotype,
even though nectar volumes and sugar composition revealed differences
between the plants, these differences being in favor of the transformed
plants in terms of nectar quality.

More recently, a similar study was conducted on other GM genotypes
with a chitinase gene for fungi resistance, coded as G genotypes
(developed by Rustica-Prograin Génétique Company) [4]. Five pots of
GM and control plants produced in greenhouses were set in an indoor
flight room. Foragers from a hive placed in the flight room could visit the
flowers for 15 minutes. Then the plants were removed, the flowers
counted, and new plants were introduced for another observation period,
up to a total of 10 replicates. The mean number of visits per 50 flowers was
72.35+27.16 for the controls and 65.43 £21.71 for the GM genotypes,
without any significant difference. Individual foraging sequences were
videotaped and analyzed [5]. Behavioral items were investigated such as
the location of the bee on the plant (flowers or green parts, rank from the
top of the flower visited on the plant), or the type of behavior (exploration
of the flower, foraging for nectar, scratching of stamina, pollen pellet gath-
ering, cleaning, etc.). The mean duration of some items such as scratching
the stamina or nectar foraging could vary among genotypes, but no drastic
change in the foraging strategy on both types of plants could be clearly
shown. Again, the parallel analyses of nectars did not show any significant
difference in volume or content of sugar in GM and control genotypes (see
Table 15.1).

Similar experiments were conducted with insect-resistant GM plants,
expressing a cysteine protease inhibitor oryzacystatin I (OCI, developed
by INRA) [6]. Foragers were given a choice between five GM and five
control plants at the same flowering stage, in a flight room under con-
trolled conditions. No differences between genotypes were found, either in
the number of bees visiting each genotype or in individual foraging
sequences analyzed from videotapes. From all these studies under con-
fined or outdoor small-scale conditions, carried out with various GM
plants expressing different gene products, no difference in the behavior of
honey bees was found. However, in these experiments, plants were cultiv-
ated under artificial conditions, and the observations of plant-honey bee
interactions were carried out in rather unnatural situations. Therefore,
complementary experiments under more natural conditions are needed
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before drawing any conclusions with confidence about the effect of plant
genetic transformation on the honey bees’ behavior.

Studies on crops under tunnels

An experiment was carried out under semi-field conditions to study the
impact of a transgenic herbicide-resistant oilseed rape genotype tolerant
to the herbicide Glufosinate on honeybee colonies [7]. The experiment
consisted of two types of tunnels (6 X 17m): mono-crop tunnels with either
control or transgenic oilseed rape, and choice tunnels containing two
parcels of transgenic plants and two parcels of control plants. The geno-
type of oilseed rape tested was transformed for resistance to Glufosinate
(Artus LL, AgrEvo). The control genotype was the untransformed oilseed
rape variety, Artus. The GM oilseed rape was treated with Glufosinate
and the control with the usual herbicides. Honey bee colonies were intro-
duced into the tunnels 3 days before the beginning of the experiment.

The results showed that the GM genotype tended to reach full bloom
later than the control, although the number of flowers available to foragers
was not different. In the choice tunnels, mortality was low. In the mono-
crop tunnels mortality was positively correlated with the size of the
colonies, but did not depend on the genotype. When having a choice
between the two genotypes, bees did not show any foraging preference
(Figure 15.1). The development of the colonies observed in the mono-crop
tunnels was variable in terms of population size and brood surface,
depending on the initial state of the colonies. However, this was not corre-
lated with the plant genotypes to which the bees were exposed.

The foraging activity on the GM and control genotypes was tentatively
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Figure 15.1 Density of foragers on herbicide-resistant oilseed rape (Artus LL) and
untransformed oilseed rape (Artus) in the field during the flowering
period.
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correlated with the amount and sugar composition of the nectar, and with
the residues of herbicide or the amount of pat protein potentially detected
in the nectar and pollen. These analyses are still in progress but prelimi-
nary data indicate that no deleterious effects to bees would result from
these plant characteristics. This semi-field experiment did not show any
difference in the behavior or health of colonies foraging either on Artus
LL herbicide-resistant oilseed rape or on its control Artus. The protocol
developed in this work proved to be robust as long as variability between
tunnels and bee colonies’ needs is reduced as much as possible. The study
of detailed effects of GM crops requires this kind of extensive study,
including the monitoring of parameters such as flowering stage, weather
conditions, assessing a large range of data relevant to the biology and
behavior of bees.

To complete this study, herbicide residues and the presence of recombi-
nant proteins have to be analyzed.

Field studies

Few studies have been carried out on a large scale to investigate the
environmental impact of GM plants. Herbicide-resistant oilseed rape
plants have been evaluated mainly to assess the gene flows within species
or to weed species closely related to oilseed rape [8, 9]. Regarding the
pollinating entomofauna only two studies have been achieved recently.
Observations have been undergone with two genotypes of trans-
formed/nontransformed herbicide-resistant winter oilseed rape: Artus
LL/Artus [10]. The transgene codes for the PAT protein which confers tol-
erance to Glufosinate. Four parcels of 22 X22m, with two parcels of each
type, were sown in the South-west of France (Spring 2000). From the
beginning of the flowering, the diversity of the pollinators was evaluated
by counting the foragers visiting the crop and by classifying them into four
groups (honey bee Apis mellifera, bumble bees Bombus sp., solitary bees,
diptera). The results expressed as the number of insects per 1000 flowers
indicated no difference in the number of foragers on both genotypes, with
a mean of 8 insects per 1000 flowers per observation, the number of insects
fluctuating according to environmental conditions (temperature mainly)
(Figure 15.2). However, when considering honey bees alone, a significant
difference was found, the density of foragers being slightly higher on the
GM plants. This could not be related directly to the availability of the
nectar collected in 2000 from the tested genotypes, since no differences
were found either in the volume secreted or in the amounts of constitutive
sugars. However, prior nectar analyses conducted on the same genotypes
in 1999 indicated a tendency to higher secretion and sugar quantity in the
GM genotype. This tendency seems to be a general trait of GM plants as
similar results were found in other paired GM—control oilseed rape geno-
types (see Table 15.1). As for the occurrence of the different insect taxa, it
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Figure 15.2 Density of foragers on herbicide-resistant oilseed rape (Artus LL) and
untransformed oilseed rape (Artus) under tunnels during the flowering
period, and corresponding temperature.

appeared that the great majority of pollinators were honey bees (more
than 80 percent), the other groups being nearly equally represented. No
significant difference in the representation of insect taxa was seen between
plant genotypes.

Parallel to the Artus/Artus LL experimentation, another study was con-
ducted in Brittany [10], on another transformed genotype, Falcon pat, with
the same transgene conferring tolerance to Glufosinate. The experimental
design was made up of two parcels (6 X 30m) of Falcon pat and its control
genotype Falcon, separated by 24m, with a hive set between the parcels.
In addition to the same observations as were performed on Artus, more
detailed recordings of foraging postures and of crossings between the two
parcels were carried out. Nectar as well as pollen samples were collected
on both genotypes. No difference was found in the diversity and density of
the pollinating insect population, or in the foraging behavior strategy
between genotypes. No secondary changes in pollen and nectar production
were noted, which could account for the fact that bees did not differentiate
between the two genotypes.

Potential direct effects of GM plants on honey bees

Direct effects may derive from the ingestion by bees of the protein
encoded by a transgene. Honey bees feed exclusively on pollen, nectar,
and resins. To be ingested by honey bees and to induce direct deleterious
effects, the transgene product must be present in these secretions of trans-
genic plants. There are surprisingly few published measurements of trans-
gene expression levels in the pollen or nectar of GM plants and none for
the resins, gums, or exudates that bees collect for propolis manufacture.
The level of expression of a transgene (reported in percent soluble pro-
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teins, percent dry or fresh weight) is generally evaluated in the green plant
tissues on which the target pest insects feed. Therefore, this information
does not provide pertinent insights regarding the potential exposure of
pollinating insects. Of the plant products that bees collect, pollen repre-
sents the most likely vehicle for a transgene product. Pollen is a plant
tissue composed of 8 to 40 percent protein [11], whereas nectar and resin
are plant secretions without significant protein content [12, 13]. Data avail-
able on the gene product content of plant pollen are scarce. GM corn
(N4640) containing a Bt gene controlled by a pollen-specific promoter was
found to have pollen containing 260-418ng of Bt toxin per mg of total
soluble protein [14]. However, GM corn plants containing the same Bt
gene on a different promoter (cauliffower mosaic virus, or CaMV 35S)
produced reduced quantities of the toxin in pollen. Bt-cotton plants (com-
mercial genotype, Bollgard™, with cryl Ac gene driven by CaMV 35S pro-
moter) had 0.6 g of Bt toxin in their pollen (per gram fresh weight),
whereas the petals of the same plants contained 3.4 ug of toxin per gram
[15]. GM oilseed rape plants containing a gene encoding the protease
inhibitor OCI, under the control of the CaMV 35S promoter, had measur-
able quantities of this transgene product in their leaves (0.2-0.4 percent of
total soluble protein) but not in their pollen [16]. This finding was con-
firmed by Jouanin et al. [17], who also noted that Bowman-Birk soybean
trypsin inhibitor (BBI) could not be detected in the nectar or pollen of
GM oilseed rape plants which had measurable expression levels in leaves
(gene also on the CaMV 35S promoter).

The choice of the promoter used in the GM plant construct seems to be
essential in the control of the protein expression in the pollen. In many
transgenic plants, the transgene is expressed under the control of the
CaMV 35S promoter or derivatives (double enhancer sequences). Recent
studies have shown that this promoter is inactive in pollen of Arabidopsis
[18], oilseed rape [19], cotton, maize [reviewed in 20], and potatoes
(A.M.R. Gatehouse, personal communication). However, it is not possible
to generalize to all plants since CaMV 35S activity has been detected in
tobacco pollen, although at a low level [18]. In addition, other promoters
such as wounded inducible or tissue specific promoters can be used [20].
For example, the potential insecticide activity of pollen of a specific trans-
genic maize line expressing the 3-endotoxin of Bacillus thuringiensis (Bt
N4640) against the monarch larvae [21] is due to the fact that the Bt gene
is driven by a pollen/leaf specific promoter and is therefore present at a
high dose in pollen. In the future, the range of promoters used to direct
expression in given tissues or conditions will be enlarged. When pollina-
tors are to be considered (in the case of plants attracting pollinating
insects), studies must be performed on these promoters to determine the
level of accumulation of toxins in the pollen. In addition, it has been
shown that pollen proteins can be stable in honey [22], and therefore
can be active in the hive a long time after being collected. To avoid the
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presence of transgene product in pollen, Bt genes were expressed in
chloroplasts by homologous recombination [23, 24]. Chloroplasts are
transmitted in the progeny via the female gametes, thus the pollen of the
transgenic plants does not contain the toxin. This technology is a new way
to be explored since chloroplast transformation is far from being routinely
achieved for crops.

In conclusion, there are two possibilities to avoid risk for honey bees:
the nonexpression of the toxin in the tissues bees feed on, or the innocu-
ousness of the toxin for bees. The risk assessment of the expressed protein
in a transgenic plant must be considered case by case.

Potential indirect effects of GM plants on honey bees

The introduction of the transgene into the plant may result in secondary
changes in plant phenotype affecting its attractiveness or nutritive value to
bees. Insertional mutagenesis is one such change. In this case, the random
positioning of the transgene in the plant’s genome interferes with a gene
or suite of genes needed for a “normal” phenotype. For example, an inser-
tional mutagenesis event that resulted in plants without flowers would
have a definite negative impact on bees. Less obvious changes, such as
alterations in nectar quality or volume, would be more difficult, but not
impossible, to detect. Effects due to insertional mutagenesis will vary
among different lines of plants derived from separate transformation
events and can be eliminated easily by line selection. Pleiotropic effects
represent a second type of inadvertent phenotypic change. In this case, it is
not the position of the transgene, but its product, which interferes unex-
pectedly with a biochemical pathway in the plant to create a phenotypic
change. Such changes would occur in all lines of the GM plant and could
not be remedied by line selection. Indirect effects have been tested on the
two main plant products mediating honey bees’ attraction to plants, i.e.
nectar and floral odors.

Nectar analyses

In order to investigate possible indirect pleiotropic effects on plant
characteristics mediating honey bee—plant relationships, in most studies
the nectar quantity and quality were compared between GM and control
plant genotypes. Oilseed rape, expressing various types of resistance, has
been the main GM plant under investigation.

As a general procedure, the nectar was sampled from both GM and
control plants, parallel to behavioral observations of bees foraging on both
genotypes. Nectar was collected at a uniform flowering stage, on the same
dates, using glass pipettes. The number of flowers sampled to fill the
pipettes (5ul) were counted to evaluate the volume secreted per flower.
The sugar composition of nectar was analyzed using high-performance
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liquid chromatography according to a standard method [25], modified for
oilseed rape nectars [26]. The main constitutive sugars for all conventional
oilseed rape nectars analyzed to date are glucose and fructose [27]. The
data obtained from the many studies on GM oilseed rape and the corre-
sponding controls can be summarized as follows (Table 15.1).

Differences appear in the amounts of nectar secreted, and correlatively
in the amount of constitutive sugars (the sugar concentration is higher
when volumes are smaller). These differences depend on the date of col-
lection (climatic conditions, physiological stage), the environmental and
breeding conditions (indoor/outdoor, pots/field), and the genotype, as
already shown for conventional oilseed rape varieties [27]. When consider-
ing studies on GM plants, all samplings have been done simultaneously on
the GM and the control genotypes, environmental conditions were similar
for both genotypes, and the transformed and untransformed genotypes are
closely related genetically, when not completely isogenic except for the
gene of interest. Therefore, it may be assumed that if differences arise
between GM and control plants, they are the consequence of pleiotropic
effects. Interestingly, among the studies listed in Table 15.1, significant dif-
ferences were reported, e.g. for ArtusLL/Artus [7] and 76T/76 [3], with
more abundant secretion and more concentrated nectar in the transgenic
genotype. Although available data are still insufficient to conclude
whether this could be a general trait of the transformation, it suggests that
pleiotropic effects noticeable on the nectar secretion are not negative
regarding the attractiveness of these plants for bees.

Floral odor analyses

To assess whether the effect of a genetic transformation of oilseed rape
could imply changes in secondary plant metabolites, and consequently
in the behavior of the bee, combined behavioral and chemical studies
were conducted (Sandoz, unpublished data). The ability of honeybees to
learn the odor of transformed and control oilseed rape was compared. The
GM genotype under testing was expressing a cysteine protease inhibitor
(OCI), and the control was Drakkar. Behavioral recordings were based on
the conditioned proboscis extension (CPE) bioassay, where restrained
bees learn to associate an odor (here from oilseed rape flowers) with a
sugar reward. To stimulate the bees with the odor from intact plants,
a stimulation system was developed, with racemes of oilseed rape enclosed
in an airtight glass chamber. Air was flown through the chamber to
stimulate the bees. In such conditions, bees learned rapidly and with
the same efficiency odors from transformed and control oilseed rape
(Figure 15.3).

Complementarily, after being conditioned to the odor of one genotype,
bees were found to respond to the odor of the other genotype as well.
Furthermore, in a differential conditioning procedure, where bees are
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Figure 15.3 Percentage of conditioned responses obtained in the conditioned pro-
boscis extension paradigm by stimulating the bees with the floral
volatiles of transformed (OCI variety expressing a cystein proteinase
inhibitor gene) or control (Drakkar variety) oilseed rape.

stimulated alternately with odors from each genotype, one being rewarded
and the other being unrewarded, they responded equally to both odors.

At the chemical level, the characterization of the compounds used by
bees to recognize the whole floral blend of transformed or control oilseed
rape was carried out. Air entrainment of floral odors was trapped on tenax
polymers and the constitutive components of the odor mixture were sepa-
rated by optic gas chromatography (GC). Bees previously conditioned to
the floral odor of an oilseed rape genotype were tested in a combined
GC-CPE procedure [28], the effluents of the gas chromatograph being
directed to the bees. This method provided simultaneous recordings from
chemical (gas chromatograph) and biological (honey bee) detectors.
Therefore, individual compounds eliciting behavioral responses could be
identified. For both plant genotypes, two compounds (linalool and phenyl
acetaldehyde) elicited most of the activity of the conditioned bees (Figure
15.4). This study showed that bees did not differentiate between the odor
of transformed and control oilseed rape and suggests that they rely on the
same key compounds to recognize these complex odors. Finally, these data
indicate that even though qualitative or quantitative differences in the
chemical composition of floral odors may occur between transformed and
control plants, these differences are not detected by bees, or do not induce
discriminative behavior. It may be assumed that under more natural con-
ditions, bees facing transformed or conventional oilseed rape would not
differentiate between them on the basis of their respective floral odors.
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Figure 15.4 Simultaneous recordings of chemical (gas chromatography, GC) and
biological (conditioned proboscis extension, CPE ) responses. The
upper line shows the volatile components of control oilseed rape
flowers, and the lower lines the CPE responses of bees previously con-
ditioned either to the control or to the transformed (OCI) floral
volatiles, and tested for the individual components of the blend sepa-
rated at the effluent of the chromatograph. Arrows indicate the main
compounds (linalool and phenyl acetaldehyde) eliciting most of the
behavioral activity.

Conclusion

As in toxicity studies of chemical pesticides, the evaluation of the impact
of gene products potentially expressed in GM plants can be based on a
three-tiered approach where laboratory acute toxicity tests and observa-
tions under more natural conditions are combined. Although parallels can
be drawn in the methodologies used in the study of the sublethal effects of
chemical pesticides and the risk assessment of GM plants, the main dif-
ference relies on the fact that the evaluation of GM plant implies specifi-
cally the study of secondary changes in plant metabolites mediating their
attractiveness for honey bees.

This chapter reports the studies dealing with honey bee—plant interac-
tions under semi-field or field conditions. These studies have tentatively
established relationships between the observed behaviors and the trans-
formed plant characteristics in terms of gene product expression or sec-
ondary changes in attraction cues. Direct observations of honey bees
foraging on GM plants are still scarce, and have been reported mainly for
oilseed rape expressing insecticide, herbicide, or disease resistance. Bt
maize pollen was also tested on bees, but whole plants were not. In recent
work (not yet published in peer-reviewed journals but reported in
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newspapers such as The Observer, May 2000) by Dr Hans-Heinrich Kaatz
(Iena University, Germany), bees were allowed to forage on herbicide-
resistant oilseed rape (Agrevo-Aventis). Pollen pellets taken back to the
hive were then trapped, and used to feed young honey bees under labora-
tory conditions. It was shown that the herbicide-resistant genes of the
oilseed rape had transferred across to the bacteria and yeast inside the
intestines of the young bees. If confirmed, these data open a new area of
risk to be assessed, to control whether genes used to modify crops can in
fact “jump” the species barrier without external engineering as needed to
transfer the foreign genes in a plant genome. Until now, available pub-
lished data gave no evidence of a negative effect on the foraging behavior
of bees or on the population development of pollinators when visiting GM
plants. The possibility exists for GM pollen to express foreign proteins at
levels sufficient to alter the diet of honey bees foraging on these plants.
However, there are as yet insufficient experimental data to make general-
izations about this or the effects that it might have on the bee. As for the
changes in secondary plant metabolites, such as nectar or floral odors,
even though quantitative or qualitative differences have been found, they
did not seem to affect the attractiveness of the plants for honey bees.
However, few plant species and genes have been evaluated yet, and large-
scale studies are still lacking. Methodologies are now available both in lab-
oratory, semi-field, and field conditions. They should be extended to new
GM plants potentially visited by pollinators, following a case-by-case
approach.
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