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Relationships 

pollen) harvest 

ABSTRACT 

between patterns 

and honey bee 
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of food (nectar and 

colony growth and 

reproduction are poorly understood. Research was conducted 

on the relationships between food harvest and colony 

growth in the Sonoran desert of Arizona. Annual patterns 

of resources (pollen harvest rates, pollen protein content, 

protein influx rates, and nectar harvest) and colony growth 

and reproduction (brood area, adult population, and 

reproductive swarm occurrence) for the Tucson area were 

obtained. Annual patterns were analyzed for periodicity 

and stability using autocorrelation time series analysis. 

Each resource pattern was compared to each colony growth 

pattern using cross-correlation analysis which revealed 

time lag interval of correlation between the two data sets. 

The foraging activity of the honey bee colonies was 

dominated by pollen foraging, with pollen harvested on a 

year-round basis. Nectar collection was limited to only a 

few weeks each year. The colony growth patterns all 

reached their maxima in spring or early summer. The 

autocorrelation analysis revealed that all data sets 

exhibited periodic and stable behaviors based on an annual 
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(52 week) cycle. The colony growth data sets were also 

predictable in magnitude. The cross-correlation analysis 

revealed that the area of sealed brood, number of adult 

bees, and swarm occurrence were more correlated to protein 

influx than any other food resource parameter. The timing 

of the greatest nectar harvest occurred just after the peak 

of swarm occurrence. 

Colonies fed supplementary pollen diets containing 

24.8% or 17.2% protein were compared to non-fed controls. 

The number, timing, and survival of swarms was monitored. 

The initiation of queen-cell construction was directly 

related to protein influx rates exceeding 20 g colony" 

day" . The 24.8% protein treatment swarmed earlier than 

the other two treatments. Swarm survival was highest in 

swarms that issued just prior to the nectar flow. 

Honey bee colony growth and reproductive swarming 

patterns in Tucson are directly related to protein influx 

rates. This response results in swarm production at a time 

of year when nectar is most abundant, thus aiding long-term 

s-';varm survival. Similar relationships between patterns of 

food harvest and swarming should occur for all temperate 

honey bee colonies. 
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INTRODUCTION 

Explanation of the Problem and its context 

The evolution of the honey bee (Apis mellifera L.) has 

been described in detail by Ruttner (1987) and will be 

briefly summarized here. Honey bees evolved as social 

insects in the Asian tropics with colony growth and 

reproductive characteristics adapted to that climatic 

regime. This 'conservative' honey bee type (sensu Ruttner) 

has been relatively evolutiona~ily stable since the early 

Tertiary 

ecological 

without sUbstantial 

diversification. The 

morphological and/or 

'conservative' honey bee 

expanded its distributional range into Europe but became 

extinct in these new areas due to climatic deterioration at 

the end of the Tertiary. During the late Pliocene or 

early Pleistocene a 'progessive' (sensu Ruttner) or 

temperate-adapted honey bee type evolved, charactarized by 

cavity-nesting with temperature homeostasis abilities. 

This new honey bee type resulted in a huge distributional 

expansion, including the recolonization of Europe and 

subsequent colonization of Africa. A rich ecological and 

morphological diversification at the subspecies level 

occurred wi thin this honey bee type. Both tropical and 

temperate races with specific adaptations evolved, which 
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generally exhibit enhanced inclusive fitness and much 

behavioral plasticity compared to the 'conservative' type. 

From a honey bee foraging perspective, tropical areas 

can be characterized by having few temperature extremes, 

nearly constant day lengths, year-round flight activity, 

and nectar and pollen-producing flowers available for most 

of the year. The maj or meteorological phenomena in the 

neo- and pa.leotropics is the seasonal fluctuation in 

precipitation which creates relatively wet and dry seasons, 

(Schneider and Blyther, 1988; Winston, 1987). Periods of 

prolonged rainfall during a wet season can adversely impact 

short-term floral availability which can lead to a 

reduction in (Winston, 1980) or a cessation of (Schneider 

and McNally, 1992) brood-rearing. Colony absconding or 

migration is most common during the wet season (Winston, 

1980; Winston et al., 1979; Boreham and Roubik, 1987). The 

remaining part of the year is characterized by greater 

levels of flowering activity, which colonies rapidly 

convert into bee biomass, leading to frequent intra-annual 

cycles of reproductive swarming (otis, 1980). The honey 

bee annual growth patterns of brood production and 

reproductive swarming correspond very closely to periods of 

pollen and nectar availability (McNally and Schneider, 

1992). In tropical-adapted honey bees, the majority of 

foragers collect pollen over nectar, and only small amounts 
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of both resources are stored in the nest (Schneider and 

McNally, 1992). Thus, much of the annual foraging and 

population cycle of tropically-adapted honey bees is based 

on intense pollen foraging followed by its rapid conversion 

into bee biomass, and eventually resulting in the 

production of reproductive swarms. 

To adapt to temperate climates, the major problem 

honey bee colonies had to overcome was the prolonged period 

of winter cold weather with its concomittant dearth of both 

pollen and nectar. Instead of changing their entire social 

structure to overwinter in a solitary fashion (i.e., as an 

impregnated aestivating or diapausing gyne) similar to the 

annual life cycle in bumblebees (Bombus spp.), honey bees 

refined existing behavioral and physiological traits (i.e., 

fine-tuning their ability to produce thermal homeostasis) 

to overwinter as entire social colony units (Seeley and 

Visscher, 1985). The annual cycle of growth and 

development for temperate-adapted honey bees in cold areas 

has been reviewed by Seeley (1985). Several critical 

points, however, need further elaboration. First, there 

are two ways for a colony to survive a period of limited or 

no nectar and pollen availability; by migration into new 

rich areas 

colonies) or 

available. 

(similar to strategy used by most tropical 

by hoarding resources whenever they become 

Resource-hoarding, especially from floral 

nectar carbohydrate sources and its conversion/storage as 
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honey, is clearly adaptive in temperate areas because honey 

provides the "fuel" for intensive thermoregulation, thereby 

allowing winter survivorship. To maximize their metabolic 

energetic efficiency, well-insulated tree or rock cavities 

are selected by honey bees as nest sites. Because of the 

shorter active season in temperate areas, the timing of 

colony growth patterns is crucial. Colonies with stored 

pollen reserves rear brood at low levels until after the 

winter solstice when brood-rearing rapidly increases 

(Avitable, 1978). Increasing daylengths have been shown to 

result in higher rates of brood-rearing (Kefuss, 1978). 

Colonies that rear brood during the winter contain four 

times more adults at the beginning of the active season and 

swarm earlier than colonies with no winter brood rearing 

(Seeley and Visscher, 1985). Early swarming in temperate 

areas has been shown to increase swarm survival in years 

with intermediate floral resource availability (Seeley and 

Visscher, 1985). Early swarming is also adaptive because 

it enables the new colony to have a longer time frame in 

which to build their energetically costly set of waxen 

combs (Lee and Winston, 1985), produce new adult worker 

bees (Lee and Winston, 1987), and gather excess nectar 

which colonies store as honey to fuel the wintertime 

thermoregulatory activities (Seeley, 1985). Thus, the 

annual cycle for temperate-adapted European honey bee races 
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living in cold environments is largely mediated by winter 

survival. The collection and hoarding of nectar-derived 

carbohydrates is critical throughout the active season for 

honey bee colonies living in temperate regions of the 

world. 

There are basic differences between the tropical and 

temperate annual colony growth cycles described above. 

These appear to be based upon length of the active season, 

migration versus resource-hoarding to survive floral 

dearths and adverse weather conditions, and a switch from 

pollen-oriented foraging in the tropics to nectar-oriented 

foraging in the cold temperate regions. The earth is not, 

however, composed only of wet, humid tropics and cold 

temperate areas. The annual patterns of honey bee 

population growth and reproduction in other areas have 

never been fully investigated. 

The role that pollen-derived protein plays in honey 

bee nutritional ecology and swarming phenology has been 

largely neglected. Protein intake into honey bee colonies 

is achieved almost exclusively by harvesting pollen from 

diverse angiosperm taxa. Honey bees have the largest 

pollen diet breadth of any known bee species (except 

perhaps for some Amazonian Trigona spp.) and collect pollen 

from virtually all taxa of extant spermatophytes 

(Schmalzel, 1980). O'Rourke and Buchmann (1989) reported 

that honey bee colonies in the Sonoran desert of Arizona, 
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utilized pollen from over 45 angiosperm species within 

their flight range, but harvested pollen primarily 

("majored") from only 5 to 10 plant species. Haydak (1935) 

found that pollen-derived protein was often the limiting 

nutrient for the honey bee colony. Curiously, although 

several multi-year pollen collection patterns have been 

recorded for temperate areas, none of them included data on 

pollen protein analyses. Thus, the influx of pollen

devived protein into & mellifera colonies is critically 

important, but remains largely unquantified. 

The purpose of this dissertation is to investigate the 

influence(s) of pollen and nectar floral resources on the 

annual patterns of colony growth and reproduction by & 

mellifera colonies living in the Sonoran desert near 

Tucson, Arizona. The role(s) which pollen-derived protein 

plays in honey bee colony growth and reproduction patterns 

are a major emphasis of this research. Tucson is located 

in a hot, arid temperate zone, is populated by honey bees 

of European origin, has weather that allows year-round 

flight activity, and is located within the floristically

diverse Sonoran desert (Simpson, 1977). Documentation of 

the annual patterns and interrelationships between food 

collection and storage, colony growth, and reproductive 

swarming in this arid temperate region considerably expands 

our current knowledge of honey bee foraging ecology, 
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especially relating to pollen. 

Explanation of the Dissertation Format 

The main body of the dissertation text is an overall 

synthesis of data gathered during five individual studies. 

These studies have been prepared in manuscipt format and 

are included as appendices (a through e) to the 

dissertation. The following section explains the rationale 

of each study and the author's (abreviated as SCT) 

specific contributions to each of these five studies. 

Appendix A is entitled "Long-term trends in pollen 

harvested by honey bee colonies in the Arizona Sonoran 

desert: Effects of varying protein quality". This research 

describes the annual patterns of pollen collection, protein 

content of the harvested pollen, and calculated protein 

influx by honey bee colonies at weekly intervals over an 11 

year period (1980-1991). The majority of the pollen 

samples were collected by Mr. Charles W. Shipman, 

biological technician for Dr. Stephen L. Buchmann, employed 

by the USDA Agricultural Research Service - Carl Hayden Bee 

Research Center in Tucson, AZ. Occasional samples were 

collected by Dr. S. L. Buchmann and SCT. The micro-

Kjeldahl analyses, which yielded crude protein content 

estimates, and the protein influx calculations were all 

conducted by SCT. Data analyses and subsequent figure and 

manuscript preparation were done by SCT. 
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Appendix B is entitled "Ecological relationships and 

significance of colony population growth patterns for honey 

bees in warm temperate areas". This study describes the 

relationship between weekly pollen harvest, brood-rearing, 

and adult population values at two locations which vary 

dramatically in their seasonal timing of pollen 

availability. Samples and measurements were collected on a 

weekly basis over a two year period. All of the samples 

collected and measurements taken were done by Mr. Charles 

W. Shipman while working for Dr. S. L. Buchmann. Data 

analyses and subsequent figure and manuscript preparation 

were done by SCT. 

Appendix C is entitled "Annual patterns of biomass 

fluctuation by honey bee colonies in the Sonoran desert of 

Arizona: Nectar collection, storage, and use". This study 

analyzed weight changes of honey bee hives at two different 

locations. Hives were weighed at weekly intervals for six 

years at one location and nearly four years at the second 

locali ty. Hive weights at the first location were 

collected by Mr. Charles W. Shipman while working for Dr. 

Joseph O. Moffett. Hive weights for the second location 

were collected by U. S. Department of the Interior -

National Park Service employees at the Organ Pipe Cactus 

National Monument. All data analyses and subsequent figure 

and manuscipt preparation were done by SCT. 

Appendix D is entitled "Local and biogeographical 
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variation in the activity of honey bee reproductive 

swarms". This study monitored the occurrence of honey bee 

swarms in the Tucson, AZ basin on a weekly basis for a 10 

year period. Also included is an analysis, by latitude, of 

the activity of honey bee swarms from all available 

published North and Central American swarm phenologies. 

The data collection was organized, summarized, analyzed, 

and the figure and manuscript preparation were done by seT. 

Appendix E is entitled "Influences of dietary protein 

levels on timing of reproductive swarming in honey bees". 

In this study, honey bee colonies fed pollen diets 

containing either 24.8% or 17.2% crude protein were 

compared to non-fed controls. The number, timing, and 

survival of reproductive swarms from the honey bee colonies 

was monitored. The experimental design, data collection, 

analyses, figure preparation, and manuscript preparation 

were all done by SCT. 
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Pollen Quantitative Determinations 
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The apiary used to collect data on the pollen harvest 

by honey bee colonies was located in the foothills of the 

Santa Catalina Mountains just south of the mouth of Pima 

Canyon on the northwest side of Tucson. within the 6 km 

flight range (Visscher and Seeley, 1982; Buchmann and 

Southwick, unpublished data) of the Pima Canyon site there 

is a range of more than 1000 m in elevation and a diverse 

assemblage of plant communities. The apiary consisted of 3 

to 5 honey bee colonies housed in standard Langstroth 

wooden hive equipment, each fitted with a modified ontario 

Agricutural College ~ottom type pollen trap (Waller, 1980). 

Traps of this design remove between 60 to 65% of the 

corbicular pellets carried by incoming pollen foragers 

(Levin and Loper, 1984; Buchmann, unpublished data). The 

pollen traps were left on each colony continuously from 26 

September, 1980 through 31 December, 1991, except during 

periods of requeening. Samples were collected weekly, 

except for during several winters when samples were 

collected every other week. Each pollen sample was cleaned 

of debris using a sieve and its fresh weight recorded to 
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Samples from each colony were weighed 

separately and a mean of the 3 to 5 weights was calculated. 

The grand mean pollen weight was divided by the number of 

days since the last sample had been collected, which 

yielded units of g colony-1 day-1. All pollen collected 

during a week was uniformly mixed prior to subsequent 

analysis. 

Pollen Quality Determinations 

A subsample weighing 100 g from each uniformly-mixed 

weekly pollen sample was stored in a freezer at -20°C until 

needed. A total of 10 g was removed, oven-dried at 50°C 

for 48-72 hours, then ground by hand to a fine powder using 

a mortar and pestle. Three 100 mg replicates from each 

powdered sample were individually processed using a micro

Kjeldahl acidic digestion. The total amount of nitrogen in 

each replicate, and the predigested replicate weight, were 

used to calculate the percentage of nitrogen in each 

replicate. Nitrogen values were then converted to percent 

crude protein based upon a previously established 

correction factor of 5.6 for pollen (Rabie et al., 1983). 

The percent crude protein value for each replicate during a 

week was used to calculate a mean percent crude protein 

value for that week. units for these protein quality 

measurements are given as g protein per g of pollen. 
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Protein Influx Calculations 

Pollen harvested by honey bee foragers provides the 

vast majority of dietary protein input for the colony, but 

only a portion of the corbicular pollen pellet is actually 

protein. Each weekly amount of pollen harvested (in g 

pollen colony-1 day-1) was multiplied by the corresponding 

percent protein value (in g protein per gram pollen) to 

yield units of g protein colony-1 day-1. 

Colony Biomass Fluctuations 

The apiary used to monitor losses and gains in colony 

biomass was located on the grounds of the USDA-ARS Carl 

Hayden Bee Research Center, in the north-central area 

within the Tucson city limits. This apiary consisted of 5 

honey bee colonies housed in standard Langstroth wooden 

hive equipment, and each hive rested permanently upon 

Fairbanks-Morse mechanical platform scales with a 

resolution of 0.1 kg. The hives were given only minimal 

management (occasional inspections and disease control 

treatments), leaving them as undisturbed as possible. Hive 

weights at weekly intervals were obtained from 1 January, 

1973 through 31 December, 1978. Hive weights from 

subsequent weeks were used to calculate changes in colony 

biomass that occurred each week. The mean value for all 5 

colony biomass changes W~R calculated for each week. 
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Brood and Adult population Measurements 

The apiary used to collect the data on the brood and 

adult populations was the Pima Canyon location. During the 

time period when these measurements were taken there were 

only three colonies at the Pima Canyon location. Each 

colony was examined weekly from 1 January, 1981 through 30 

December, 1982. Measurements consisted of careful visual 

inspections of each frame resulting in an estimate of the 

area covered with adults. After all adult estimates were 

completed, the adults were removed (shaken) from frames 

containing brood, and the area occupied with sealed brood 

was then measured using a wire grid. Of all the 

developing brood stages, only the area of sealed brood 

cells were estimated. Both measurements were made to the 

nearest 1/8 of a frame. Each brood estimate was converted 

to cm2 using a value of 1755 cm2 for the area of a frame of 

brood comb. Each adult estimate was converted to number of 

adult bees using a conversion factor for European bees in 

Arizona of 2400 bees per frame covered with bees on both 

sides (Buchmann and Shipman, unpublished data) . 

Swarm Production 

Information on swarm occurrence for the Tucson, AZ 

basin, an area of at least 1000 km2 , were obtained 

primarily from telephone call records to beekeeping 

businesses and related services by Tucson area citizens 
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reporting recently landed honey bee swarms on their 

properties. Swarm occurrence was recorded on a weekly 

basis for the years 1982 through 1991. Only swarms that 

were listed as free-hanging (i.e., those that were hanging 

from a tree limb or bush) were counted and any which had 

already entered a cavity (i. e., part of a house) were 

discarded because their origination date was unknown. 

statistical comparisons of Annual Patterns 

Each calendar date was converted to its corresponding 

sequential Julian date. The Julian year was divided into 

52 weeks of seven days except week 52 which had 8 days (9 

during a Leap year). Values were assigned to the 

corresponding Julian week during which they were collected. 

The mean annual pattern for each data set was calculated by 

taking all the values in a particular Julian week (i.e., an 

11 year data set would have 11 values that occurred during 

Julian week 1, 11 during week 2, etc.) and calculating a 

mean plus one standard error. Autocorrelation analysis was 

used to reveal any periodic trends in each of the data 

sets. This time series statistical test functions in the 

time domain and examines the entire data set for repeatable 

positive and negative relationships (Box and Jenkins, 

1976) . Cross-correlation analysis examines two different 

data sets and identifies significant time lag intervals by 

which the data sets are correlated to each other (Jenkins 
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and Watts, 1968). 

Colony Diet Manipulations 

The apiary utilized for this experiment was located on 

the University of Arizona-owned property known as the 

Page/Trowbridge ranch, hereafter referred to as Page Ranch. 

Page Ranch is located 36 kID due north of Tucson, AZ in 

Pinal County. A total of 34 honey bee colonies were used 

during the spring and summer of 1991. All colonies were 

housed in standard Langstroth hive equipment of equal 

volume (one deep and one shallow "hive bodies" - 60 liters 

total hive volume). Four of the cr,lonies were equipped 

with modified ontario Agriculture college bottom-type 

pollen traps (Waller, 1980). The remaining 30 colonies 

were equalized for total amount of brood and adult bees, 

and assigned to three different treatment groups; addition 

of high protein diet (24.8% protein), addition of low 

protein diet (17.2% protein), and no added diet control. 

All queens were marked with unique combinations of colored 

paint. All diet treatment hives were also fitted with Todd 

dead bee traps (Atkins et al., 1970). Nasanov pheromone

baited swarm traps (Schmidt et al., 1989) were placed in 

concentric rings at 100, 250, 500, and 1000 m from the 

apiary. since honey bee swarms during previous years at 

Page Ranch migrated approximately 400-500 m from the apiary 

(Schmidt and Thoenes, 1990), and no feral colonies have 
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been found wi thin 2 km of the apiary, so that any swarm 

captured in the swarm trap "grid" likely originated from 

the centrally located experimental apiary. 

Pollen was collected weekly, cleaned of debris, and 

weighed to the nearest 0.1 g on a fresh weight basis. The 

weight of pollen collected by each of the four pollen trap 

colonies was divided by the number of days (seven) since 

the previous pollen sample was collected. Means and 

standard errors of these four values were calculated for 

each week, yielding units of g colony-1 day-1. The 

relative nutritional quality of each weekly sample was 

estimated using a micro-Kjeldahl acidic digestion to 

determine the nitrogen content which was then converted to 

percent protein using a previously established factor of N 

X 5.6 (Rabie et al., 1983). Protein influx rates were 

calculated by multiplying the pollen harvest rates with 

their corresponding percent protein value, yielding units 

of g protein colony-1 day-1. This was assumed to equal the 

quanti ty of protein from external floral sources brought 

into all colonies during the study, and thus, was the only 

protein source available to the control colonies. Pollen 

patties of known protein composition (24.8% for the high 

and 17.2% for the low), each 250 g in weight, were added to 

the diet treatment colonies. Patties were added twice each 

week from 27 March through 16 May. The weight of diet 
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patties consumed by each colony was recorded and a weekly 

mean weight consumed was calculated for each treatment 

group. The combination of quantity of diet consumed in 

each treatment of known protein content (either 24.8% or 

17.2%) in each diet, resulted in the protein influx rates 

contributed by each of the two dietary treatments. For 

each of the experimental dietary treatments the total 

weekly protein influx was the aIrlount contributed by the 

diet in addition to that from all external sources. 

Colonies were examined biweekly for the presence of 

developing queen cells on brood frames. Once active queen 

cells were noticed, careful visual estimations of the 

number of adult bees present and presence of the marked 

queen were made and recorded. A queen cell-building event 

followed by a large drop (50% or more) in adult worker 

numbers and absence of the marked queen was considered an 

indication of a successful recent swarming event. Knowing 

the location of each marked queen was essential during the 

entire experimental period, with cnly three possible places 

a queen could be located; in the hive, dead outside the 

hive, and with the prime swarm. Examination of each colony 

revealed if the marked queen was still present. If a queen 

died during the experiment, either from supercedure or 

another cause, then the dead body would be found in the 

Todd dead bee trap. If the marked queen left with a swarm 

then her presence with a new swarm in a swarm trap was 



33 

confirmed. Swarms remained undisturbed within the swarm 

traps they had selected as a nest site, and an additional 

empty swarm trap then replaced each occupied swarm trap at 

the trapping station. Swarm survival over the first winter 

was assessed by inspecting occupied swarm traps on 18 

March, 1992. 
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RESULTS 

Annual Patterns of Floral Resource Harvest 

Pollen was harvested by the honey bee colonies each 

week during the entire 11 year duration of the study. The 

highest pollen harvest rate for a single week was 331 g 

colony·' day·' from 19-25 March, 1984. During that week 

the honey bee colonies harvested over 2.3 kg per colony. 

The mean annual pattern of pollen harvest (Figure 1a) 

reveals pollen harvest rates exceeded 100 g colony·' day·' 

during four periods. The first occurred from mid-February 

through mid-April, the second occurred from mid-May through 

early June, the third occurred in early August, and the 

fourth during the month of October. When the rates of 

pollen harvest during each elevated pollen harvest period 

are compared, the third period was the lowest, and the 

other three were nearly equal in magnitude. Pollen was 

harvested in lowest amounts during November and December. 

Sufficient quantities of pollen were harvested during 

each of the weekly sampling periods to allow micro-Kjeldahl 

analyses. Over the 11 years the highest protein quality 

pollen sample was 31.8% and the lowest was 14.1% crude 

protein. Most of the pollen samples ranged from 2 a to 
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24.9% crude protein (47.0%). The mean annual pattern for 

pollen quality reveals two consistent low and high periods 

(Figure Ib). The periods of lowest protein content 

occurred during the month of March and then again from mid

September through mid-November. The two high quality 

periods included a large plateau from April through August, 

and a shorter peak during December and January. One major 

characteristic of the annual pollen quality curve is the 

low variance of the weekly values, as indicated by their 

small standard errors. There is little difference between 

all means with an inter-annual range of only 10% crude 

protein. 

The highest weekly protein influx rate, over the 

entire 11 year study period, was 62.6 g colony· 1 day· 1 • 

The weekly protein influx is a calculated value based upon 

pollen harvest rates and each week's corresponding protein 

content. There was little variation in pollen quality 

values (Figure Ib), therefore the temporal pattern for 

protein influx (Figure lc) is similar to that of the 

quanti ty of pollen harvested (Figure la). There are, 

however, important differences between the pollen harvest 

and protein influx data sets that warrant further 

examination. The first and fourth periods of highest 

pollen harvest rates occur during the two lowest periods of 

pollen quality, while the second and third periods of high 

pollen harvest occur during the plateau of high quality 
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pollen. As a result, the magnitude of the periods of 

highest protein influx are different relative to those from 

the pollen harvest annual pattern. The first and second 

periods of high protein influx are now nearly equal and 

larger than the third and fourth periods which are now co

equal. The first period has also shifted closer temporally 

to the second period by two weeks, which essentially 

creates one broad peak of protein influx from mid-February 

through mid-June. There are then three periods of high ( > 

20 g colony-1 day-1) protein influx, from mid-February 

through mid-June, during early August, and during late 

November. 

The nectar flow was estimated using an indirect method 

wherein honey bee colonies in Langstroth hives were placed 

on platform scales and their weight changes monitored. 

This method is indirect because brood and adult 

populations, as well as pollen, nectar, and water 

collection constantly fluctuate. For this study the 

dynamically-fluctuating hive mass has been termed the 

'colony biomass'. Gains in colony biomass are mainly due 

to nectar collection, and large weekly gains are certainly 

a strong indicator of an ongoing nectar flow. Gains in 

colony biomass in the Tucson colonies were few, relatively 

large, and restricted to two basic seasons; April through 

early June and during the month of August (Figure Id). 
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Only 17 of 52 weekly changes in colony biomass were gains. 

Total mean gains were 34.76 kg for April through early June 

and 8.00 kg for August. Most of the weekly changes in 

colony biomass were small losses ( < 2.0 kg). Total mean 

losses were 6.48 kg from mid-June through July and 17.73 kg 

from September through March. The maj ori ty of the 

individual annual totals range from +27 to +30 kg and the 

grand mean for all six years was 28.55 kg, which are 

similar to the average yearly total for the state of 

Arizona of +29.07 kg (Page et al., 1987). 

Annual Patterns of Honey Bee populations 

The annual pattern of brood production (Figure 1e) 

exhibits a characteristic expansion and contraction of the 

brood-rearing comb area from January through November. 

This pattern was characterized by a high rate of increased 

brood production from January through April, reaching a 

peak in late April, and followed by a decline in brood 

production through June. The quantity of sealed brood at 

its peak during April exceeded 6000 cm2 (or approximately 

24,000 cells). From July through October there were two 

additional shorter periods of high brood production, in 

mid-August and mid-October. Throughout November there was 

a constant decline in brood-rearing, which eventually 

ceased in December. 

The annual pattern of adult honey bee population 
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(Figure If) demonstrates that adult numbers were at a 

minimum in late-January through mid-February and at their 

maximum value in early June. Adult population at maximum 

colony size exceeded 60,000 individuals. The period of 

June through December was characterized by slowly-declining 

adult populations. 

The annual pattern of swarm occurrences for the Tucson 

basin (Figure Ig) exhibits an extreme amount of seasonality 

since most (70%) of the swarms occurred from late March 

through May. Scattered swarms occurred from January 

through mid-March, and from mid-June through December. 

During the 10 year collection period, swarms were reported 

as early as 27 January, and as late as 12 December. Mean 

length of the swarming season over the 10 year period was 

293 days. The total number of swarms reported each year 

ranged from 226 to 683. 

statistical Analyses of Annual Patterns 

The autocorrelation analyses revealed that each of the 

long-term data sets had a significant positive correlation 

at a 52 week lag interval (Figure 2). Since 

autocorrelation compares pairs of values, this means that a 

datum for week X is in phase with (or similar to) the datum 

at week X + 52. The correlation coefficient provides an 

indication of how consistent these values actually are. 

The order, from greatest correlation to least, are r = 0.91 
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for the brood production pattern (Figure 2e), r = 0.91 for 

the adult population pattern (Figure 2f), r = 0.69 for 

swarm production pattern (Figure 2g), r = 0.58 for the 

percent protein pattern (Figure 2b), r = 0.51 for the 

change in colony biomass pattern (Figure 2d), r = 0.45 for 

the protein influx pattern (Figure 2c), and r = 0.42 for 

the pollen harvest pattern (Figure 2a). Notice that all 

colony-regulated patterns (i. e., brood , adult, and swarm 

production) have the highest positive correlations. This 

means that the timing and magnitude of the bee patterns are 

extremely predictable on a 52 week (or annual) basis, which 

implies that the bees precisely regulate their colony 

growth and reproduction patterns. The correlation 

coefficents also remain at the same magnitude through each 

annual cycle. This means that the patterns exhibit stable 

periodic behavior (Poole, 1977) which is also called a 

phase-remembering quasi-cycle (Turchin and Taylor, 1992) 

which are usually driven by an exogenous periodic force. 

The cross-correlation analysis compares all the values 

from one time series data set with all the values from a 

second time series. This analysis was used to explore the 

relationship between harvesting of food (pollen or nectar) 

by the colonies and changes in their brood and adul t 

populations as well as when they reproduced by swarming. 

The Cross-correlation analysis yields a correlation 

coefficient at each time lag and a 95% confidence interval 
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to identify significant correlations. Figure 3 is arranged 

in a table format where the honey bee parameters are 

arranged in columns across the figure and the food 

parameters are arranged as rows from top to bottom. There 

are many causal relationships exhibited in Figure 3, but 

only the most significant ones will be examined further. 

Of the three pollen- based parameters (pollen harvest, 

percent protein, and protein influx) the honey bee 

population data sets are the most related to the protein 

influx data set. The relationship between protein influx 

and brood production (Figure 3g) exhibits a strong 

correlation (r = 0.91) at a time lag of zero weeks, protein 

influx and adult populations (Figure 3h) exhibits a strong 

correlation (r = 0.73) at a time lag of 6 weeks, and 

protein influx and swarm occurrence (Figure 3i) exhibits a 

good correlation (r = 0.62) at a time lag of zero weeks. It 

is interesting to note that the relationships of pollen 

harvest and protein influx to the honey bee parameters have 

identical time lags, but have higher r values for the 

protein influx relationships. This means that the bees 

respond more consistently to protein influx than to pollen 

harvest. The nectar-related data set (change in colony 

biomass) was most related to brood production (r = 0.51) 

(Figure 3j) and swarm occurrence (r = 0.77) (Figure 31) at a 

time lag of -1 weeks, which means both of the bee data sets 
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reach their maxima before the nectar flow occurs. The 

nectar flow was also related to the adult population (r = 

0.52) with a time lag of 3 weeks. 

Dietary Manipulation Effects 

There were two important periods of protein influx 

during the study: the first was from mid-March through mid

May when supplemental pollen patties were added to the 

colonies, and the second occurred after mid-May when 

protein influxes into all colonies were not supplemented. 

The protein influx rates for each treatment are shown in 

Figure 4. During the diet manipulation period the control 

treatment colonies had low protein influxes ( < 10 g 

colony·' day·'), the low protein treatment had intermediary 

levels of protein influx (12 to 17 g colony·' day·') except 

for 15-22 April when the rate was 24.7 g colony·' day·', 

and the high protein treatment had high protein influx 

rates (18 to 24 g colony·' day·') except for 15-22 April, 

when the rate exceeded 30 g colony·' day·'. During the 

second period after the dietary additions had ceased, there 

was a single two-week period of elevated protein influx 

from 24 May through 7 June, with corresponding protein 

influx rates of 21.9 and 16.0 g colony·' day·'. 

Most of the colonies in each treatment constructed 

queen cells during the study, and 75% of the colonies that 

buil t queen cells successfully produced primary 

reproductive swarms. The number of primary swarms produced 
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in each treatment was remarkably similar, with a total of 

seven in the high protein treatment and five in the other 

two treatments. The maj or treatment effect was that of 

influencing the timing of queen cell-construction events 

(Figure 4). During the diet manipulation period of the 

experiment, the addition of high protein diet resulted in 8 

separate cell building events compared to 2 in the low 

protein treatment and zero in the control colonies. In 

the second time period, after diet addition had ceased, 3 

cell construction events occurred within colonies 

originally fed high protein diet, while the low protein and 

control colonies had 7 cell construction events each. 

During this second time period, three colonies actually 

produced a second prime swarm from the parental colony, but 

only after a delay of 50 to 60 days following the initial 

prime swarm event. 

A total of 32 swarms \<lere caught in the swarm traps 

from 22 April through 5 July. Of these, 20 were documented 

as prime swarms from 17 different colonies. The other 12 

swarms were probably afterswarms. Five prime swarms, but 

no afterswarms survived their first winter at the Page 

Ranch locality. One of these surviving swarms was caught 

in the swarm trap in early May, while the others were all 

caught in mid-June. Thus the survival rate for prime 

swarms issuing during the diet manipulation part of the 
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study was 14.2% (1 of 7), for prime swarms issuing during 

the second part of the study was 30.7% (4 of 13), and for 

all swarms produced vlaS 15.6% (5 of 32). Of the three 

second prime swarms produced, none of them survived through 

the first winter. 
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DISCUSSION 

This dissertation is the first examination of the 

annual patterns of food harvest (pollen and nectar), colony 

growth (brood-rearing and adult population), and colony 

reproduction (swarm occurrence) for honey bee colonies 

living in the same general location. This dissertation is 

also the first study to combine the annual pattern of 

pollen harvest with an analysis of the corresponding crude 

protein content in each sample, resulting in an estimate of 

the actual quantity of protein entering the honey bee 

colonies. Finally, this dissertation is the first 

description of a correlation between food (protein) 

consumption levels and initiation of reproductive swarming 

in honey bees. 

Annual Patterns of Floral Resource Harvest 

This II-year pollen harvest study is the longest 

record of pollen harvest by free-living honey bee colonies 

in a natural relatively undisturbed habitat. Several major 

patterns were exhibited by the pollen-harvesting records 

collected during this long-term study: 1) Pollen was 

collected by the colonies every week throughout the entire 

study, 2) The quantity of pollen harvested varied 
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significantly on a weekly, seasonal, and annual basis, and 

3) Four intra-annual periods of pollen harvest exceeded 100 

g colony· 1 day· 1 (i. e., a "pollen flow") which varied in 

length and intensity. Examination of protein content 

patterns in the pollen samples revealed that; 1) Pollen 

quality varied only moderately from week to week, and 2) 

Pollen quality varied minutely on an inter-annual basis. 

Examination of long-term patterns in pollen-based protein

influxes into honey bee colonies revealed that; 1) Protein 

influx varied significantly on a weekly, seasonal, and 

annual basis, 2) The annual pattern of protein influx was 

largely determined by the quantity of pollen collected, but 

was also affected by pollen quality which influenced the 

amount and timing of the high protein influx periods, 3) 

The longest time period with the highest rates of protein 

influx occurred from mid-February through the end of May 

each year. Examination of the northern Sonoran desert 

nectar harvest patterns revealed that; 1) Nectar was 

collected in large amounts during a limited number of weeks 

each year, and 2) Nectar collection was restricted to two 

time periods, the largest of which occurred from April 

through early June. 

Of particular ecological significance is that at least 

some pollen was harvested each week during the entire 11 

year duration of the pollen study. This contrasts sharply 

wi th the seasonal nature of pollen harvest by honey bee 
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colonies living in more northern latitudes. This confirms 

that honey bee colonies in the Tucson area experience 

favorable weather allowing year-round flight and further 

indicates that pollen foraging is an important component 

whenever flight occurs. 

Roubik (1989) showed that the floral bloom from a 

native plant species has an initiation of pollen 

availability, a peak blossom occurrence, and lasts for a 

finite time (Roubik, 1989). A honey bee colony is 

polylectic for pollen (Schmidt, 1984) and thus locates and 

exploits many pollen sources at their time of greatest 

availability throughout the active foraging season. 

Buchmann et ale (1992) reported that weekly pollen samples 

from honey bee colonies in the Tucson area usually contain 

a mixture of 2 to 7 pollen types. The moderate weekly 

variation in pollen protein content indicates that the 

Sonoran desert floral landscape provides a series of 

overlapping blooms from which a honey bee colony actively 

selects, but passively blends (during storage as bee bread 

and when consumed) pollen types. The small variation in 

pollen quality on an inter-annual basis indicates that 

honey bees usually collect pollen from the same progression 

of flowering plant species. This suggests that the resource 

landscape offers a reliable pattern of blooming phenologies 

on an annual basis, and that honey bee colonies exploit 
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This 

is supported by O'Rourke and Buchmann (1989) who reported 

that on an annual basis honey bee colonies utilized pollen 

from over 45 angiosperm species within their flight range, 

but relied heavily (i.e., "majored") on only 5 to 10 

species during the year. Pollen from wind-pollinated 

(anemophilous) plants typicallY have low protein contents 

(7-15%), while pollen from animal-pollinated (zoophilous or 

entomophilous) plants is much higher in protein (20-35%) 

(Stanley and Linskins, 1974). The two time periods during 

the year with low-quality pollen were partially or entirely 

contributed by anemophilous sources, while high-quality 

pollen was from zoophilous, especially melittophilous 

plants. The collection of pollen by ~ mellifera colonies 

from anemophilous plants has been described in numerous 

studies, and can comprise up to 30% of the annual diet 

breadth of honey bee colonies (reviewed by O'Neal and 

Waller, 1984). 

The annual pattern of protein influx is dominated by 

the quantity of pollen harvested, not the protein content 

of the pollen. This means that honey bee colonies do not 

select pollen types based upon their protein content, and 

that "richness" to a pollen forager is probably a measure 

of the quantity of pollen available at a floral source and 

its relative ease of collection compared to other flowers. 

The four month long period of high protein influx rates ( > 
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20 g colony-1 day-1) during the spring through early summer 

coincides with the critical period of colony growth leading 

to reproductive swarming. The relationship between colony 

growth and protein influx is explored in greater detail 

later on in this dissertation. 

Nectar flows, as indicated by large rapid gains in 

colony biomass, are restricted to two rather short time 

intervals each year. This is the normal pattern for nectar 

flows in most temperate areas (Seeley, 1985; Winston, 

1987). When compared to the Sonoran desert pollen harvest 

during 52 weeks of the year, the nectar flow of only 17 

weeks seems very limited. The grand mean for the quantity 

of nectar collected in the Sonoran desert around Tucson, 

during both peaks (assuming that the biomass gain was 

entirely from nectar) totalled 42.76 kg, and when combined 

with the grand mean for annual colony biomass gain of 18.55 

kg, reveals that the honey bees consumed an average 24.21 

kg of nectar-derived carbohydrates each year. The grand 

mean for trapped pollen was 26.50 kg per year, and assuming 

a 60% trapping efficiency (Levin and Loper, 1984; Buchmann, 

unpublished data) for the pollen trap, the colonies 

harvested on average 42.50 kg of pollen each year. Thus, 

the total annual food resources (pollen plus nectar) 

collected by honey bees colonies in the Tucson area was 

85.26 kg per year. This total is comparable to the figure 
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of 80 kg per year for honey bees in cold temperate areas 

(Seeley, 1985), but the 80 kg value is based upon 60 kg of 

honey and only 20 kg of pollen. Thus, the foraging 

activity of honey bee colonies in the Tucson area of the 

Sonoran desert emphasizes harvesting more pollen than 

nectar. The timing of the two short nectar flow periods 

(Figure 1d) corresponds to periods of elevated pollen 

harvest (Figure 1a), both of which have a high protein 

content (Figure 1b). To attract a pollinator, a zoophilous 

flower offers a floral reward, typically nectar and/or high 

quality pollen. Thus, the combination of nectar rewards 

with high quality pollen from April through August is a 

further indication that the honey bee colonies harvest 

pollen mainly from zoophilous plants during that time of 

the year. 

Annual Patterns of Colony Growth and Reproduction 

Examination of patterns of honey bee brood-rearing, 

adult populations, and swarm occurrences, revealed that 1) 

All three patterns are highly seasonal with peaks in late 

spring to early summer with their lowest values in winter, 

2) All data sets occur in an inter-annually predictable 

(both temporally and by magnitude) pattern, and 3) The peak 

of swarm occurrence coincides with the peak in brood

rearing, both of which occur approximately six weeks prior 

to the time when adult populations are at their highest. 
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Colony growth patterns have been previously measured 

for diverse temperate areas. Measurement of the brood

rearing comb area of the colony has been done for various 

time periods, including over the ~Tinter (Avitable, 1978), 

the active season (Nolan, 1925, 1928; Oertel, 1948) and 

year-round (Allen and Jeffree, 1956; Winston, 1980, Seeley 

and Visscher, 1985). The typical annual pattern of brood

rearing for temperate areas begins in January or February, 

undergoes an initial expansion (sensu Nolan, 1925) of the 

brood-rearing comb area in late March or April, reaches 

its peak in early summer, then declines gradually over the 

summer, and has a final contraction (sensu Nolan) in the 

late fall. If a colony swarms, then the brood cycle is 

interrupted for a short period of time while the colony 

requeens (Seeley and Visscher, 1985). The annual pattern 

of brood-rearing in Tucson follows this general pattern, 

but differs from it in two important ways; 1) the length of 

the brood-rearing season is longer with the only period of 

no brood-rearing occurring during three weeks in December, 

and 2) having a peak of brood-rearing in April, which is 

much earlier than the usual temperate pattern. Seeley 

(1985) states that ·the precise timing of brood-rearing 

varies by latitude which could account for why the southern 

Tucson brood-rearing pattern occurs early in the year. The 

honey bee colonies in the present study contained up to 

24,000 cells of sealed brood which is less than the 30,000 
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reported by Seeley and Visscher (1985) for colonies in New 

Haven, Connecticut, but is more than the 16 - 19,000 cells 

reported for Somerset, Maryland as reported by Nolan (1925, 

1928) . 

Since brood-rearing activity and adult population 

numbers are closely interrelated, it is perhaps not too 

suprising that the annual pattern for adult population 

levels closely follows that of brood-rearing. The number 

of adults per colony in the present study reached a maximum 

of over 60,000 adults, which is higher than the range of 30 

to 40,000 reported by Jeffree (1955) and Seeley (1985). 

This could be due to much higher amounts of pollen 

harvested by the Tucson honey bee colonies resulting in the 

production of more adults. 

The relationship between the timing of swarm 

occurrence and maximum brood-rearing activity has been 

previously reported by Winston and Taylor (1980) for 

Africanized honey bees in French Guiana, South America. 

They reported that queen cell construction was initiated 

when the brood-rearing comb area of the nest reached 5,529 

cm2 • This is extremely similar to the brood-rearing area 

of 5,000 to 6,000 cm2 (Figure Ie) when swarming occurred in 

the present study. Differences between the two studies 

were that the Winston and Taylor (1980) hives were only 22 

liters in volume and contained an average of 12,000 bees. 
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The correspondence between the Winston and Taylor (1980) 

study and the present study implies that queen cell 

production and swarming activity could be based on the size 

of the brood rearing area and not nest volume or adult 

population. 

Relationship between Floral Resources Harvested 
and colony Growth Patterns 

The autocorrelation time series analyses revealed that 

each of the annual patterns in Figure 1 exhibit stable 

periodic behavior at an interval of 52 weeks. The honey 

bee patterns (brood-rearing, adult population, and swarming 

occurrence) have much higher correlation coefficients than 

the food resource patterns (pollen harvested, protein 

content, protein influx, and nectar collection). A 

significant correlation identifies the time interval by 

which the data are related, but a high correlation means 

that the magnitude of each cycle is similar. The extremely 

high correlations in the honey bee colony growth patterns 

on a 52 week time lag indicate that the timing and 

magnitude of the colony growth patterns are much more 

stable, and predictable, on an annual basis than are the 

food resource patterns. Typically, these periodic behaviors 

are driven by an exogenous factor(s) (such as photoperiod, 

precipitation events, or temperature) (Turchin and Taylor, 

1992). The higher correlations for the honey bee patterns 

would be understandable if the factor were temperature or 
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precipitation, since honey bee colonies located in a 

thermoregulated nest cavity would be less affected than the 

local plant community. 

The cross-correlation time series analyses reveal 

direct relationships between the food resource patterns and 

colony growth patterns. Of all of the pollen-related 

patterns (pollen harvested, protein content of the pollen 

and actual protein influx), colony growth patterns are most 

correlated with the protein influx pattern. The 

relationship between brood-rearing activity and protein 

influx is highly correlated at a time lag of zero weeks. 

This means that the amount of protein entering a colony 

during any week has a causal relationship to the amount of 

brood that is reared during that week. This protein is 

derived from pollen, and pollen in the honey bee colony is 

consumed (as bee bread) by young adult worker bees 

(Hagedorn and Moeller, 1967; Crailsheim et al., 1992) which 

perform most of the larval feeding, and by worker larvae 

more than 3.5 days old (in a mixture with honey and royal 

jelly). Crailsheim (1990) reported that nurse bees playa 

pivotal role not only in protein digestion but also in its 

distribution to larvae. The allocation of protein by nurse 

bees to developing young larvae could explain why there is 

a higher correlation between brood-rearing and protein 

influx, rather than with pollen harvest. Schmidt et al. 
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(1987) reported that although a worker bee's lifespan was 

related to the amount of pollen it consumed, the 

correlation was higher for the amount of protein it 

consumed. This longer lifespan for adults coupled with 

continuation of brood-rearing activity would result in 

higher adult bee numbers in the colony at a later time 

period. This may be the reason why the adult population 

pattern is more synchronized with protein influx than for 

pollen harvest. The relationship between brood-rearing and 

swarm occurrence was discussed in the previous section, and 

since brood-rearing is highly correlated with protein 

influx it is not suprising that protein influx and swarm 

occurrence are also significantly correlated. The effect 

of food resources on swarm occurrence has always been 

assumed to be indirect (Seeley, 1985; Winston, 1987), but, 

remarkably, has never been tested experimentally. The 

correlation between protein influx rates and swarm 

occurrence is elaborated upon later in this dissertation. 

The cross-correlations revealed interesting 

relationships between nectar harvest and colony growth 

patterns. These relationships must be examined in the 

following context; that carbohydrates are not the food 

resource responsible for colony growth. The relationship 

between nectar harvest and brood-rearing activi·ty had a 

time lag of -1 week. This means that the greatest level of 

brood-rearing occurs before the peak in nectar harvest. 
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since nectar is harvested in great quantities over 

relatively short periods, and since nectar is stored in 

virtually every open cell, including the brood rearing area 

(personal observations), the result is a decrease in brood-

rearing due to crowding. Seeley and Visscher (1985) 

measured nectar harvest using weekly changes in hive weight 

and reported that brood rearing was 'asynchronous' with 

resource availability. However, since nectar is not the 

food resource responsible for initiating and maintaining 

brood production this finding is not surprising. The 

relationship between nectar harvest and swarm occurrence 

occurred with a time lag of -1 week. This means that the 

colony growth patterns respond to protein influx and 

produce reproductive swarms just prior to the period of 

greatest nectar harvest. 

Direct Effects of Protein Influx on Swarm Initiation 

comparison of protein influx rates with timing of 

queen cell construction events (Figure 4) for each of the 

three treatments, reveals that queen cell construction was 

initiated within the same week, and presumably in direct 

response to, timing of greatest protein influx. On a 

quantitative level, the queen cell building events in each 

treatment occurred when rates of protein influx exceeded a 

value of 20 g colony· 1 day·1. The major treatment effect 

was on the timing of queen cell construction, with the high 
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protein dietary treatment resulting in earlier queen cell 

construction events. Sufficient protein does not always 

result in successful swarm production because only 75% of 

the cell building events resulted in the production of a 

pr ime swarm. Three cases of multiple prime swarm 

production from natal colonies occurred during this study. 

All three cases involved the production of the first prime 

swarm during a diet manipulation treatment separated by an 

interval of 50 to 60 days between prime swarms. Multiple 

prime swarm events during a year are apparently common in 

tropically-adapted honey bee races (Winston et al., 1983) 

occurring on average every 59.7 days (otis, 1980). Multiple 

prime swarm events have not previously been reported for a 

temperate-adapted honey bee race. Thus, for honey bees, 

the queen cell construction behavior is strongly influenced 

by protein influx above a certain level. The same response 

may also govern multiple prime swarming events, with 

numerous peaks or higher overall protein influx from the 

floral community in tropical areas. 

Several hypotheses exist which seek to explain the 

underlying proximate factors which induce colonies to 

swarm. The two main views of early researchers were the 

brood food hypothesis (Morland, 1930) and the crowding 

hypothesis (Demuth, 1921). The brood food hypothesis 

states that a surplus of young nurse bees develops in 
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preswarming colonies, resulting in an overabundance of 

brood food, which is then shifted into queen rearing. The 

crowding hypothesis states that crowded conditions of too 

many adult workers and limited comb area for brood rearing 

result in swarming preparations. Neither hypothesis, when 

tested, has proven adequate to explain the initiation of 

queen rearing (reviewed by Winston, 1987). Winston et ale 

(1981) propose that the cues which initiate queen rearing 

are multifactorial, where the primary stimuli (none of 

which are causal when acting independently) are; 1) colony 

size, 2) brood nest congestion, 3) worker age distribution, 

and 4) reduced transmission of queen pheromones. They 

reported that resource abundance influences the first 

three factors, and thus only "indirectly" influences queen 

cell construction. The present study has demonstrated that 

in colonies started with equal brood areas and numbers of 

adul ts, the rate of pollen-derived protein influx has a 

immediate effect on the timing of queen cell construction. 

This correlation does not confirm that protein influx is 

the only causal factor for queen cell initiation, but does 

provide a significant factor by which colonies can be 

experimentally perturbed, through which causal factor (s) 

may finally be identified. 

Is 'Early' s't'Tarming Advanageous? 

The peak of swarming in the Tucson area (Figure 19) 
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occurs just prior to the greatest nectar flow of the year 

(Figure 1d), and also just ahead of a period of elevated 

pollen harvest (Figure 1a) which is also of high protein 

content (Figure 1b). All these combined factors reveal 

that the greatest honey bee reproductive swarm activity in 

the Tucson area occurs just prior to the time of highest 

combined food resource availability. Since newly-founded 

colonies from swarms are in critical need of floral 

resources (especially nectar) to survive, the timing of 

swarm occurrence prior to peak resource abundance provides 

swarms with the best chance for survival. In the present 

diet manipulation study, swarms issued from colonies from 

mid-April through early July. The greatest swarm survival 

occurred in those swarms that issued (mainly from control 

colonies) immediately before the nectar flow (30.7%) 

compared to those that issued earlier (14.2%) or later 

(0.0%) . Both the early and late issuing swarms probably 

converted most of the 280 to 327 g of sugar (see Appendix 

E) carried from the natal nest, into the energetically

costly set of new combs - then were negatively affected by 

the lack of floral nectar resources in the local Sonoran 

desert environment. Thus, it appears to be the proper 

timing of swarming behavior, not "earliest timing", that 

maximizes the chance that a swarm will survive beyond its 

first winter. 
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The Evolutionary Vie~~oint 

All of the honey bee races in the united states 

originated from the 'progressive' honey bee type that 

evolved in the late Pliocene or early Pliestocene in the 

Asian tropics (Ruttner, 1987). This temperate-adapted 

honey bee type recolonized Europe, and these "European" 

bees provided the genetic races which comprise the current 

honey bees found in Tucson. The honey bees studied during 

this dissertation were expected £!. priori to behave like 

typical temperate-adapted honey bees, but instead, 

exhibited a mosaic of tropical and temperate-adapted 

behaviors. The bees had year-round flight capabil i ty 

(a function of the favorable local Sonoran desert climate) 

which allowed the bees to forage for pollen year-round 

(tropical honey bee behavior). The annual foraging 

patterns were more dominated by pollen than nectar 

harvesting (tropical behavior), however, large amounts of 

nectar were collected during limited time periods each year 

(temperate behavior). Annual patterns (food resources and 

colony growth) exhibited strong seasonality (temperate 

behavior), but colony growth patterns were based upon 

timing of pollen-derived protein influxes (a tropical 

response) . 

The answer to this apparent conundrum may at least be 

partially explained by re-examining the general definitions 

of the honey bees "types" of Ruttner (1987). The 
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'conservative' honey bee type evolved and formed social 

colonies in the Asian tropics. These social units included 

a primary reproductive which layed all of the eggs, and 

workers which cared for the brood and collected all of the 

floral resources needed by the colony. Only small amounts 

of food resources were stored in the nest because they were 

usually plentiful in the environment, and if a resource 

dearth occurred, then the colony could always migrate or 

abscond to a new, richer food area. Colony reproduction by 

swarming evolved, probably as a modification of absconding 

behavior (Ribbands, 1953). In the tropical climatic 

regime, colony growth and reproduction occur whenever 

possible, and both of these occur in response to pollen

derived protein influxes. Within the colony, the protein 

"flows" preferentially to the developing brood and the 

queen, with pollen consumption and subsequent protein 

distribution controlled by the young "nurse" bees. Thus in 

the Tucson studies, the pollen harvest patterns and colony 

growth resulting from protein influx are not necessarily a 

"tropical" adapted trait, but instead are a result of the 

way the honey bee colony rears brood. The 

behavioral/physiological responses to protein influx 

detailed above certainly occur in every honey bee colony, 

and were more evident in this study because of the rich 

pollen harvest in the Tucson location. 
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The Pollen Economy of the Honey Bee Colony 

A colony of honey bees is composed of thousands of 

individual bees performing a variety of tasks, which when 

integrated, results in the colony functioning at a higher 

level than the sum of its component parts. Thus a honey 

bee colony is a good example of a holistic organism (i.e. a 

"superorganism") . This dissertation primarily focused on 

the role of pollen resources in determining long-term 

patterns of food resource harvest, colony growth, anct 

reproductive swarming for honey bee colonies living in the 

Sonoran desert of Arizona. The combination of information 

gained from the individual experiments of this dissertation 

elucidates broad behavioral adaptations which honey bee 

colonies utilize to grow and reproduce, not only in this 

hot, arid temperate area, but also in general for temperate 

areas of the world. 

The annual patterns of floral resource harvest, and 

colony growth are highly correlated. In the Sonoran desert 

of Arizona the floral landscape offers a consistent annual 

progression of overlapping floral blooms. This progression 

provides pollen on a year-round basis from wind and animal

pollinated plant sources. The pollen foraging bees 

actively select certain key pollen sources which are 

passively blended during storage in the nest and when 

consumed by the colony. Pollen is the major protein source 

for the colony and in all eusocial colonies of insects 
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protein preferentially flows to developing brood and to 

reproductives. In a honey bee colony the distribution of 

protein is controlled by the nurse bees, which consume 

pollen and secrete protein rich "royal" and "larval" jelly 

in the hypopharyngeal glands. Pollen-derived protein is 

rapidly converted into, and is highly correlated with, 

brood-rearing activity. Brood-rearing determines the size 

of the adult bee population eventually produced by the 

colony. Reproductive swarming activity in the Tucson area 

occurred predominantly during the late spring and was 

correlated with both brood production activity as well as 

protein influx rates. 

The springtime portion of the year in a temperate area 

is an especially critical period for hon3Y bee colonies 

because this is when the majority of colonies reproduce by 

swarming. For the Tucson area, the floral progression from 

January through June provides pollen early in the year, 

followed by a period of combined nectar and pollen 

availability. The late winter pattern of colony growth is 

influenced by a variety of factors (including photoperiod 

and weather), but pollen harvest rate is the primary factor 

which determines both when and how rapidly the colony 

expands. The colony "preparing" to swarm is thus 

predominantly involved with pollen foraging. The pollen is 

consumed by nurse bees which then distribute protein-rich 
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royal jelly to developing larvae and the queen. The 

springtime pattern of pollen based protein influx is highly 

correlated with the large late spring expansion of the 

brood-rearing area, as well as the timing of reproductive 

swarming. Specifically, the timing of queen cell 

initiation is strongly influenced by pollen-based protein 

influx rates exceeding 20 g colony-1 day-1. Successful 

reproduction by a honey bee colony also includes long-term 

survival of the new colony. The building of a new nest is 

energetically expensive and thus requires high nectar 

(carbohydrates) harvest rates in order to be successful. 

Colony growth rates governed by pollen (and thus protein) 

harvest rates, result in swarm production just prior to the 

period of highest food resource (nectar and pollen 

combined) availability. Thus, by responding to the local 

progression of floral bloom the colonies reproduce at the 

time when swarm survival is maximized. 

O'Neal and Waller (1984) hypothesize that there is a 

major IIfloral wave" (a period of elevated pollen 

availability) that completes one oscillation between 

Earth's north and south poles on an annual basis. This 

hypothesis can be expanded with the information obtained 

during this dissertation. The floral wave, as it passes 

through a given location, consists of a progression of 

floral blooms. Each floral bloom progression provides 

pollen first, followed by a period of combined pollen and 



64 

nectar availability. Honey bee colonies utilize pollen 

availability to expand in size, and if protein influx is 

sufficient, reproduce by swarming just prior to the period 

of maximum food resource availability. 

areas, honey bee colonies consistently 

For temperate 

swarm in the 

springtime, which implies that the floral resources needed 

to fuel reproduction occur consistently in the spring. The 

floral wave passes through most temperate areas twice 

annually and several areas have consistent swarming 

activity during the second (Fall) period as well, but this 

second period of swarming activity is not consistent for 

every location. The second period of swarming activity is 

thus also fueled by floral activity, and the magnitude of 

floral abundance determines the difference in swarming 

activity between locations. 

In summary, protein is the major resource that drives 

honey bee colony reproduction, and previous attempts to 

relate swarming to food resource abundance were 

unconvincing primarily because the critical importance of 

protein was not taken into account. 
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Figure 1. Annual patterns (as weekly means and one 
standard error) for (A) Pollen harvest rates, (B) Percent 
protein, (C) Protein influx rates, (D) Change in colony 
biomass, (E) Area of sealed brood, (F) Adult population 
numbers, and (G) swarm ocurrence for the Tucson, AZ area 
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Figure 2. Autocorrelation time series analyses for (A) 
pollen harvest rates, (B) Protein content of the pollen 
samples, (C) Protein influx rates, (D) Change in colony 
biomass, (E) Area of sealed brood, (F) Adult population 
numbers, and (G) swarm ocurrence. Dashed lines show the 
calculated 95% confidence intervals for each data set 
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Figure 3. Cross-correlation analyses and lag intervals 
(95% confidence interval) for comparisons of the annual 
patterns of the honey bee population parameters (total 
sealed brood area, number of adults, and swarm occurrence) 
as columns, and food resource parameters (pollen harvest, 
percent protein, protein influx, and nectar harvest) as 
rows 
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Figure 4. Protein influx rates (lines) and number of queen 
cell construction events that occurred in colonies (A) fed 
pollen diet with 24.8% protein, (B) fed pollen diet \vith 
17.2% protein, and (C) no added diet as a control. The bar 
patterns represent cell construction events which resulted 
in (filled bar) prime swarm production, (open bar) no swarm 
was produced, and (hatched bar) production of a second 
prime swarm 
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APPENDIX A 

LONG-TERM TRENDS IN POLLEN HARVESTED 
BY HONEY BEE COLONIES IN THE ARIZONA SONORAN DESERT: 

EFFECTS OF VARYING PROTEIN QUALITY 

steven C. Thoenes and Stephen L. Buchmann 

Abstract 

Pollen traps were used to monitor the quantity of 

pollen harvested by honey bee colonies foraging within the 

floristically-rich Sonoran Desert upper bajada plant 

community near Tucson, Arizona, USA. Samples were 

collected weekly over 11 years between 1980 and 1991. The 

nutritional quality of each weekly pollen sample, in terms 

of crude protein composition, was obtained using a micro-

Kjeldahl acid digestion procedure. Protein influx was 

obtained by combining the quantity of pollen harvested and 

nutritional quality of each sample. 

Honey bees successfully foraged for pollen on a year 

around basis. Pollen harvest rates frequently exceeded 100 

g colony- 1 day-1 during four intra-annual time periods. 

Timing of greatest pollen harvest periods occurred on a 

predictable inter-annual basis, but the quantity of pollen 

harvested varied on a weekly, seasonal, intra-annual, and 
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inter-annual basis. 

The nutritional quality of the pollen was highly 

periodic on an inter-annual basis. The intra-annual 

variation in pollen quality was moderate (14.1 - 31. 8 % 

protein). Honey bees harvested pollen from both 

anemophilous and zoophilous plants, and from the same plant 

species during the same relative time intervals each year. 

Protein influx was increased by colonies collecting 

greater quantities of pollen, and no long-term social 

mechanisms governing protein influx were evident from the 

data. Protein influx remained at high levels ( > 20 g 

colony· 1 day· 1 from mid-February through May, when the most 

protein-based colony growth and reproductive swarming 

occurs in the Sonoran desert. 

Introduction 

Foraging for floral pollen and nectar resources by 

honey bee colonies (Apis mellifera L.) is an entirely 

social enterprise. Every habitat provides the colony with 

a 'resource landscape' comprised of temporally shifting 

elements of resource dispersion, 

(Roubik, 1989). The honey bee 

quantity, and quality 

foraging strategy is 

designed to produce a high level of foraging efficiency for 

the colony as a whole, sometimes at the expense of 

individual foraging effort. This superorganismic foraging 

'machine' has been likened to a giant amoeba which sends 
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out pseudopods (workers) to collect all needed resources 

(Seeley, 1985). Social foraging by honey bee colonies is 

also effective at exploiting the best floral resources, in 

terms of quantity and quality, because foragers abandon 

less rewarding patches. Foraging effort, and to some 

extent individual foraging choices, are regulated at the 

colony level. Seeley (1986, 1989) calls this the 

, Information center Theory', whereby individual foragers 

perceive colony food "need" through a set of strong 

positive feedback mechanisms and direct their efforts 

accordingly. Several studies have elucidated different 

aspects of the social regulation of forager effort 

(Visscher & Seeley, 1982; Seeley, 1986, 1989; Camazine, 

1990; Fewell & Winston, 1992), but all of these studies 

focus only upon short-term (daily or a few weeks) 

collection processes. Short-term studies provide useful 

information on how colonies respond to rapidly changing 

resource patterns, but provide almost no information 

relative to the ecologically important questions of how 

floral choices and pollen/nectar exploitation patterns are 

regulated over a seasonal or year-to-year basis. 

A central-place foraging honey bee colony utilizes a 

large foraging "arena" to provide the floral and non-floral 

resource base needed to support its perennial large biomass 

and sUbstantial energy budget. Visscher and Seeley (1982) 
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found that 95% of the foraging from a colony occurred 

within 6 km of the nest. Thus the flight range of a colony 

has been estimated to be at least 80-100 kro2 (Roubik, 

1989) . In terms of energetics, two floral resources are 

essential nutrients for colony growth, reproduction, and 

survival; nectar, and pollen. Nectar-derived carbohydrate 

energy, among other critical functions, 

metabolically converted into trehalose) as 

foragers and as thermoregulatory fuel to 

serves (once 

flight fuel for 

survive extreme 

winter climatic conditions in cold northern temperate 

regions. A general review of the annual carbohydrate 

requirements for a honey bee colony are given by Seeley 

(1985). Honey bees have the largest pollen diet breadth of 

any known bee species (perhaps exceeded only by some 

Amazonian Trigona spp.) and collect pollen from virtually 

all taxa of spermatophytes (Schmalzel, 1980). O'Rourke and 

Buchmann (1989) reported that honey bee colonies utilized 

pollen from over 45 angiosperm species within flight range, 

but reI ied heavily ("maj ored") on only 5-10 species. 

Pollen constitutes the major source of dietary protein and 

amino acids (along with lipids, vitamins, and minerals) for 

honey bee colonies and is rapidly converted into bee 

biomass via brood production (Winston, 1980; Jeffree and 

Allen, 1957). Colony growth rates, which are important to 

colony survival and reproduction, are thus dependent upon 

protein available in harvested pollen. Haydak (1935) found 
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that pollen-derived protein was often the limiting nutrient 

in the honey bee colony. Curiously, although several 

multi-year pollen collection patterns have been documented, 

none of them included data on protein analyses. 

long-term patterns of colonial pollen harvest 

Thus, 

and the 

possible mechanisms controlling its collection at the 

colony level have remained unknown. 

In honey bee colonies, pollen is not consumed by the 

older (> 20 days) adult worker bees which comprise nearly 

the entire foraging population (Crailsheim et aI, 1992). 

Pollen is consumed by developing worker and drone larvae 

(Crailsheim, 1990) and young adult worker bees with peak 

consumption during the first 10 days, eventually ceasing by 

day 20 (Schmidt et al., 1987). The pollen content of the 

entire gastrointestinal tract of workers was greatest in 9-

day-old "nurse" bees and declined to negligable amounts in 

foragers (crailsheim et al., 1992). Thus, individual 

foragers apparently have no direct positive feedback from 

the pollen they gather with which to judge nutritional 

quality. "Richness" to a pollen forager is probably a 

measure of the amount of pollen available and how easily it 

is gathered, not its nutritional value. Pollen-foraging 

behavior decreases in response to experimental additions of 

pollen or honey to the colony and increases in response to 

pollen removals (Free, 1967; Camazine, 1990; Fewell and 
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Winston, 1992). variation in inter-colony brood levels 

also affects pollen collection rates by foragers with 

additional brood stimulating pollen collection by the 

colony (Free, 1967). Thus, rates of pollen collection are 

probably controlled at the colony level and are "driven" by 

a complex and interactive set of factors which determines 

colony need. 

It is currently unknown whether honey bees (at the 

colony level) can directly assess the quality (ie. crude 

protein composition) of the 2-7 pollen types they collect 

on a daily basis (Buchmann et al., 1992). Fewell and 

Winston (1992) reported that foragers from colonies with 

low levels of stored pollen (240 ± 48 cm2 ) collected pollen 

based on the quantity available, whereas foragers from 

colonies with high levels of stored pollen (4455 ± 53 cm2 ) 

selected pollen types with higher (4.20% versus 3.85%) 

nitrogen content. This is the first indication that some 

colony-level mechanism may exist whereby foragers engaged 

in pollen collection may be selecting pollen types based 

upon qualitative factors (presumably nitrogen / protein 

content). since protein is a critical nutritional resource 

for the production of new bees, maximizing its intake 

should be a dominant factor throughout the life history of 

the colony. Two alternative pathways exist by which honey 

bee colonies may maximize protein influx: 

1) If honey bee colonies cannot directly assess protein 
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content in pollen collected by foragers, then this 

would result in pollen harvest rates based primarily on 

the quantity of pollen available in the resource 

landscape. In this senario the only way to increase 

protein influx is to increase pollen collection rates. 

2) If, however, honey bee colonies can assess pollen 

protein content in pollen collected by the foragers, 

then through a social positive feedback mechanism the 

colony may determine which plant species pollen is 

collected from. This would result in collection rates 

based upon pollen nutritional quality, biased towards 

higher quality pollen types. Since honey bee colonies 

are perennial and have predictable seasonal growth 

patterns, the rate of protein influx should produce 

almost no variation between years or at least during 

certain critical periods (such as spring growth which 

ul timately results in colony reproduction). Thus, 

rates of protein influx should at least meet a 

hypothetical "optimum" nutritional level during 

critical time periods based on colony need. 

To investigate the underlying factors which govern 

long-term pollen harvest and therefore protein influx, 

certain long-term sources of information are necessary. 

These include: 1) multiple-year monitoring of pollen influx 

with frequent (ie. weekly) sampling intervals, to provide 
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information on when pollen is available, the quantity of 

pollen harvested from the surrounding plant community, and 

the reliability of pollen abundance within and between 

years; and 2) Examination of the variability in pollen 

quality (ie. protein content) over multiple-years thereby 

providing information on pollen quality within and between 

years. The combination of pollen quantity harvested, and 

its corresponding protein composition results in a 

previously neglected measurement; that of the actual weekly 

protein influx into a free-living honey bee colony. 

Examination of protein influx over a multiple-years should 

reveal if protein influx is based simply on the quantity of 

pollen collected, or actively managed by a social feedback 

mechanism based upon pollen quality. 

Methods 

A 'window' into pollen dietary breadth of honey bee 

colonies is facilitated by a popular and economical 

beekeeping device appropriately named a pollen trap. The 

pollen trap utilizes a series of two wire screens (5 mesh) 

which removes corbicular pollen pellets from the hind legs 

of pollen foragers upon their return to the colony. There 

are numerous pollen trap designs with differing trapping 

efficiencies in removing corbicular pellets from the bees 

while allowing some level of pollen to enter into the 

colony (reviewed by Crane, 1976). Pollen trap designs 



82 

which remove 60 to 65% or less of the incoming corbicular 

pellets have been used in previous long-term pollen 

trapping studies with little or no apparent deleterious 

effects on the functioning colony (Waller et al., 1981, 

0' Neal and Waller, 1984). Thus the OAC pollen trap 

provides a direct long-term monitoring device of pollen 

influx in real time. 

Apiary Location and Environment 

The apiary used in this study was located in the 

foothills of the Catalina Mountains south of the mouth of 

Pima Canyon on the northwest side of Tucson, Pima County, 

Arizona, USA. The exact location is 320 20' 46.1" North 

Latitude, and 1100 57' 8.6" West Longitude and at 843 

meters above sea level. The Pima Canyon site data set was 

chosen to illustrate the richness of forage available in 

the Arizona upland subdivision of the Sonoran Desert. 

within a 6 km flight range (Visscher & Seeley, 1982) of the 

Pima Canyon site are numerous habitats and plant 

communities spanning a range of over 1000 m in elevation. 

Seven major plant communities are found within flight range 

of this apiary. According to Lowe (1964) these include; 

Creosotebush dominated by cresosote (Larrea) and 

triangle-leaf bursage (Ambrosia), Mesquite-Burroweed -

dominated by mesquite (Prosopis) and burroweed 

(Haplopappus), Paloverde dominated by paloverde 
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(Cercidium) and Saguaro (Cereus), Turpentine bush 

dominated by turpentine bush (Haplopappus) and wild 

buckwheat (Eriogonum), Chaparral/oak-pine woodland - with 

manzanita (Arctostaphylos) pinyon pine (Pinus) and Oaks 

(Quercus), Ponderosa pine- Douglas fir - found at the 

highest elevations are ponderosa pine (Pinus) and Douglas 

fir (Psuedotsuga), Riparian woodland found along the 

canyon bottoms is a diverse assemblage of trees and schrubs 

including cottonwood (Populus), Ash (Fraxinus), Walnut 

(Juglans), sunflower (Helianthus) and Desert Broom 

(Baccharis). Scattered homes at a density of 1-5 per acre 

were located near the Pima Canyon apiary and provided a 

supplemental flora of introduced ornamentals. 

The apiary consisted of 3-5 colonies of primarily 

Italian honey bees (fu !!h. ligustica) and was established 

during September of 1980. Each colony was housed in 

standard Langstroth hive equipment and fitted with a 

modified ontario Agriculture College (OAC) pollen trap 

(Waller, 1980). OAC traps remove approximately 60 to 65% 

of the corbicular pollen pellets carried by incoming pollen 

foragers (Levin and Loper, 1984; Buchmann, unpublished 

data). Pollen traps were left on each colony continuously 

from 1980 through 1991, except during brief (1 to 2 week) 

periods whenever a queen died and the colony was allowed to 

undergo a natural requeening process. 
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Pollen Quantitative Determinations 

Pollen samples were collected from 26 September, 1980 

to 31 December, 1991. Samples were collected weekly, 

except during several winters when samples were collected 

every other week. Each pollen sample was cleaned of debris 

with a sieve and its fresh weight recorded to the nearest 

0.1 g. Samples from each colony were weighed separately 

and a mean of the 3-5 weights was calculated. The total 

mean pollen weight (in g) per colony was divided by the 

number of days since the last sample had been collected, 

yielding units of grams colony·' day·'. Pollen from all 

samples each week were uniformly mixed to form a combined 

weekly 3-5 colony sample prior to subsequent analyses. 

Pollen Quality Determinations 

A subsample of 100 g from each combined 3-5 colony 

weekly pollen sample was stored in a freezer at -20°C until 

needed. A total of 10 g was removed, oven-dried at 50°C 

for 48-72 hours, then ground by hand to a fine powder using 

a mortar and pestle. Three 100 mg replicates from each 

powdered sample were processed using a micro-Kjeldahl 

acidic digestion. The digestion procedure was as follows: 

6 mL sulfuric acid, and 3.5 g of a catalyst (K
2
S04 & HgO, 

in a 15g:0.7g ratio) were added to each sample replicate. 

The mixture was then heated to 200°C for one hour and then 

raised to 375°C for an additional hour using a Tecator ab 
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digestor. Each digested replicate was then diluted with 

deionized water to a volume of 75 mL. Every 40 samples a 

standard of known nitrogen content was added (Standard 

Orchard Leaf from U. S. Bureau of Standards). A Technicon 

Autoanalyzer II was used to measure the nitrogen content in 

each digested sample. The Autoanalyzer uses a colorimetric 

method in which an emerald green color develops from the 

reaction of ammonia, sodium salicylate, sodium 

nitropru.sside, and sodium hypochlorite in a buffered 

alkaline medium at an ultrabasic 12.8-13.0 pH. The 

concentration of the ammonia- salicylate complex was read 

at 660 nm. The Autoanalyzer was calibrated to known 

concentration nitrogen standards each day and checked 

against standards every 100 samples. The amount of 

ni trogen contained in each repl icate and predigested 

replicate weight were then used to calculate the percentage 

of nitrogen within each replicate. Nitrogen values were 

then converted to percent crude protein based upon a 

previously established correction factor of 5.6 for pollen 

(Rabie et al. 1983). The percentage protein value for each 

replicate during a week was used to calculate a mean 

percentage protein values for that week. units for these 

protein quality measurements are given as g protein / g of 

pollen. 
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Protein Influx Calculations 

Pollen collected by honey bee foragers provides the 

vast majority of dietary protein for the colony, but only a 

fraction of the corbicular pollen pellet is actually 

protein. Each weekly amount of pollen harvested ( in g 

colony- 1 day- 1) was multiplied by the corresponding 

percent protein value (in g protein / g pollen) to yield 

units of g protein colony-1 day-1. 

statistical Analysis 

Each calendar date vlaS converted to its corresponding 

sequential Julian date. The Julian year was divided into 

52 weeks of seven days except week 52 which had 8 days (9 

during a Leap year). Data values were assigned to the 

corresponding Julian week during which they were collected. 

For example, values collected from day 1 through day 7 

during any given year were all assigned to Julian week 1. 

The occasional bimonthly pollen collections posed a problem 

since a two week period had combined values, but since the 

units were in g colony-1 day-1, the value obtained for any 

14 day period became the value for both weeks. The mean 

annual pattern over the 11 year study period was calculated 

by taking all 11 values that occurred during a particular 

Julian week and calculating a mean and one standard error. 

Mean weekly values for each year were calculated for pollen 

quantity, pollen quality, and calculated protein influx. 
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Variation between years for each of the above parameters 

was analyzed using student's t-test (Wilkinson, 1985) . Two 

time series analyses were used to reveal any periodic 

trends in the data (L. Lane, USDA-ARS Tucson, Az, Personal 

program). Autocorrelation analysis functions in the time 

domain and examines the entire data set for repeatable 

positive and negative relationships (Box & Jenkins, 1976). 

Spectral analysis functions in the frequency domain and 

decomposes the data set into a series of sinusoidal wave 

elements (Jenkins and Watts, 1968). 

Results 

Pollen Harvest Patterns 

The weekly amounts of pollen harvested from Pima 

Canyon over the 11 year sampling period exhibited both 

intra- and inter-annual variation (Figure A1). Pollen was 

harvested by the colonies during each sampling period for 

the duration of the study. Many of the low weight samples 

« 5 g) are not apparent in Figure A1 because of the 

scaling factor. There were four periods during the year 

when pollen harvest rates greater than 100 g colony-1 day-1 

occurred and the pattern for 1981 best exemplifies such 

high harvest rates during each of these seasonal periods. 

Not every year had four distinct high pollen harvest 

periods, but the first and fourth periods were the most 

consistent on an inter-annual basis. Frequently the first 
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and second periods overlapped to form one broad springtime 

harvest period. The highest pollen harvest rate was 331 g 

colony·' day·' from 19 to 25 March, 1984. In that week the 

honey bees collected more than 2.3 kg/colony. The lowest 

rate of pollen harvest was 0.1 g colony·' day·' from 3 to 

16 December, 1984. The distribution of all weekly pollen 

harvest rates by 50 g increments is shown in Table A1. A 

50 g increment was chosen because pollen harvest rates 

greater than 50 g colony·' day·' were considered to be a 

'pollen flow' by earlier workers (O'Neal & Waller, 1984). 

During years of low pollen harvest all of the samples were 

in or less than the 100-150 g category, with the majority 

of the samples in the 0-50 g category (i. e. 1985, 1987, 

1989). Abundant pollen harvest years showed a spread 

thoughout the increments with more mid-range (51 to 150 g 

colony·' day .,) distribution. Only 5 weekly harvest 

rates exceeded 250 g colony·' day·' and 4 of these occurred 

during February and March of 1984. 

Variation in Pollen Quality 

The weekly pollen quality values for the 11 years 

exhibit little intra-annual and virtually no inter-annual 

variation (Figure A2). Sufficient quantities of pollen 

were harvested during each of the weekly sampling periods 

to allow micro-Kjeldahl analyses. There were two periods 

of high quality pollen (>25% protein) and two very 
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consistent periods of low quality pollen (20% or less 

protein) during the year. The pattern for 1984 exemplifies 

a typical annual pollen quality pattern for the Tucson 

area. Not every year showed the same pattern, but the 

general trend is evident for most years. The highest 

quality pollen sample was 31.8% crude protein for the 

sample collected during 2-8 July, 1983. Only 9 samples had 

values exceeding 30% protein (Table 2) and of these only 3 

were greater than 31%. The lowest quality sample was 14.1% 

protein during 22-28 October, 1987. Only 6 samples were 

under 15% protein. Table A2 shows that most of the pollen 

quality values each year ranged from 20-24.9% protein (8 of 

11 years). 

Protein Influx Patterns 

The weekly protein influx is a calculated value 

based upon pollen quantity and its corresponding quality, 

and since there was little intra-annual variation in 

pollen quality values, the temporal pattern for protein 

influx strongly corresponds to that exhibited by the 

quantity of pollen harvested by the colonies (Figure A3). 

There are, however, important interesting differences 

between the two data sets that warrant further examination. 

Pollen quality values were consistently low (ca. 20% 

protein) during the first and fourth periods of high pollen 

harvest, and high (ca. 25% protein) during the remainder of 



90 

the year. This effectively changed the relative heights of 

the periods of high protein influx within a given year. An 

example of this relative height change in influx rates is 

illustrated in 1981 which had four nearly equal magnitude 

periods of pollen harvest (Figure AI), while in Figure A3 

the protein influx rates are unequal due to differing 

protein content. The two highest protein influx rates were 

62.6 g colony·' day·' from 5-11 February, 1984, and 62.2 g 

colony·' day·' from 28 May 3 June, 1981. The 

distribution of all weekly protein influx values for each 

of the 11 years is shown in Table A3. 

Annual Cycles of Resource Harvest and Quality 

The annual patterns for pollen quantity, pollen 

quality, and protein influx are given in Figure A4. The 

annual pattern for the quantity of pollen harvested (Figure 

A4a) reveals four periods of elevated harvest rates. The 

first occurred from mid-February through mid-April, the 

second occurred from mid-May through early June, the third 

occurred in early August, and the fourth during the month 

of October. When the rates of pollen harvest during each 

high harvest period are compared the third period was the 

smallest, and the other three were nearly equal in 

magni tude. Pollen was harvested in the smallest amounts 

and presumably was least available during November and 

December, with almost none collected during the first week 

of December. The annual pattern for pollen quality shows 
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two consistent low and two higher periods (Figure A4b). 

The periods of lowest quality occurred during the month of 

March and then again from mid-September through mid-

November. The two high quality periods included a large 

'plateau' from April through August, and a smaller peak 

during December and January. The major characteristics of 

the annual pollen quality curve are the consistent weekly 

mean values with small standard errors. There is also 

little difference between all means with a inter-annual 

range of only about 10% protein. The annual pattern of 

protein influx have a similar shape as the curve for pollen 

quantity, but several differences are apparent (Figure 

A4c) . The first and fourth periods of highest pollen 

harvest rates occur during the two lowest periods of pollen 

quality while the second and third periods of high pollen 

harvest occur during the 'plateau' of high quality pollen. 

As a result, the magnitude of the periods of highest 

protein influx are altered relative to those from the 

pollen harvest annual pattern. The first and second 

periods of high protein influx are now nearly equal and 

larger than the third and fourth periods which are nearly 

co-equal. The first period also has shifted temporally 

closer to the second period by two ,,,eeks, which essentially 

eliminates any separation between these two periods, 

creating one broad peak of protein influx from mid-February 
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The lack of pollen during November and 

December produces a low protein influx even though high 

quality pollen is available during that time period. 

Time Series Analyses 

The autocorrelations and spectral densities for each 

11 year data set are shown in Figure A5. Autocorrelation 

examines the entire data set for periodic positive and 

negative relationships. These relationships, along with 

the corresponding 95% confidence intervals, are shown in 

the uppermost portion of Figure A5 (a, d, g). All three 

autocorrelations exhibit only one significant positive 

relationship which occurs at a 52 week lag interval. This 

means that a datum for week X is in phase with (or similar 

to) the datum at week X + 52. In other words, if X is 

high, then X + 52 is high and vice versa. The correlation 

coefficient is highest for pollen quality (r = 0.59) (Figure 

A5d), lowest for pollen quantity (r = 0.41) (Figure A5a), 

and intermediate for protein influx (r = 0.45). All three 

autocorrelations exhibit three significant negative 

relationships which occur at intervals of 15, 26, and 38 

weeks, but the relative importance of each negative 

relationship changes between each autocorrelation. In the 

pollen quantity autocorrelation the r-values vary from non

significant to just exceeding the 95% confidence interval. 

The pollen quality autocorrelation shows a highly 
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significant r-value (r = 0.40) at 26 weeks and r-values 

almost equal to the 95% CI for 15 and 38 weeks. The 

protein influx autocorrelation shows a broad negative 

response from weeks 25 through 38 with week 26 the most 

significant. A significant negative relationship means 

that a datum, X, is significantly out-of-phase (or opposite 

to) the datum at X + Y, with Y corresponding to the lag 

interval dictated by the significant relationship. 

The spectral density analysis tests the fit of the 

entire data set against a series of sinusoidal waves and 

reports how much of the variation in the data is explained 

by a particular waveform. A zero order wave is the mean 

value for the entire data set, while a first order wave is 

a single sine/cosine curve through the data set, a second 

order wave repeats a sine/cosine curve through the data set 

twice, and this process continues until the number of waves 

equals the number of data points. This analysis technique 

is especially useful in identifying periodic fluctuations 

wi thin a time series data set. Each of the panels in 

Figure A5 giving the spectral density (A5b, e, h) is 

accompanied by a panel indicating the cumulative variation 

of the data set explained by the combination of wave forms 

(A5c, f, i). The 11 year data set has a total of 572 data 

points. The spectral density for pollen quantity indicates 

periodic behavior at intervals of 114 weeks (period 5 = 

572/5), 52 weeks (period 11),26 weeks (period 22), 17.3 
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(period 33), and 10.4 (period 55) (Figure 5b). For the 

five waveforms, the spectral densities at 26 and 52 weeks 

were greatest and nearly equal, followed by equal but lower 

densities for the remaining three intervals. The 

cumulative variation explained by these waveforms is almost 

80% (Figure 5c). Obviously, when only 5 waveforms out of 

the 55 total are considered, there are 50 waveforms which 

contribute a small fraction to the cumulative variance. Of 

all these, however, only the waveform at 35.75 weeks 

(period 16) adds about 2%. The spectral density for 

pollen quality shows periodic behavior at 52 weeks, 26 

weeks, and 17.3 weeks (Figure A5e). Of these three 

waveforms the spectral density is greatest at 52 weeks, 

followed by 17.3 and 26 weeks. The cumulative variation 

explained by these waveforms is about 70% over half of 

which is due to the 52 week interval (Figure A5f). The 

spectral analysis for the protein influx shows periodic 

behavior at weeks 114, 52, 26, and 17.3 (Figure A5h). The 

cumulative variation explained by these waveforms is almost 

70% (Figure A5i). 

Discussion 

A honey bee colony collects and consumes a large 

amount of pollen on an annual basis. These estimates have 

ranged from 14.3 to 33.7 kg colony-1 year- 1 for a location 

in the Sonoran Desert (Buchmann et al., 1992) and 
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approximately 2 a kg colony- 1 year- 1 for Connecticut 

(Seeley, 1985). The current study is the first to examine 

long-term pollen harvest patterns coupled with analyses of 

the corresponding actual nitrogen and calculated crude 

protein in each sample. When these two factors are 

combined, a better estimator of the food's nutritional 

quality - that of protein influx - into honey bee colonies 

on a long-term basis can be examined. Using these long

term patterns, the dominant factor driving pollen 

collection by honey bee colonies can be better understood. 

Thus, this study considerably expands our understanding of 

the long-term mechanisms governing honey bee foraging for 

protein-rich pollen, which is the limiting resource for 

colony growth and reproductive swarming. 

This study is the longest record of pollen harvested 

by free-living honey bee colonies in a natural relatively 

undisturbed habitat. Several major patterns are exhibited 

by the pollen harvesting records during this long-term 

study: 1) Pollen was collected by the colonies every week 

throughout the duration of the 11 year study, 2) The 

quantity of pollen collected varied significantly on a 

weekly, seasonal, and annual basis, 3) four periods of 

elevated pollen harvest rates occurred intra-annually, 

which varied in length and intensity, and 4) both time 

series analyses revealed a significant overall periodicity 
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on an annual (52 week) basis. 

Of particular ecological significance is that pollen 

was collected continuously during every week of the entire 

11 year duration of the study. This contrasts sharply with 

the seasonal nature for pollen collection by honey bee 

colonies living in more northern temperate latitudes. The 

main climatological difference between latitudes in the 

temperate zone is the length of the active season during 

which foraging flights can occur. When viewed 

holistically, foraging activity from a honey bee colony 

always contains at least a small proportion of pollen 

foragers, and foraging acti vi ty is limited mainly by 

adverse climatological conditions. 

As mentioned previously, there are several factors 

(e.g., amount of brood, presence or absence of stored 

pollen and honey) which can influence short-term pollen 

collecting activities of the colony. Let us assume that 

colonies have a consistent inter-annual progression of 

pollen fueled growth (i.e., large spring build-up of brood 

and adult populations, springtime reproduction by swarming, 

brood rearing throughout the active season, predictable 

timing of pollen availability, etc.). since colonies have 

short-term control over pollen foraging activities and 

consistent seasonal and inter-annual patterns of pollen 

"need", then long-term patterns of pollen harvest, if 

controlled by the colony, should follow predictable intra-
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and inter-annual patterns. In contrast to this hypothesis, 

we have herein demonstrated almost no evidence supporting 

colony-level management or control of pollen foraging on a 

long-term basis, with highly variable weekly, seasonal, and 

annual quantities of pollen harvested. The patterns 

revealed by our data demonstrate a foraging response to 

pollen resource abundance from a diverse number of native 

Sonoran desert angiosperms which, when combined together, 

form "floral waves" (O'Neal and Waller, 1984). The weekly 

variations in pollen quantity harvested are more 

indicative of the changing abundance of pollen resources 

available within a colony's flight range. The variation in 

long-term patterns is driven by pollen-rich versus pollen

deficient seasons or years. 

This study provides the only multiple-year examination 

of pollen quality as harvested by free-living honey bee 

colonies anywhere in the world. 

several important patterns, that 1) 

only moderately from week to week, 

We have establ ished 

Pollen quality varied 

and 2) Pollen quality 

varied insignificantly on an inter-annual basis. 

Assume that the floral bloom from a plant has a 

beginning of pollen availability, a peak occurrence, and 

lasts for set duration of time (Roubik, 1989). A honey bee 

colony locates each pollen source early during the 

flowering phenology and exploits it during the period of 
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highest pollen availability. Moderate weekly variation in 

pollen quality (in terms of protein content) reveals that 

foragers collect pollen from one plant species usually more 

than a week, and the composition is a mixture of 2-7 

(Buchmann et al., 1992) pollen types (plant species) 

harvested from the resource landscape. Thus, the floral 

landscape provides a series of overlapping blooms from 

which a honey bee colony actively selects, but passively 

blends (in storage and when eaten) pollen types. The small 

variation present in pollen quality on an intra-annual 

basis indicates that honey bees usually collect pollen from 

the same plant species at about the same time interval each 

year. This suggests that the resource landscape offers a 

consistent progression of bloom phenologies on an annual 

basis, and that honey bees exploit pollen from certain 

plants in a preferential manner. Pollen from wind

pollinated plants typically have low protein contents (7-

15%), while pollen from animal pollinated plants is much 

higher (20-35%) (Stanley and Lenskins, 1974). The two 

periods during the year when low quality pollen samples 

occurred were partially or wholely from anemophilous 

sources, while the high-quality pollen samples ~'lere from 

zoophilous and especially melittophilous plants. The 

collection of pollen from anemophilous plants has been 

described in numerous studies (reviewed by O'Neal and 

Waller, 1984), but the present study is the first 
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indication that collection of anemophilous pollen may occur 

during predictable time periods each year. 

The present study provides the only long-term 

information on pollen-based protein influx into honey bee 

colonies living in natural environments. Several important 

patterns are revealed in this study: 1) Protein influx 

varied significantly on a weekly, seasonal, and annual 

basis, 2) The annual pattern of protein influx was mainly 

based on the quantity of pollen collected, but was also 

affected by pollen quality which influenced the amount and 

timing of high protein influx periods, 3) Both time series 

analyses demonstrate high periodicity in the annual pattern 

of protein influx, and 4) The time period with the longest 

peak intensity of protein influx occurred from mid-February 

through the end of May each year. 

Of particular ecological interest is the lengthy 

period of high protein influx rates during the spring to 

early summer. This time coincides with the most critical 

period of colony growth leading to reproductive swarming. 

Thus, protein levels exceeding 20 g colony-1 day-1 are 

available to honey bee colonies to fuel successful growth 

and reproduction. 

particular levels 

The response of honey bee colonies to 

of protein influx has never been 

examined, and warrants further study. 

wi th the above information the dominant colonial 
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strategy by which protein influx is controlled can be 

explored. Protein influx can be maximized by increasing 

the quantity of pollen collected or by a colony-level 

positive feedback loop creating a bias towards collection 

of certain high quality pollen types. Our information 

supports the hypothesis that protein influx is maximized by 

increasing the amount of pollen harvested from the floral 

resource landscape. Several trends from the present study 

are used to support this conclusion. The first trend is 

that protein influx corresponds closely to the quantity of 

pollen collected, but not its quality in terms of protein 

composition. The second trend was that although a highly 

consistent intra- and inter-annual period of high quality 

pollen was available from April through August (Figure A2 

and Figure A4b) the protein influx during this period was 

highly variable. The third trend was that high quality 

pollen types were available from mid-November through 

January (Figure A4b) which was the time when protein influx 

was minimal. The implication of the second and third 

trends is that high protein containing pollen was available 

during two time periods each year, and the colonies failed 

to exploit pollen based on its quality. 

The following general patterns of pollen foraging by a 

honey bee colony have been presented herein. Honey bees 

forage for pollen whenever meteorological conditions allow 

foraging flight to occur. The quantity of pollen collected 
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is apparently regulated and controlled by a number of 

intra- and inter-colonial factors but pollen abundance 

within flight range of the colony is the primary 

controlling factor. The pollen-rich native Sonoran desert 

vegetation provides a predictable annual progression of 

overlapping floral blooms, which honey bee colonies exploit 

in a preferential manner. Pollen was collected from 

anemophilous plants during certain time periods each year. 

Pollen-based protein influx into a honey bee colony is 

maximized by increasing the quantity of pollen harvested. 

Finally, long-term pollen harvest patterns by honey bee 

colonies provides high rates ( > 20 g colony-1 day-1) of 

protein influx throughout the critical spring period of 

colony growth and reproduction by swarming. 



102 

References 

Box, G. E. P., & G. M. Jenkins. 1976. Time-series 
analysis forecasting and control. Holden-Day, San 
Francisco, California. 

Buchmann, S. L., M. K. O'Rourke, C. W. Shipman, S. C. 
Thoenes, & J. o. Schmidt. 1992. Pollen harvest by 
honey bees in Saguaro National Monument: Potential 
effects on plant reproduction. Pages 149-156 in C. P. 
Stone and E. S. Bellantoni, editors. Proceedings of 
the symposium on research in Saguaro National 
Monument. National Park Service 

Camazine, S. 1990. From individual to colony-level 
behavior in honey bees: the regulation of pollen 
foraging. Pages 566-567 in G. K. Veeresh, B. Mallik, 
and C. A. Viraktamath, editors. social insects and 
the environment, Proceedings 11th International 
Congress IUSSI, Oxford & IBH Publishing Company, New 
Delhi, India 

Crailsheim, K. 1990. The protein balance of the honey bee 
worker. Apidologie 21:417-429. 

crailsheim, K., L. H. W. Schneider, N. Hrassnigg, G. 
Buhlmann, U. Brosch, R. Gmeinbauer, and B. Schoffmann. 
1992. Pollen consumption and utilization in worker 
honeybees (Apis mellifera carnica): dependence on 
individual age and function. Journal of Insect 
Physiology 38:409-419. 

Crane, E. 1976. Bee products: harvesting pollen from 
hives. Bee World 57:20-25. 

Fewell, J. H., 
regulation 
mellifera 
30:387-393 

& M. L. Winston. 1992. Colony state and 
of pollen foraging in the honey bee, Apis 
L. Behavior Ecology and Sociobiology 

Free, J. B. 1967. Factors determining the collection of 
pollen by honeybee foragers. Animal Behavior 15:134-
144. 

Haydak, M. H. 1935. Brood rearing by honeybees confined 
to a pure carbohydrate diet. Journal of Economic 
Entomology 28:657-660. 

Jeffree, E. P., & M. D. Allen. 1957. 
pollen storage by honey bees. 
Entomolgy 50:211-212. 

The annual cycle of 
Journal of Economic 



103 

Jenkins, G. M., & D. G. watts. 1968. Spectral analysis 
and its applications. Holden-Day, San Francisco, 
California 

Levin, M. D. & G. M. Loper. 1984. Factors affecting 
pollen trap efficiency. American Bee Journal 124:721-
723 

Lowe, C. H. 1964. Arizona landscapes and habitats. In C. 
H. Lowe (ed.), The Vertebrates of Arizona. University 
of Arizona Press, Tucson, AZ. 

O'Neal, R. J., & G. D. Waller. 1984. On the pollen 
harvest by the honey bee (Apis mellifera L.) near 
Tucson, Arizona (1976-1981). Desert Plants 6: 81-94, 
99-109. 

O'Rourke, M. J., & S. L. Buchmann. 1991. Standardized 
analytical techniques for bee-collected pollen. 
Environmental Entomology 20:507-513. 

Rabie, A. L., J. D. Wells, & L. K. Davis. 
ni trogen content of pollen protein. 
Apicultural Research 22:119-123. 

1983. The 
Journal of 

Roubik, D. W. 1989. Ecology and Natural History of 
Tropical Bees Cambridge University Press, Cambridge 

Schmalzel, R. J. 1980. 
(Hymenoptera: Apidae). 
Arizona, Tucson. 79pp. 

The diet breadth of Apis 
Masters Thesis, University of 

Schmidt, J. 0., S. C. Thoenes, & M. D. Levin. 1987. 
Survival of honey bees, Apis mellifera (Hymenoptera: 
Apidae), fed various pollen sources. Annals of the 
Entomological Society of America 80:176-183. 

Seeley, T. D. 1985. Honeybee Ecology. Princeton 
University Press. Princeton, NJ 

Seeley, T. D. 1986. Social foraging by honeybees: how 
colonies allocate foragers among patches of flowers. 
Behavior Ecology and Sociobiology 19:343-354. 

Seeley, T. D. 1989. Social foraging in honey bees: how 
nectar foragers assess their colony's nutritional 
status. Behavior Ecology and Sociobiology 24:181-199. 



104 

Seeley, T. D., & P. K. Visscher. 1985. Survival of 
honeybees in cold climates: the critical timing of 
colony growth and reproduction. Ecological Entomology 
10:81-88. 

Simpson, B. 1977. Breeding systems of dominant perennial 
plants of two disjunct warm desert ecosystems. 
Oecologia 27:203-226 

Stanley, R. G., & H. F. Lenskins. 1974. Pollen: Biology, 
biochemistry, management. Springer-Verlag, New York. 

Visscher, P. K. & T. D. Seeley. 1982. Foraging strategy 
of honeybee colonies in a temperate deciduous forest. 
Ecology 63:1790-1801. 

Waller, G. D. 1980. A modification of the O.A.C. pollen 
trap. American Bee Journal 120:119-121. 

Waller, G. D., D. M. Caron, & G. M. Loper. 1981. Pollen 
patties maintain brood-rearing when pollen is trapped 
from honey bee colonies. American Bee Journal 
121:101-103, 105. 

Wilkinson, L. 1985. SYSTAT, the System for statistics. 
SYSTAT Incorprated, Evanston, Illinois. 

Winston, M. L. 1980. Seasonal patterns of brood rearing 
and worker longevity in the colonies of the 
Africanized honey bee (Hymenoptera: Apidae) in South 
America. Journal of the Kansas Entomological society 
53:157-165. 



Table AI. Distribution of weekly pollen collection rates from Pima 
Canyon during 1981 through 1991. 

Pollen Harvest Rate (g colony-1 day-1) 
Mean 95% 

Year 0-50 51-100 101-150 151-200 200-250 250+ Rate CI 

1981 20 10 10 5 7 0 90.2 (20.3) 
1982 17 16 6 9 3 1 90.9 (18.9) 
1983 11 14 13 9 5 0 104.3 (18.1) 
1984 12 24 6 4 2 4 95.4 (21.5) 
1985 29 12 11 0 0 0 53.6 (11. 5) 
1986 20 13 11 7 1 0 78.1 (15.8) 
1987 31 18 3 0 0 0 41. 6 (10.1) 
1988 24 16 9 2 1 0 63.3 (14.2) 
1989 30 14 8 0 0 0 50.6 (11. 3) 
1990 20 20 10 2 0 0 65.5 (12.9) 
1991 23 13 12 3 1 0 73.3 (15.4) 
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Table A2. Distribution of the percent protein values for each of 
the Pima Canyon weekly pollen samples from 1981 through 1991. 

Percent Protein 
Mean 95% 

Year 10-14.9 15-19.9 20-24.9 25-29.9 30+ Rate CI 

1981 0 14 19 19 0 22.4 (1. 0) 
1982 0 15 23 14 0 22.2 (1. 0) 
1983 0 \ 16 21 14 1 22.7 (1. 0) 
1984 0 20 12 20 0 22.6 (1. 2) 
1985 0 8 28 15 1 23.6 (0.8) 
1986 0 12 20 20 0 22.9 (1. 0) 
1987 2 9 26 12 3 22.8 (1. 2) 
1988 2 11 29 10 0 22.1 (0.9) 
1989 2 4 35 11 0 22.9 (0.9) 
1990 0 5 32 11 4 23.7 (0.9) 
1991 0 13 24 15 0 22.3 (0.9) 

~ 
o 
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Table A3. Distribution of weekly protein influx rates and mean 
rate of pollen collection for each year from Pima Canyon during 
1981 through 1991. 

Protein Influx Rate (g colony-' day-') 
Mean 95% 

Year 0-10 10-20 20-30 30-40 40-50 50-60 60+ Rate CI 

1981 19 10 7 9 4 2 1 20.4 (4.7) 
1982 17 14 8 4 ;) 0 0 20.1 (4.1) 
1983 11 11 12 9 8 1 0 24.2 (4.2) 
1984 10 22 10 5 3 1 1 20.5 (3.8) 
1985 26 13 11 2 0 0 0 12.4 (2.7) 
1986 19 14 8 5 4 2 0 18.4 (4.1) 
1987 28 17 6 1 0 0 0 9.7 (2.5) 
1988 20 19 7 5 1 0 0 13.8 (2.9) 
1989 26 10 14 2 0 0 0 12.5 (2.8) 
1990 19 13 12 7 1 0 0 16.7 (3.4) 
1991 23 9 12 6 1 1 0 16.7 (3.8) 

!-l 
o 
~ 
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Figure A1. Weekly collections of pollen trapped from 3 - 5 
honey bee colonies at the Pima Canyon location for the 
years 1980 - 1991 
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Figure A2. Protein composition of the weekly pollen samples 
collected at the Pima Canyon location for the years 1980 -
1991 
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Figure A3. Calculated weekly protein influx into honey bee 
colonies at the Pima Canyon location for the years 1980 -
1991 
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Figure A4. Annual patterns (as means and one standard 
error) for the pollen data base from the Pima Canyon 
location for the years 1980-1991: (A) Quantity of pollen 
trapped on a weekly basis, (B) Quality of the pollen 
samples in terms of percent protein content, and (C) 
Calculated rates of protein influx rates into the colonies 
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Figure AS. Time series analyses for the Pima Canyon pollen 
data: Autocorrelation analysis (A, 0, G), Spectral analysis 
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trapped (A, B, C), the percent protein content (0, E, F), 
and calculated protein influx (G, H, I) 



APPENDIX B 

ECOLOGICAL RELATIONSHIPS AND SIGNIFICANCE 
OF COLONY POPULATION GROWTH PATTERNS FOR 

HONEY BEES IN WARM TEMPERATE AREAS 

steven C. Thoenes, Stephen L. Buchmann, 
and Charles Shipman 

Abstract 
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Two apiaries having different seasonal pollen harvest 

patterns were established in the Tucson, AZ area. Each 

apiary contained three honey bee colonies that were 

measured for quantity of pollen harvested, area of sealed 

brood, and number of adults. Samples were collected on a 

weekly basis for a period of two years. Photoperiod effects 

and winter pollen availability at each location were 

compared to examine their relative roles in regulating the 

initiation of wintertime brood-rearing. Annual colony 

growth patterns were examined at each location to reveal 

the relative influence of temperately-adapted behaviors 

versus tropically-adapted behaviors in a warm temperate 

area. 

Pollen was harvested throughout the year at one site 

and the honey bee colonies responded by initiating brood-

rear ing acti vi ties in early January. Pollen was not 
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harvested until late March at the other site, and brood

rearing was initiated in late January, apparently in 

response to increasing photoperiod. Thus, initiation of 

early season brood-rearing is governed by a hierarchy of 

factors, where the dominant response is to pollen 

availability, and if pollen is lacking, then the secondary 

response is to increasing photoperiod. Pollen harvest 

rates determined colony growth patterns throughout the 

year. Harvested pollen was immediately (delay of zero 

weeks) converted into brood production which rapidly 

increased the overall bee biomass. This implies that 

pollen availability is the determinant factor in this 

resource-driven system. colony responses to early pollen 

availability enabled concurrent timing of peak worker 

populations and peak nectar availability in the local 

environment. 

European honey bees evolved in the Old World tropics, 

but have additionally adapted their life cycle to survive 

long winter periods in cold temperate areas. In Tucson, a 

warm temperate area, European honey bee colonies exhibit a 

wide range of phenotypic behaviors from both tropic and 

temperate-adapted origins to govern the timing and size of 

colony growth. 

Introduction 

Honey bees (Apis mellifera L.) evolved primarily in 
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the Asian tropics with colony growth and reproductive 

characteristics adapted to that climatic regime. The lack 

of a cold winter period in the lowland tropics allowed 

year-round colony acti vi ty and foraging effort. As the 

honey bees expanded their range from the tropics into 

higher latitudes, various behavioral and physiological 

adaptations were required to survive in highly seasonal 

northern temperate zones. The major difficulty honey bee 

colonies had to overcome was the long period of cold 

weather and resource dearths occurring during winter. 

Instead of changing their entire social structure to 

overwinter in a sol i tary fashion (i. e. as an impregnated 

hibernating gyne) similar to bumblebees (Bombus spp.), 

honey bees refined existing behavioral/physiological traits 

like nest-site selection, mass food (especially honey) 

storage, and evolved precise thermoregulation abilities to 

overwinter as entire social colony units (Seeley & 

Visscher, 1985). Seeley & Visscher (1985) argue that the 

initiation of brood-rearing during the middle of the 

northern temperate winter has been selected for because it 

leads to early season colony reproduction which can be 

critical for long-term swarm and eventual colony survival. 

Increasing daylengths after the winter solstice has been 

demonstrated to regulate the onset of winter brood-rearing 

(Kefuss, 1978). Temperate-adapted European honey bees 
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appear to have been environmentally selected for colony 

growth patterns which maximize the use of the relatively 

short active foraging season each year. 

The role which pollen-derived protein plays in honey 

bee nutritional ecology and swarming phenology have been 

noticeably understated. Seeley & Visscher (1985) monitored 

changes in total hive weight, for & mellifera, as an 

estimate of carbohydrate collection, storage, and 

utilization. They reported that brood-rearing patterns and 

forage availability were asynchronous. Protein intake into 

honey bee colonies is achieved almost exclusively by 

harvesting pollen from diverse floral sources. Pollen 

collected in the tropics was rapidly converted into brood 

(Winston, 1980; Schneider & McNally, 1992) and similar 

patterns were found in subtropical Louisiana (Kauffeld, 

1980) and other temperate areas (Todd & Bishop, 1946). If 

the protein amassed by colonies is rapidly converted to bee 

biomass, then a positive relationship with appropriate time 

lags (i. e. 3 week egg to adult development for honey bee 

workers) should exist between pollen collection, brood 

production, and resultant adult population within the 

colony. 

Temperately-adapted honey bees of European ancestry 

have year-round activity in the southwest portion of the 

USA, especially in southern Arizona. Pollen availability 

ranged from 8 to over 11 months of the year from sites 
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located within 60 km of Tucson, AZ (O'Neal & Waller, 1984). 

Selection of sites which vary dramatically in their late 

winter and early spring pollen availability, coupled with 

quantification of colony growth patterns, should provide 

the answers for several questions. If the sites are in 

close geographical proximity to each other, then any 

location differences due to photoperiod, which has been 

implicated in the regulation of wintertime brood-rearing, 

between the sites can be eliminated. If brood production 

patterns are uncoupled from forage availability, then 

colony growth patterns are likely controlled by intrinsic 

genetic programs and not pollen dietary availability. The 

goals of the present study were to test the hypotheses of 

photoperiodic initiation and genetic adaptation versus 

pollen resource availability, as the dominant environmental 

factor controll ing the observed annual colony growth 

patterns of honey bees living in the Sonoran desert. 

Materials and Methods 

Apiary Locations 

Two pollen trapping apiaries were established during 

September of 1980. The first at 843 m in elevation is 

situated in the foothills of the Santa Catalina Mountains 

near the mouth of Pima Canyon on the northwest side of 

Tucson, Pima County, Arizona, USA. The Pima Canyon site 

was chosen to represent the richness of forage availability 
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in the Arizona upland subdivision of the Sonoran Desert. 

Within 6 km flight range (Visscher and Seeley, 1982) of the 

Pima Canyon site includes a range of over 1000 m in 

elevation. These honey bees can utilize the elevational 

gradient up and downslope to maximize their foraging effort 

on the blossoms from a diverse flowering plant assemblage. 

Scattered human homes (an average density of 1-5 per acre) 

were located near the Pima Canyon area and provided a 

supplimental flora of exotics. The second site was located 

36 km due north of the Pima Canyon site on University of 

Arizona-owned property in Pinal County known as 

Page/Trowbridge Ranch, hereafter referred to as Page Ranch 

or PRo Page Ranch is 1133 m in elevation and is located 

wi thin the Mesqui te-Burroweed plant community of the 

Sonoran desert. Page Ranch is situated on a large plateau 

where bees could forage at least 6 km from the apiary and 

vary only 150 m in total elevation. No human habitation 

was located within normal flight range of Page Ranch, but 

the entire area has been overgrazed for many years which 

may have severely reduced the number of plant species. 

Each apiary consisted of three colonies of mainly 

Italian honey bees housed in standard Langstroth wooden 

hive equipment. Samples were collected and measurements 

taken from each colony on a weekly basis, except during the 

winter season at Page Ranch when samples were collected bi

monthly. At Pima Canyon population estimates and pollen 
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trapping samples were collected from 1 January, 1981 to 30 

December, 1982. At Page Ranch population estimates and 

pollen trapping samples were collected from 23 January, 

1981 to 3 June, 1982, after which sampling ended due to 

vandalism and destruction of the colonies. Data collected 

for each sampling period included the fresh weight of 

pollen harvested (in g colony·' day·'), total area of 

sealed brood present (in cm2 ) , and estimated total number 

of adult honey bees present within each colony. 

Pollen Harvest Pattern 

Each colony was equipped with a modified ontario 

Agriculture College pollen trap (Waller 1980) and rested on 

a stand with legs immersed in motor oil to exclude ants 

from the pollen traps. Traps of this style remove ca. 60-

65% of the corbicular pollen pellets carried by incoming 

honey bees (Levin and Loper, 1984; Buchmann, unpublished 

data). Corbicular pollen loads removed from the bees drop 

into the collection tray located at the bottom of the trap. 

Each pollen sample was cleaned of debris with a sieve and 

weighed to the nearest 0.1 g. Total fresh pollen weight 

for each colony was divided by the number of days since the 

last pollen sample had been collected, to yield units of g 

colony· 1 day· 1 • 
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Measurements of Brood and Adult Population 

Of all the developing brood stages, only the number of 

sealed brood cells was estimated. Measurements consisted 

of a careful visual inspection of each frame resulting in 

an estimate of area covered with adults, after all adult 

measurements were complete, the adults were removed from 

frames containing brood, and the area occupied with sealed 

brood was then estimated. Both measurements were made to 

the nearest 1/8 of a frame. Each adult population estimate 

was converted to numbers of adult bees using a conversion 

factor of 2400 bees/frame (Buchmann and Shipman, 

unpublished data). Each brood estimate was then converted 

to square centimeters using a value of 1755 cm2 per frame 

of brood comb. 

statistical Comparisons 

Means and standard deviations were calculated for the 

three parameters each week. The data set for each 

parameter was analyzed using time series statistical tests. 

Autocorrelation functions in the time domain and reduces 

the data to a series of positive and/or negative trends. 

Cross-correlation analysis quantifies the relation between 

the series of two different data parameters. 

Results 

Pima Canyon - Upper Bajada Plant Community 

The annual patterns of pollen collection at the Pima 



Canyon site for 1981 (Figure B1a) 

revealed that diverse pollen 
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and 1982 (Figure B2a) 

types were available 

throughout the year. Three pollen harvest peaks were 

consistently present for both years. A broad peak from 

mid-February through mid-April was present, followed by 

narrower peaks in late May, and late October. A narrow 

peak occurred in early August 1981, but was not evident in 

the 1982 data. The mean rate of pollen collection during 

each peak frequently exceeded 200 g/colony/day. The 

highest rate of pollen collection was 256 + 226 

g/colony /day during the week of 22 to 28 October, 1982. 

From mid-November through December each year the rate of 

pollen harvest was at a minimum. In 1981, pollen forage 

was also at a minimum during early September. 

The annual patterns of brood production for 1981 

(Figure B1b) and 1982 (Figure B2b) both show a consistent 

expansion and contraction of the brood-rearing comb area of 

the nest from January through June. This progression was 

characterized by a high rate of increased brood production 

from January through April, reaching a peak in late April, 

and followed by a decline in brood production through June. 

The quantity of sealed brood at each peak in late April 

exceeded 6000 cm2 (or approximately 24,000 cells). From 

July through October, the brood patterns were more 

variable, with two sharply delineated periods of high brood 
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production (> 5000 cm2 ) in mid-August and mid-October in 

1981, and highly variable brood production during this 

period in 1982. Throughout November there was a constant 

decline in brood-rearing, eventually ceasing during all of 

December. 

The adult populations for the years 1981 (Figure Blc) 

and 1982 (Figure B2c) followed an extremely similar inter

annual pattern. Adult population was at its minimum during 

January in 1981, and February in 1982, and reached a 

maximum in early June each year. Adul t population at 

maximum colony size exceeded 60000 individuals each year. 

The period of June through December was characterized by 

slowly-declining adult populations, which were much more 

variable in 1982 than in 1981. 

Page Ranch - Overgrazed Mesguite-Burroweed Plant community 

Pollen harvest for the Page Ranch site began in mid

March in 1981 (Figure B3a) and mid-February in 1982 (Figure 

B4a). There were few periods of high pollen harvest, with 

only one weekly mean exceeding 150 g/colony/day from 12 to 

18 September, 1981. Most of the pollen for 1981 was 

harvested from mid-August to the end of October. Harvested 

pollen was at a minimum level from mid-June through mid

July and was not present in the traps throughout most of 

December. 

Sealed brood was present at all sampling intervals 
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except during December, 1981 (Figure B3b) and January, 1982 

(Figure B4b). Quantity of sealed brood never exceeded 6000 

cm2 (about 24,000 cells) in 1981, but did reach that level 

during 1982. Two broad periods of brood production were 

evident in 1981 (Figure B3b). The first was from April 

through June and reached 4000 cm2 of sealed brood, but 

higher levels of brood production occurred from mid-August 

through October when sealed brood levels ranged from 4000 

to 5000 cm2 • Brood production began earlier in 1982 

(Figure B4b) and had apparently peaked by late May of that 

year. 

The adult population during 1981 (Figure B3c) showed 

slowly increasing numbers throughout the year, with a small 

peak in May, and barely exceeded an estimated 40,000 adults 

by early November. 

1982 (Figure B4c) 

June. 

In contrast, the adult population in 

had already exceeded 40,000 by early 

statistical Relationships 

The time series autocorrelation analysis revealed a 

periodic positive relationship on a 52 week interval in all 

of the data sets. This means that a datum for week X is 

significantly in phase with (or similar to) the datum at 

week X + 52. In addition, the pollen collection pattern 

from Pima Canyon had negative relationships at intervals of 

15,26, and 38 weeks, while Page Ranch had only one 
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negative relationship at an interval of 11 weeks. A 

negative relationship means that a datum for week X is 

significantly out-of-phase with the datum at week X + Y; in 

other words, if X was high X + Y would be low, and vice 

versa. The brood production pattern for Pima Canyon had a 

broadly negative relationship from week 12 through 40, 

which was largest at weeks 16 and 33. The Page Ranch 

pattern also exhibited broad negative response from weeks 8 

through 16 centered on week 12. The adult population 

pattern at the Pima Canyon location had a broad negative 

relationship from weeks 13 through 36 which was largest at 

week 21, the Page Ranch pattern was from weeks 11 through 

19 peaking at week 15. 

The time series cross-correlation analyses comparing 

the pattern of pollen collection to that of brood 

production revealed a highly significant relationship at a 

lag (or delay) of zero weeks for both Pima Canyon (Figure 

B5a) and Page Ranch (Figure B5b). The cross-correlation 

comparing brood production to adult popUlation revealed a 

lag of only 3 weeks at Pima Canyon (Figure B5c) and 2 to 3 

weeks at Page Ranch (Figure B5d). The cross-correlation 

comparing pollen collection to adult popUlation revealed 

equally significant lags of 5 to 6 and ~ to 10 weeks at 

Pima Canyon (Figure B5e) , and a lag of 3 weeks at Page 

Ranch (Figure B5f). 
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Discussion 

From a honey bee foraging perspective, tropical areas 

can be characterized by few temperature extremes, nearly 

constant day lengths, year round flight activity, and 

available nectar and pollen-producing flowers for most of 

the year. Colony predation and competition for cavities 

in the tropics are intense (Seeley, 1985). It is within 

this set of environmental and ecological conditions that 

honey bees evolved, formed elaborate eusocial colonies with 

specialized castes, and developed colony growth patterns 

uniquely adapted tropical conditions. Investigations on 

colony growth patterns of tropical honey bees in either a 

paleo- or neotropical setting are few, but provide 

sufficient information to illustrate typical honey bee 

annual activity (Winston, 1980; Schneider & McNally, 1992; 

McNally and Schneider, 1992; Roubik, 1989). 

The major meteorological phenomena in the tropics is 

the seasonal fluctuation of rainfall which creates wet and 

dry seasons. For example, in Botswana, Africa there are 

three distinct seasons defined by rainfall; a hot-dry 

season, a hot-wet season, and a cool-dry season (Schneider 

& Blyther, 1988). Periods of prolonged rainfall such as a 

wet season negatively impact short-term forage availability 

which leads to a reduction in (Winston, 1980) or a 

cessation of (Schneider & McNally, 1992) brood-rearing. 

Colony absconding or migration is common during the wet 
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season (Winston, 1980; Winston et al., 1979, Boreham & 

Roubik, 1987), and this behavior coincides with a period of 

reduced or declining floral, mainly pollen abundance 

(Schneider, 1990; Winston et ale 1979). The remaining part 

of the year is characterized by increased levels of 

flowering plant acti vi ty, which colonies rapidly convert 

into bee biomass, leading to frequent cycles of 

reproductive swarming. The honey bee growth patterns of 

brood production and reproduction correspond closely to 

periods of forage availability (McNally & Schneider, 1992). 

The majority of foragers collected pollen over nectar, and 

only small amounts of both resources were stored in the 

nest (Schneider & McNally, 1992). Thus, much of the annual 

cycle of tropically-adapted honey bees both in the Old and 

New World tropics centers on intense pollen collection by 

individual foragers and colonies and 

conversion of stored pollen into brood. 

The "ancestral" honey bees 

subsequent rapid 

expanded their 

distributional ranges into temperate regions (as during the 

Pleistocene in Europe) and slowly adapted to the seasonal 

nature of the temperate climate. Rainfall no longer caused 

the major difference between seasons, but was replaced by a 

longer period of cold weather and time of resource dearth. 

Most ancestral sources of honey bees in the U. S . A. came 

from European subspecies. The annual cycle of colony 
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growth and development for temperate-adapted honey bees in 

cold northern u.s. areas has been researched and reviewed 

by Seeley (1985). Several critical points need to be 

discussed further. First, there are two ways for a colony 

to survive a period of nectar and pollen resource dearth; 

by migration (similar to most tropical colonies) or by 

hoarding resources, when they become available even in 

transient pulses. Resource-hoarding, especially from 

floral carbohydrate sources, as honey, is adaptive in 

temperate areas because survival of winter cold periods, by 

intensive thermoregulation, is possible (yet energetically 

expensive) . To maximize energy efficiency, well-insulated 

tree or rock cavities are selected by honey bees as nest 

sites. Because of the shorter active season, the timing of 

colony growth patterns is crucial, since early reproduction 

is selectively advantageous for hoarding carbohydrate 

resources to survive the following winter. Colonies with 

stored pollen rear brood at low levels until after the 

winter solstice when brood-rearing increases (Avitable, 

1978) . Increasing photoperiods result in increased rates 

of brood rearing (Kefuss, 1978). Colonies that rear brood 

during the winter contained four times more adults at the 

beginning of the active season and swarmed earlier than 

colonies with no winter brood rearing (Seeley & Visscher, 

1985). Seeley & Visscher (1985) reported that during years 

with either abundant or sparse resource availability the 
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early swarming was not advantageous, because either all the 

colonies survived or all of them died. During the one year 

of their study with intermediate resources the early 

swarming was advantageous to winter survival. Thus, the 

annual cycle for the temperate-adapted European honey bee 

colony living in a cold environment is largely driven by 

winter survival. Collection and hoarding of carbohydrates 

(as honey) is critical throughout the active season, with 

winter pollen stores and spring pollen harvest needed for 

the intense brood-rearing activity which commences soon 

after the winter solstice. 

Given the extremes between tropical and cold temperate 

annual cycles described above, the Tucson data provide 

insights into factors that may regulate annual growth 

patterns in colonies of honey bees. The Tucson data sets 

showed consistent annual cycles within a site, but differed 

dramatically between sites, mainly due to differences in 

pollen harvest between the two locations. Pollen 

collection activity at Pima Canyon was a year round 

activity with 3 to 4 periods of high pollen harvest rates 

each year. Some pollen was harvested during each sampling 

interval, although several weeks had levels of nearly zero 

collection. Pollen harvest rates at Page Ranch were much 

lower than Pima Canyon with the largest influx late in the 

season. There were numerous weeks without pollen, 



129 

especially from December through February. At both 

locations the pollen collected during any time of the year 

was rapidly (time lag of zero weeks) converted into brood 

biomass, and subsequently into adult worker bees. Thus, 

pollen harvest rates directly determined subsequent colony 

population growth patterns. 

Brood production patterns for both locations indicate 

a photoperiod-influenced record of reduced brood-rearing 

during early winter and large increases after the winter 

solstice. Photoperiodic effects do not, however, fully 

explain the differences in late winter brood-rearing 

between Pima Canyon and Page Ranch during 1981. At Pima 

Canyon the brood rearing was initiated in early January and 

increased rapidly in close correlation to the pollen 

harvest rate (Figure B1). At Page Ranch a low level of 

brood-rearing was 

maintained at low 

initiated in Late 

levels until'- the 

January and 

first pollen 

was 

was 

harvested in early April, after which it increased rapidly 

(Figure B3). An explanation could be based on the timing 

of pollen availability: if pollen collection starts in 

early January, then pollen harvest rates become the driving 

force behind colony growth. If, however, no pollen is 

available to be harvested, then increasing photoperiod 

becomes a dominant cue and initiates/stimulates brood

rearing. The key adaptative feature described above is the 

response by the colonies to a hierarchy of factors which 
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initiate brood-rearing activity. The ability to correctly 

respond to environmental cues is governed by "switch 

mechanisms" (West-Eberhard, 1989). A "conditional" or 

"condition-sensitive" switch is one in which the behavioral 

al ternative adopted at a particular time depends on 

environmental conditions. Adaptive behavioral plasticity 

requires a mechanism (cue) to match the expressed phenotype 

to the environmental situation in which it functions, but 

also must result in an advantage to the organism expressing 

the behavior. Comparing the resulting colony growth 

patterns from pollen-driven versus photoperiod-driven brood 

rearing, we find that brood rearing areas in the pollen

driven colonies was much larger (1.5 to 2 times as much) 

during the critical early spring time period when colonies 

reproduce by swarming (See Appendix B). Thus, honey bees 

al ter their behavior in an adaptive manner when they 

increase brood rearing activity in response to pollen 

availability. The origin of this switch mechanism in honey 

bees can be hypothesized as combination of a tropical

evolved behavior (response to pollen abundance) and a 

temperately-evolved behavior (response to photoperiod) . 

Nectar flow was not measured during the present study, 

but the annual patterns for Tucson were based on 

information from Moffett et al. (1981). They utilized 

unmanaged colonies and measured weight changes on a daily 
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basis for six years. Two consistent broad annual periods 

of nectar collection by colonies were described. The 

largest was from 30 April to 2 June, and a smaller peak 

occurred during the month of August. since the nectar 

availability was consistent inter-annually through six 

years, then it can be assumed that the floral community 

produces nectar at roughly the same time interval each 

year. The major period of nectar availability occurred 

during late April into June (which is similar to other 

Sonoran desert locations see Appendix C) which 

corresponds to the same time period when peak populations 

of adults occurred during the present study. Therefore, 

colonies have their largest forager populations when they 

are most critically needed to harvest nectar. A similar 

response in adult population is not evident for the smaller 

nectar harvest peak in August. Interestingly, the Page 

Ranch colonies in 1981 had their largest adult populations 

in the fall, which does not correspond to either of the 

peaks of nectar availability, and this may have been due to 

poor colony growth rates from no or low early season pollen 

availability in the local plant community. Thus, colony 

growth patterns, when governed initiated by a switch 

mechanism to pollen availability, produce peak (optimum) 

numbers of adult workers at the most advantageous time 

period for nectar harvest. 

The growth patterns of honey bee colonies in the 
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Tucson area exhibit a combination of tropical and temperate 

adapted behaviors . Initiation of early season brood

rearing is controlled by a switch mechanism which responds 

either to pollen availability or to increasing photoperiod 

if pollen is not available. Pollen harvest rates drive the 

pattern of colony growth throughout the entire year. Late 

winter pollen collection is critical for timing colony 

growth to produce the maximum number of workers during the 

period of greatest floral nectar harvest. Thus, in 

European honey bees, a tropically-evolved but temperately

adapted social insect, there exists a wide range of 

behaviors which colonies use to exploit the floral resource 

landscape and cl imate conditions with which they are 

confronted. 
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APPENDIX C 

ANNUAL PATTERNS OF BIOMASS FLUCTUATION BY 
HONEY BEE COLONIES IN THE SONORAN DESERT OF ARIZONA: 

NECTAR COLLECTION, STORAGE, AND USE 

steven C. Thoenes and Stephen L. Buchmann 

Abstract 

Colonies of honey bees in Langstroth hives were placed 

on platform mechanical scales at two locations in the 

Sonoran desert of southern Arizona. Hives were weighed on 

a weekly basis for six years at a Tucson site, and nearly 

four years at Organ Pipe cactus National Monument. The 

weight of the wooden hive equipment and combs remained 

constant, so any change in hive weight during a week 

reflected gains or losses in bee population and resources. 

This dynamically fluctuating part of the total hive weight 

was collectively referred to as colony biomass. Large 

weight gains were mainly due to collection of floral 

nectar. Gains usually occurred in fewer than 18 weeks per 

year, but mainly occurred within predictable narrow periods 

of time. Biomass gains varied between locations as well as 

intra- and inter-annually for each location. The majority 

of weeJ(ly biomass changes were losses of less than 2 kg per 
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week. These losses were due to metabolic conversion of 

carbohydrates to maintain colony functions. Rates of 

colony biomass loss increased when several activities such 

as brood rearing, foraging, or thermoregulation were 

maintained. Collection of large amounts of pollen balanced 

biomass loss from carbohydrate consumption during several 

time periods. Thermoregulatory activity to cool colonies 

was intense during periods with little precipitaion and 

high ambient temperatures and accounted for a large 

proportion of biomass loss each year. Honey bee colonies 

apparently have a carefully regulated energy budget which 

promotes or retards activites based upon colony need 

balanced with resource availability. 

Introduction 

A honey bee colony (ADis mellifera L.) utilizes a 

central place foraging strategy, in that the colony does 

not change location, but rather individuals fly out to 

collect resources needed to sustain or allow the colony to 

grow and reproduce. Only four resources (pollen, nectar, 

water, and resin) are needed by the colony. Nectar and 

pollen are mostly gathered from flowering plants and used 

as food, with nectar as the main carbohydrate source and 

pollen as the main protein, amino acid, and nitrogen 

source. Water is used for evaporatively cooling the colony 

during hot weather, and to dilute stored honey for ready 
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consumption. Resins are gathered from plants and used to 

regulate the size of holes in the nest cavity, and maintain 

a protective coating of the entire nest against pathogenic 

microorganisms. Previous studies into the annual collection 

patterns the above resources were conducted in cold 

temperate areas (Seeley and Visscher, 1985; reviewed by 

Seeley, 1985) and the tropics (reviewed by Roubik, 1989). 

In general, the annual collection pattern for these 

resources varies both temporally and quantitatively by 

location. The relative contribution of these resources to 

the total biomass of the honey bee colony has not been 

documented for an arid and hot temperate locality. 

Since the exact meaning of various terms has 

become confused, the following terms and definitions apply 

hereafter. A "colony" refers to the larval and adult honey 

bees only. A "nest" refers to the place where the colony 

lives and includes the beeswax combs. A "hive" refers to 

the anthropogenic wooden structure within which the colony 

is maintained by the beekeeper. The "total colony weight" 

(McLellan, 1977) or "hive weight" (Seeley, 1985) refers to 

the weight of a colony plus any food stores (i.e. pollen, 

honey) it has amassed, when located in a nest or hive, 

respectively. During our study, we established colonies of 

honey bees in Langstroth hives with fully drawn out combs 

so that weight changes from the hive and nest throughout 
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the study would be negligible. The difference between two 

hive weights effectively "tares outll both the hive and nest 

weight, and measures only the weight change of the colony 

and its stored food reserves. To simplify this concept, 

the dynamically fluctuating portion of hive weight (bees 

plus resources) will hereafter be collectively referred to 

"colony biomass" or "biomass". 

Colony biomass is a composite of many constantly

fluctuating variables. Colony size increases through brood 

rear ing and adult emergence, and decreases through a 

variety of adult and larval sources of mortality. In an 

average colony the bee population rises and falls slowly 

based on the 21 day brood development cycle. The annual 

population range of 10,000 to 40,000+ adult honey bees 

(Seeley and visscher, 1985), at 7,700 bees per kg (otis, 

1982), represents a total variation of 1.25 to 5.0 kg due 

to bee biomass alone. Resource collection varies 

dramatically based upon colony need and environmental 

availability. Food consumption has been estimated at 20 kg 

pollen and 60 kg of honey each year for colonies living in 

Connecticut (Seeley, 1985). Water collection by honey bee 

colonies in a southern Arizona apiary averaged 19.2 kg for 

a year (P. D. Cooper, unpublished data). The weight 

contribution of propolis is extremely minimal, with an 

average colony collecting only 150-200 g each year 

(Ghisalberti, 1979). Thus, almost all (80%) of the annual 



144 

fluctuation in colony biomass is due to food collection and 

consumption, primarily from floral nectar and its storage 

as honey. 

Colonies in Langstroth hives have frequently been 

placed upon a variety of scales to investigate how much 

"nectar" was being collected under a variety of floristic 

and climatological conditions. Scale records for colonies 

have been collected daily or weekly during active flight 

seasons or strong nectar flows by numerous individuals 

(Mitchener, 1947, 1955; Spiller, 1943; Szabo & Heikel, 

1987) or for periods of multiple years (Milum, 1956; 

Moffett et al., 1980; Oertel, 1958). Unfortunately, the 

foci of these previous studies was strictly apicultural, 

with hive volumes greatly enlarged to maximize nectar 

foraging and hoarding behaviors. The presence of empty 

comb has been shown to stimulate nectar collection and 

hoarding (Rinderer & Hagstad, 1984), therefore, most of 

these studies are predisposed to unnaturally large gains in 

colony biomass. Few of these studies reveal long-term 

ecological information on how honey bee colonies modify 

their growth patterns to best utilize the floral resource 

landscape within which they live. The present study 

utilizes minimally-disturbed honey bee colonies placed on 

mechanical scales at two locations in the Sonoran desert of 

southern Arizona. Multiple-year records of colony biomass 
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reveal patterns of colony 

development and resource collection for a hot arid desert 

region. 

Materials and Methods 

Annual patterns of losses and gains in colony biomass 

were investigated at two locations in the Sonoran desert of 

southern Arizona. These locations were the headquarters of 

the Organ Pipe Cactus National Monument (OPCNM) at 310 57' 

02" north latitude, 1120 48' 00" west longitude and 506 m 

elevation, and the USDA-ARS Carl Hayden Bee Research Center 

(CHBRC) in Tucson at 32 0 19' 45" north latitude, 1100 57' 

00" west longitude, and 792 m elevation. Both sites are 

located in Pima County, Arizona. Visscher & Seeley (1982) 

reported that 95% of foraging occurs within 6 km of the 

nest. Using the plant community designations of Lowe 

(1964), three major plant communities occur within flight 

distance of the OPCNM location: Creosotebush - dominated by 

cresosote (Larrea) and triangle-leaf burs age (Ambrosia), 

Mesquite-Burroweed - dominated by mesquite (Prosopis) and 

burroweed (Haplopappus), Pa10verde - dominated by paloverde 

(Cercidium), and Organ Pipe cactus (Cereus). There are 

four major plant communities within flight distance of the 

CHBRC: three of these are nearly identical to those at 

OPCNM except that Saguaro cactus (Cereus) replaces Organ 

Pipe cactus; and the fourth is Riparian Woodland 
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dominated by large trees including Cottonwood (Populus) in 

addition Saltcedar (Tamarix) is an introduced exotic which 

has proliferated in this plant community. Additionally, 

the CHBRC location is located at the northern edge of the 

city of Tucson, which brings numerous exotic ornamental 

plants within flight range of this apiary. 

The colonies utilized during this study were given 

only minimal management (occasional inspections and disease 

treatments), leaving them as undisturbed as possible. All 

colonies were housed in standard Langstroth wooden hive 

equipment and rested permanently upon Fairbanks-Morse 

mechanical platform scales (resolution 0.1 kg). At CHBRC, 

five hives were weighed every week day from 1 January, 1973 

through 31 December 1978, but only the weights recorded 

each Friday were utilized in this study. At OPCNM, one 

hive was weighed on a weekly basis from 7 March, 1989 to 1 

August, 1989 and from 19 September, 1989 to 23 June, 199~. 

Each calendar date was converted to its corresponding 

Julian date. The Julian year was divided into 52 weeks of 

seven days except for week 52 which has 8 days (or 9 during 

a leap year). Weight values were assigned to the 

corresponding Julian wee]c during which they were collected. 

Hive weights from subsequent weeks were used to calculate 

changes in colony biomass that occurred during each week. 

The maximum and minimum weekly changes in colony biomass 

and the change in total annual colony biomass were also 
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recorded. Annual patterns of week-to-week changes in 

colony biomass for each location were established by 

calculating the mean and one standard error of the mean for 

all weekly mass changes that occurred during a given Julian 

week. Time series analyses were used to reveal periodic 

trends in the data sets (L. Lane, USDA-ARS Tucson, AZ, 

Personal program). Autocorrelation analysis functions in 

the time domain and examines the entire data set for 

repeatable positive and negative relationships (Box and 

Jenkins, 1976). Spectral analysis functions in the 

frequency domain and decomposes the data set into a series 

of sinusoidal elements (Jenkins and Watts, 1968). 

Temperature and precipitation data for both locations 

was obtained from Sellers et al. (1985). Monthly maxima 

and minima temperatures and rainfall from weather stations 

at each location was used. The values are represented as 

means for a period of 34 years (1948-1982) of records at 

OPCNM and 33 years (1949-1982) for the University of 

Arizona agricultural farm on which the CHBRC is located. 

Results 

Examination of weekly changes in colony biomass at the 

CHBRC revealed that each of the six annual patterns had 

unique features, but followed a consistent inter-annual 

pattern of gains and losses (Figure C1). Gains were few, 

relatively large, and restricted to two basic time periods; 
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April through early June and during the month of August. 

The pattern for 1978 deviated from that of other years 

because it exhibited numerous small gains outside the two 

"normal" gain periods. Most of the intra-annual colony 

biomass changes were distributed as small losses. 

Distribution of all weekly changes into range classes shows 

that losses occurred in 30 or more weeks each year, and 

large amounts were gained (ie. > 5.0 kg) in 2 or less weeks 

(Table C1). The mean annual pattern for all six years 

showed two periods; from April through early June and 

during August, where highly variable values for colony 

biomass were gained, and the remainder of the year 

consisted of small losses of low variability (Figure C2). 

Only 17 out of 52 weekly means were gains. All of these 

losses were small «-2.0 kg). Both time series analyses 

reveal that the highest correlation throughout the CHBRC 

data set was an annual (52 week) pattern (Figure C3). The 

Autocorrelation analysis (Figure C3a) also shows a second 

consistent positive relationship beginning at week 92 and 

then at 52 week intervals (i.e. 92 + 52 = 144). This 

relationship occurs because there are two periods of 

largescale biomass gains each year, and this represents the 

consistency of the time interval between period 2 of one 

year and period 1 of the following year. 

Examination of the wee]cly changes in colony mass at 



149 

OPCNM revealed many of the same trends found wi thin the 

CHBRC data set. Each intra-annual pattern had unique 

features, but followed a consistent inter-annual pattern of 

gains and losses (Figure C4). Gains were few, but very 

large, and occurred from late March into June. The annual 

pattern for 1990 was unusual because most of the gain for 

the entire year occurred during only three weeks with one 

extremely large gain (+38.7 kg) occurring during a single 

week! Distribution of weekly colony biomass changes into 

range classes shows that during a complete year losses 

occurred in 40 or over weeks of the year, and large gains 

(ie > 5.0 kg) occurred during only 3 to 5 weeks (Table C2). 

The mean annual pattern of colony biomass changes over 

almost four years (some data points are missing) showed one 

period from late March through May where highly variable 

amounts of colony biomass were gained, and the remainder of 

the year was mainly losses of similar magnitUde (Figure 

C5) • Only 13 of 52 weekly means were gains. The 

autocorrelation time series analysis showed that the 

highest correlation throughout the data set was an annual 

(52 weeJ\:) pattern (Figure C6a). The spectral analysis 

revealed that no waveform (Figure C6b) explained a 

significant portion of the variation in the data (Figure 

C6c) . 

For CHBRC the total annual change in colony biomass 

was highly variable, ranging from -1. 87 kg to +28.5 J\:g 
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(Table C3). The maximum weekly gains during each year were 

also highly variable (range of 6.25 to 14.93 kg), but the 

minimum weekly losses were very consistent (range of -2.3 

to -3.3 kg). The annual pattern (Figure C2), shows two 

periods of mass gain and two of decreasing biomass. Total 

mean gains were 34.76 kg for April through early June and 

8.00 kg for August. Total losses were 6.48 kg from mid

June through July, and 17.73 kg from September through 

March. For OPCNM, the weekly means were highly variable 

and included the highest weekly gain (+38.7 kg), and lowest 

weekly loss (-7.5 kg) during the same year (1990). The 

annual pattern (Figure C5) showed a single peak period of 

gains from mid March through May totalling +68.73 kg. There 

was a long period of general losses during the remainder of 

the year which totalled -51.95 kg. The majority of the 

individual annual totals range from +27 to +30 kg, and the 

overall mean annual total for CHBRC was +28.55 kg, which 

are similar to the average yearly total for the state of 

Arizona of +29.07 kg (Page et al., 1987). The overall mean 

annual total for the OPCNM colony was +16.68 kg which is 

somewhat lower than the state average. 

Mean monthly maxima and minima temperatures, and 

precipitaion patterns demonstrate that, in general, OPNM is 

a hotter and more arid location than CHBRC (Figure C7). 

The maximum temperatures were very similar from March 
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through June, but higher at OPNM (1.28 ± 0.13 °c mean and 

one standard error) from July through September. During 

this same time period the CHBRC location recieves more 

(36mm) precipitation than OPCNM. The minima temperatures 

were higher (2.38 ± 0.18 DC) throughout the year at OPCNM 

due to its slightly more southern latitude and lower 

elevation. 

Discussion 

The collection of floral nectar, and its evaporative/ 

enzymatic processing and storage as honey are critical 

behaviors in the life history of a honey bee colony. 

Nectar is the source for nearly all of the carbohydrates 

consumed by the colony. 

by individual honey bees 

These carbohydrates are utilized 

as a source of flight fuel (as 

trehalose) and by colonies as a source of thermoregulatory 

fuel to survive cold winter conditions. A successful 

colony must amass sufficient carbohydrate stores to "fuel" 

its survival from one period of nectar availablity through 

times of dearth until the next abundant bloom period. The 

annual pattern of carbohydrate balance for a colony is 

then composed of periods of gain (when collection and 

storage exceeds consumption) interspersed with periods of 

loss (consumption exceeds collection). Unfortunately, a 

direct measure of the annual carbohydrate balance of a 

honey bee colony would be extremely difficult or impossible 

to achieve, due to the variety of dynamic factors within 
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the honey bee colony. Several of these fluctuating 

factors represent "carbohydrate sinks" whereby a colony may 

"re-invest" its carbohydrate-derived energy. Within a honey 

bee colony there are ever-fluctuating cycles of brood 

rearing, adult population, pollen collection, and water 

collection, along with metabolism, respiration and 

mortality, all of which can affect the overall weight of a 

colony. During the active season McLellan (1977) 

that colony weight was positively related to 

reported 

amount of 

stored honey, but the relationship was not linear due to 

fluctuations in the honey bee population. Thus the best 

indirect measure of carbohydrate balance is to assess 

fl uctuations in colony biomass, and account for the 

relative contribution of each factor. 

The only previous ecologically oriented studies on the 

annual pattern of biomass fluctuations honey bee colonies 

are those from Seeley & Visscher (1985) for New Haven, 

Connecticut and Seeley (1985) for a generalized pattern in 

northern latitudes. Honey bee flight activity is seasonal 

and much time is spent in a thermoregulatory tight bee 

cluster to survive the intense winter cold and weather 

unsuitable for flight. Colonies gain biomass in a very 

brief time period, only 14.0 ± 1. 7 weeks each year for 

Connecticut, with 86 percent of the annual gain occurred 

from mid-April through June. Biomass losses totaled 23.6 ± 
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2.8 kg during winter. More biomass was lost in March 

(-0.84 kg/week) than December (-0.42 kg/week) probably due 

to a increase in brood rearing activity during that time. 

Seeley (1985) describes the annual balance of carbohydrate 

derived energy as a 'constantly threatening energy crisis' 

that Apis colonies must cope with daily. 

Honey bee colonies located in the Sonoran desert 

experience mild winters and year-around flight permitting 

weather as evidenced by pollen collection during 52 weeks 

of the year (Appendix A) and thus do not spend long periods 

of time in a tight "winter cluster" as experienced in more 

nothern Latitudes. The beginning of brood rearing is 

dependent upon pollen availability which varies by location 

(Appendix B). Desert climates are characterized by low 

levels of precipitation with restricted free water and high 

temperatures which occur seasonally. Thus, an important 

added stress for honey bee colonies in desert climates is 

from water balance, mainly for cooling the nest, besides 

its use as a larval food component. 

During the six year study period at CHBRC, the 

colonies gained biomass in 18.17 + 2.32 (mean + one 

standard error) weeks. The two periods of large gains are 

easily explainable. The first, from April through early 

June, coincides with the flowering periods of important 

floral resources including desert legumes such as mesquite 

and catclaw, columnar cacti such as saguaro, and spring 



154 

annuals (wild flowers). All of these plants are well known 

nectar producers, providing at least 4.4 kg of nectar per 

hectare of Sonoran desert land (Simpson, 1977) which equals 

2.0 kg of honey (at 80% dissolved solids) per hectare 

(Buchmann et al., 1992). The second period, during August, 

coincides with the nectar-rich bloom of exotic saltcedar 

trees which grow along side washes, and secondary intra

annual blooms from mesquite and creosote (Larrea). At 

OPCNM the broad single period in mass gain, which lasted 

11.50 ± 1.70 weeks, was largely derived from desert legumes 

and columnar cacti (mainly organ pipe cacti at this site). 

The period of gain occurred earlier at OPCNM than CHBRC due 

to earlier flowering periods caused by higher temperatures 

at a lower elevation. The lack of a second period of 

biomass gains at the OPNM location was an indication of the 

difference in the plant communities between the two Sonoran 

desert locations. This becomes a critical difference 

between the two locations since although the colony at 

OPCNM gained more during its single period (68+ kg) than 

those at CHBRC did during two (42+ kg), the annual total 

biomass gain was approximately 12 kg higher at CHBRC. 

A honey bee colony must expend a basic amount of 

energy to exist and energy expendature increases as 

additional activities (such as brood rearing and flight) 

are performed. A good example of the basal metabolic and 
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additional regulatory energy expenditure is given by data 

in Seeley & Visscher (1985) where maintenance of a winter 

cluster lost only half as much biomass per week (-0.42±0.12 

kg) as a winter cluster with brood rearing (-0. 84± 0.25 

kg) . A similar pattern was exhibited at OPNM from mid

December through mid-March. The rate of biomass loss was 

-0.48±0.23 kg per week from mid-December through January, 

followed by an increased loss to -1. 46+0.34 kg per week 

from February through mid-March. At CHBRC the rate biomass 

loss was -0.52±0.28 kg per week from mid-December through 

January, followed by -0.10±0.29 kg per week from February 

through March. The low rates of biomass loss from December 

and January may indicate that the colonies, although flight 

activity was possible, were not expending significantly 

more energy than a broodless winter cluster. One possible 

explanation was that no or little forage (pollen or nectar) 

was available in the resource landscape within flight 

range, so almost no foraging flights occurred except for a 

few scouting flights. The situation changed dramatically 

in February when pollen from spring ephemerals became 

available at both locations, but the effects between the 

two locations varied by the amount of available pollen. At 

OPNM, pollen availability resulted in intense energy 

consumption through increased-brood rearing and foraging 

fl ights. This resulted in larger weekly losses in 

comparison to the brood rearing winter clusters observed by 
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Seeley and Visscher (1985). At the CHBRC, the beginning of 

pollen availability resulted in the same colony population 

growth patterns as OPCNM with equally intense energy 

consumption, but the weekly losses were extremely small 

during that period. This difference can be explained for 

the most part by the differing quantity of pollen harvested 

at each location. O/Neal and Waller (1984) reported that 

pollen collection at elevations slightly higher than OPCNM 

began in February and ranged between 0.01 to 0.02 kg/day, 

while at 792 m it began in January at rates over 0.10 

kg/day throughout February and March. Rates of pollen 

collection from colonies located in Tucson have exceeded 

2.3 kg per week in March (Appendix A). Thus, pollen 

availability stimulates colonies into intense foraging 

activity and brood-rearing and weight loss from 

carbohydrate consumption to maintain these high energy 

consuming activities may be partially or entirely offset by 

the weight gain from pollen collection. 

A honey bee colony, especially in hot arid regions, 

must carefully regulate the colony temperature to avoid 

overheating which kills brood and melts down beeswax comb. 

This regulation is achieved by collecting water, placing it 

in various locations throughout the colony, actively moving 

air through the colony with numerous ventilating bees, and 

thus regulating the nest temperature by evaporative 
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Maintennance of this type of activity consumes 

large amounts of energy. The temperature and precipitation 

differences between locations probably had a large impact 

on colony biomass changes during mid-June through October. 

At OPCNH during these months the mean value for all weekly 

losses was -1.99+0.77 kg while at CHBRC it was only 

-0.98±0.35 kg. Also, during these months several weeks at 

both locations have either small gains in biomass or 

smaller losses than the mean loss. An example from CHBRC 

occurred in mid-October (Figure B3) where the loss for 

those two weeks was smaller than the mean loss, most likely 

due to pollen influx (see annual pattern of pollen 

availability in Appendix A). There are several small mass 

gains at OPCNM, but whether they were due to nectar or 

pollen collection (or a combination of both) is unknown. 

A general pattern of honey bee colony resource harvest 

and carbohydrate-driven energetics in the Sonoran desert of 

Arizona emerges from data presented herein. The colony 

must expend large amounts of energy in foraging activity, 

brood-rearing, and thermoregulation throughout the year. 

The combination of all these energy-demanding activities 

determines whether a colony gains or loses biomass during a 

given time period. The carbohydrate fuel for all this 

acti vi ty originates as nectar-derived floral sugars which 

are available in variable quanti ties daily, weekly, and 

seasonally each year. certain locations are much richer in 
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total nectar availability, and temporal availability varies 

by plant communities and elevation within flight range. 

When nectar is not available in the resource landscape, the 

colony generally loses biomass as it expends energy to 

maintain basic homeostatic functions. Large losses of 

colony biomass can result from maintaining several energy-

demanding activities simultaneously. Losses in colony 

biomass occur at predictable rates and are as small as 

possible, implying a carefully regulated homeostatic energy 

balance between maintaining essential activities and colony 

survival until nectar is once again readily available. 

Collection of large amounts of pollen can, however, offset 

energy expenditure from colony metabolism, resulting in 

small overall changes in colony biomass. Besides foraging 

activity, the most intensive energy usage on a weekly or 

annual basis is from thermoregulatory activities. The main 

function of thermoregulation was not to survive cold winter 

temperatures, but instead was to survive the hot summer 

temperatures. Thus, for colonies of honey bees living and 

foraging in the Sonoran desert, our data reveal that, 

instead of a I constantly threatening energy crisis I the 

life history strategy used by ~ mellifera in the Sonoran 

desert is one of a carefully managed annual energy budget 

in which each activity requires investment of energy, and 

are promoted or retarded according to colony need balanced 
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with resource availability. 
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Table C1. 

Year <0.0 

1973 32 
1974 35 
1975 36 
1976 35 
1977 35 
1978 30 

Distribution of weekly changes in colony biomass from 
CHBRC during the years 1973 through 1978. 

Heekly change in colony biomass (kg) 

0.1-2.5 2.6-5.0 5.1-7.5 7.6-10.0 10.1-20.0 >20.0 

13 4 1 1 1 0 
10 4 3 0 0 0 
11 2 3 0 0 0 
11 3 1 0 2 0 

7 6 2 2 0 0 
14 4 3 0 1 0 

J-I 
0'\ 
I\) 



Table C2. Distribution of weekly changes in colony biomass from 
OPCNM during the years 1989 through 1992. 

Weekly change in colony biomass (kg) 

Year <0.0 0.1-2.5 2.6-5.0 5.1-7.5 7.6-10.0 10.1-20.0 >20.0 

1989* 22 3 3 2 0 3 0 
1990 40 8 1 0 1 1 1 
1991 41 2 3 1 1 2 1 
1992* 19 1 2 0 0 3 1 

* Denotes an incomplete year 

I-' 
0\ 
W 



Table C3. Yearly total, maximum, and mlnlmum 
weekly changes in colony biomass at CHBRC for 
the years 1973 through 1978 and OPCNM for the 
years 1989 through 1992. 

Colony biomass change (kg) 

Total Maximum Minimum 
site Year (52 weeks) weekly weekly 

CHBRC 1973 28.50 14.93 -2.34 
1974 8.05 6.25 -2.30 
1975 -1.87 7.27 -3.30 
1976 20.76 13.25 -2.23 
1977 27.69 9.20 -2.02 
1978 24.09 12.91 -2.91 

OPNM 1989* 27.70 16.40 -2.60 
1990 6.60 38.70 -7.50 
1991 39.90 21.90 -2.70 
1992* 29.60 23.70 -6.00 

* Denotes an incomplete year 

I-' 
0'\ 
~ 
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Figure C1. Weekly changes in colony biomass at the Carl 
Hayden Bee Research Center in Tucson, AZ for the years 
1973-1978 
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Figure C2. Annual pattern of changes in colony biomass (as 
weekly means and one standard error) for honey bee colonies 
on scales at the Carl Hayden Bee Research Center in Tucson, 
AZ during the years 1973-1978 
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Figure C3. Time series analysis of the weekly changes in 
colony biomass at the Carl Hayden Bee Research Center in 
Tucson, AZ: (A) Autocorrelation analysis, (B) Spectral 
analysis, and (C) Cumulative variation explained by the 
spectral analysis 
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Figure C4. Weekly changes in colony biomass of one colony 
at Organ Pipe Cactus National Monument for the years 1989-
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Figure C5. Annual pattern of changes in colony biomass (as 
weekly means and one standard error) for one scale colony 
at Organ Pipe cactus National Monument for the years 1989-
1992 
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ABSTRACT 
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The temporal pattern of honey bee reproductive swarms 

was investigated over a 10-year period for the Tucson, 

Arizona area. All published North and Central American 

swarm phenologies were compiled and examined for broad 

biogeographical and ecological trends. 

For the Tucson area, a total of 3652 reproductive 

swarms were recorded. The annual pattern of swarming began 

in late January, peaked in April to May, and ended in mid-

November. A single- peaked annual cycle was consistent 

through both time and frequency domains as measured by time 

series analysis. Significant variation was found between 

years for both number of swarms produced and length of the 

swarming season. There was no relationship between swarm 

number and sw'arming season length within the Tucson area 

location. 

Compilation of swarm phenological records from various 



locations revealed several strong 
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biogeographical 

relationships. Increasing latitude was found to have a 

negative relationship with number of swarms produced 

annually. Increasing latitude was also negatively 

correlated to swarming season length. Number of swarms per 

year was positively associated with swarming season length 

when examined between locations. Peak intensities of swarm 

occurrence were temporally delayed at higher latitudes, and 

secondary peaks were common in eastern u. S. and Atlantic 

coastal influenced phenologies. 

Introduction 

Honey bee (Apis mellifera L.) colonies reproduce 

through a fission process known as swarming. A swarm 

usually consists of a single female gyne (queen), and 

several thousand non-reproductive female adults (workers) 

(Michener, 1974). Male honey bees (drones) are present in 

most swarms, but usually comprise only 1% of the total 

swarm population (Avitable & Kasinskas, 1977). A swarm 

leaves the parental nest and its scouts search for an 

appropriate cavity in which to establish the newly founded 

colony (Seeley, 1982). It is well known that temperate 

honey bees of European ancestry have a spring swarming 

season when the majority of swarming activity occurs during 

a period only a few weeks long (Seeley, 1985; Winston, 

1987) . 
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A primary (or "prime") swarm is the first swarm that 

emerges from the parent colony during the reproductive 

process and may contain up to 70% of the adults from the 

parent colony (Winston, 1987). Any subsequent swarms that 

emerge from the colony during the same reproductive period 

are known as afterswarms. Afterswarms are typically much 

smaller than the prime swarm (Winston, 1980). Total 

reproductive rates (prime plus afterswarms) for colonies of 

temperately-adapted honey bees were 1.0 swarms / year for 

ontario (Morales, 1986), 2.2 for British Columbia (Lee & 

Winston, 1987) and 3.6 for Kansas (Winston, 1980), which 

reflects a trend towards higher reproductive rates in 

warmer temperate areas. Multiple swarming cycles from a 

colony within the same year are not common for colder areas 

in the united States, but occur at a 40% rate in Kansas 

(Winston, 1980) and are extremely common for tropical areas 

(otis, 1980; Winston et al., 1983; Roubik, 1989). 

Long-term swarming phenologies have been recorded for 

various locations in North and Central America. The 

published swarming phenologies for northern locations 

include: 20 years for the province of Manitoba, Canada 

(Mitchener, 1948), 2 years for the Washington, D. C. area 

(Caron, 1979), 3 years for two counties in Connecticut 

(Avitable & Kasinskas, 1977), 3, 6, and 9 year 

continuations of the same data set for Ithaca, NY (Burgett 

& Morse, 1974; Fell et al., 1977; Seeley & Visscher, 1985), 
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and a single year from Davis, CA (Page, 1981). Swarm 

movement in southern locations was recorded for eight 

months at the Texas/Mexico border (Rubink et al., 1990) and 

for four years in Panama (Boreham & Roubik, 1987). To date, 

no swarm phenologies have been published for any location 

between 26° and 380 N latitude on the American continent or 

anywhere in the southwestern U.S.A. 

Most previous studies focused only on the seasonal or 

annual timing of local swarm occurrence. To date, no broad 

comparisons of swarm season length, timing of greatest 

swarming, or number of swarms produced each year have been 

made between these various phenologies. The present study 

was conducted to address the lack of long-term S\varm 

phenolog ical data in the southwestern U. S. A., to 

establish overall seasonal patterns of swarm occurrence in 

the Southwestern U. S. A., to investigate the consistency 

of this southwestern seasonal pattern between different 

years, and to examine all published Central and North 

American swarm phenologies for broad scale ecological 

trends. 

Materials and Methods 

Swarm data for the Tucson, AZ basin were obtained 

primarily from telephone call records to beekeeping 

businesses and related services by citizens reporting 

swarms of honey bees on their properties. Data for the 
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period of 1986-1991 were recorded on survey forms 

distributed to the various businesses and filled out at the 

time of each telephone call. Data for 1982-1985 were 

obtained from telephone call records that the businesses 

retained in their files. Only swarms that were listed as 

free-hanging (i.e., those that were hanging from a bush or 

tree limb) were counted and any which had already entered a 

cavity (i.e., part of a house) were discarded. This was 

done to differentiate between actual swarms and already 

established colonies that had just been noticed. Numbers 

of swarms attracted to pulp paper swarm traps (see Schmidt 

et al. 1989) were also integrated into this Tucson area 

data set (Schmidt & Thoenes 1987a, 1987b, 1990, 1992). 

The total number of swarms was calculated for each day 

and year. Calendar dates for swarm occurrence were 

converted to Julian dates to equalize leap year records 

with other yearly records. Length of the swarming season 

for each year was calculated by subtracting the Julian date 

of the first swarm from that of the last swarm. The Julian 

year was divided into 52 Julian weeks to provide weekly 

data sets. The number of swarms occurring during a given 

Julian week were then recorded for each year and summed for 

all 10 years. Each year, the Julian week during which the 

most swarms occurred was defined as the "peak" of swarming 

abundance. Mean numbers of swarms and their corresponding 
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standard errors were calculated for each Julian week. 

Yearly variation in the number of swarms that occurred, as 

well as swarm season lengths, were analyzed using student's 

t-test. Linear regression was used to analyze potential 

relationships between the swarm number during a year and 

corresponding season length (Wilkinson, 1985). Time series 

autocorrelation analysis was used to examine our long

term data set for systematic temporal periodicities and 

reveals significant positive and/or negative relationships 

(with a 95% confidence interval) (Box and Jenkins, 1976). 

Spectral analysis functions within the frequency domain 

and decomposes the data into a sum of sinusoidal (waveform) 

elements (Jenkins and Watts, 1968). Periodic (regular) 

patterns are revealed if one or a few waveforms explain a 

significant portion of the variation in the data set. 

Spectral analysis was used to examine patterns in swarming 

frequency. Both time series analyses were calculated using 

a personal program written by L. Lane (USDA-ARS, Tucson, 

AZ) • 

Published swarm phenologies were arranged by their 

latitudes and analyzed for length of swarming season, time 

period of peak swarming intensity, and mean number of 

swarms produced annually. Mean number of swarms produced 

each year was calculated by dividing the total number of 

swarms recorded by the time length of the swarming season. 

Unique aspects of each phenology, such as multiple peaks, 
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were also recorded. Linear regression was used to compare 

the mean number of swarms per year by latitude, length of 

swarming season by latitude, and length of the swarm season 

by mean number of swarms produced per year (Wilkinson, 

1985) . 

Results 

A total of 3652 swarms were recorded for the Tucson 

area over the 10 year period from 1982-1991. The 

individual yearly patterns of swarm occurrence (Figure D1) 

established that the beginning, peak, and ending dates of 

the "swarm season" varied on an intra-annual basis (Table 

D1) . The total number of swarms each year varied 

significantly (t = 8.28, P<O.OOl), with a range of 226 (in 

1982) to 683 (in 1991). Swarms were reported as early as 

15 January and as late as 12 December. Mean length of the 

swarming season over the 10-year period was 293 days, which 

started on 27 January and ended on 18 November. Swarm 

season length varied significantly among years (t = 35.09, 

P<O. 001) . Swarm season length for a given year was not 

correlated with the number of swarms produced during that 

year (r = 0.41, P = NS) . 

The means and standard errors for each Julian week 

over the 10-year period (Figure D2) demonstrates that peak 

numbers of swarms occurred during Julian weeks 14 though 18 

(2 April to 6 May) and these 5 weeks comprised 48% of the 



total swarms. 
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Approximately 70% of all swarms occurred 

over a 9-week Julian period (13 - 21) corresponding to 

calendar dates 26 March to 27 May. The time series 

autocorrelation analysis (Figure D3a) revealed significant 

periodic trends in the 10-year data set based on a 52 week 

(annual) interval. There was a significant positive 

relationship at week 52 and a broad significant negative 

relationship centered on week 26, but extending from week 

11 to 42. The spectral analysis (Figure D3b) revealed that 

waveforms through the data set at frequencies of 52, 26, 

17.3, and 13 weeks explained 83% (40%, 23%, 14% and 6% 

respectively) of the total variation in the data set 

(Figure D3c). 

Compilation of the characteristics for published swarm 

phenologies (Table D2) revealed several trends. 

Significant negative relationships exist between increasing 

latitude and length of the swarming season (r = 0.94 

P<O.OOl) as well as increasing latitude and number of 

swarms each year (r = 0.83, P = 0.006). A highly 

significant positive relationship exists between number of 

swarms each year and length of the swarming season (r = 

0.925, P<O.OOl). Peak swarming intensity was temporally 

delayed with increasing latitude (Figure D4). There were 

six distinct swarm phenological curves [from four 

locations; Panama Canal (Atlantic Coast), Northern Mexico, 

Southern Texas, and Ithaca, NY] that were further 
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characterized by the existence of two swarming abundance 

peaks during the season. All of these were located on the 

Eastern portion of the united states or near the 

Atlantic/Caribbean coast. Two other Eastern u. S .A. 

phenologies (Washington, DC and connecticut) exhibited only 

one swarming peak each year. All three of the Pacific 

Coast/Western phenologies [Panama Canal (Pacific Coast), 

Tucson, AZ and Davis, CA] had only a single peak of swarm 

occurrence. 

Discussion 

The purpose of this study was to investigate the 

European honey bee reproductive swarming phenology for the 

Tucson, AZ area and compare it to other published 

information on swarm records to reveal the influence of 

broad ecological trends on the temporal patterns of swarm 

abundance. Honey bees have active flight throughout the 

year in Tucson and this favorable climatic setting provides 

a contrast to that found in colder northern latitudes. 

A total of 3652 swarms were recorded in the Tucson 

basin during this 10-year study, higher than that for all 

other swarm phenology studies combined (see Table D2). The 

general pattern of reproductive swarming occurrence for 

Tucson was characterized by isolated rare swarms from mid

January until early March, followed by an increasing 

numbers of swarms peaking in April or May, after which a 
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consistent, albeit low, number of swarms were recorded from 

late June through mid-November. A few scattered swarms 

were produced until mid-December. Autocorrelation analysis 

of the la-year data set revealed a highly significant 

positive relationship centered on a 52 weeks interval 

(Figure D3a). Thus the number of swarms during any week X 

is significantly in phase with (or similar to) the number 

of swarms during week X + 52. This relationship repeats 

periodically thoughout the entire data set. There is also 

a significant negative relationship during weeks 11 through 

42 centered on week 26. This means that week X is 

significantly out- of-phase with week X + 26; in other 

words, if week X is high, then week X + 26 would be low, 

and vice versa. Spectral analyses identified a combination 

of four sinusoidal waves which explained most (83%) of the 

variation in the data (Figure D3c). The basic waveform has 

a 52 week periodicity (Figure D3b). Overall, a single 

peaked annual cycle of honey bee swarming was highly 

significant and consistent throughout both time and 

frequency domains in the data. 

The significant variation among the yearly swarm 

numbers in Tucson was unexpected, because previous studies 

(Seeley, 1978; Winston, 1980) emphatically state that 

nearly every feral honey bee colony will swarm during the 

year and most carefully managed colonies do not, implying a 



182 

constant predictable annual rate of swarming each year. 

This basal rate might be modified by any multiple swarming 

cycles (i.e., production of multiple prime swarms) that 

occur. The lack of consistent swarm numbers per year 

implies that existing colonies are not automatically 

producing prime swarms on an annual basis. Multiple 

swarming cycles probably occur, but do not contribute 

significantly to the Tucson phenological pattern because of 

the lack of secondary swarming peaks (Figure A2). Most of 

the variation is due to the intensity of swarms produced 

during the peak. One possible explanation is that inter

annual variation is due to variable afterswarm production 

each year. Because no data was collected on swarm size or 

composition, it is impossible to conclude which hypothesis 

--inconsistent prime or afterswarm production was a 

significant cause of the observed inter-annual variation. 

The length, in weeks, of the swarming season each year 

for Tucson varied significantly. This was not suprising 

based upon the unpredictable nature of the scattered swarms 

during the beginning and end of each season. No 

relationship was found between number of swarms produced in 

a year and swarming season length. The reason for this is 

unclear, but may be related to climatic factors especially 

temperature and precipitation. 

The second objective of this study was to compare and 

contrast the Tucson phenology with other published North 
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American swarming phenologies and to analyze the data for 

biogeographical and/or ecological trends. There was a 

strongly negative relationship with increasing latitude and 

number of swarms produced yearly. The Panama Canal 

information was excluded from this particular analysis 

because the purpose of that study was to monitor swarms 

during the process of Africanization, and thus does not 

solely deal with temperate adapted European honey bees. 

The relationship could perhaps be explained by either more 

numerous honey bee populations at lower latitudes or a 

trend towards higher total colony reproductive rates at 

lower latitudes. 

The highest rates for number of swarms per year 

occurred at the two "subtropical" locations of northern 

Mexico/southern Texas and Tucson (Table D2). Tucson is 

located within the pollen-rich Sonoran desert (see Appendix 

A), and higher pollen abundance certainly translates into 

higher reproductive rates by honey bees. There may be a 

general trend towards higher reproductive rates in the 

subtropics based on pollen abundance, but information from 

other locations is needed to document such a possibility. 

There is a strongly negative relationship between 

increasing latitude and swarming season length. This 

effect may be directly caused by climatic factors since the 

generalized plant and animal active season has a similar 
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pattern. Local climate can be modified by factors such as 

maritime and elevational influences which are not 

consistent across all latitudes in North America. Swarm 

season lengths could be similarly modified by such factors 

with a negative relationship expected with increasing 

elevation, and a positive relationship with greater 

proximity to an ocean. 

The strong positive relationship between number of 

swarms occurring each year and swarm season length at the 

various North and central American locations is perhaps not 

too suprising. This relationship, however, was not 

observed among the individual years of the Tucson data, 

possibly because the year-to-year variation at any specific 

location is greater than the total variation across 

latitudes. 

Peak swarm occurrence was temporally delayed at 

the higher latitudes. This corresponds to shortened plant 

and animal growth seasons at these latitudes. A trend 

towards multiple peaks in the swarm phenologies in Eastern 

North America was observed. O'Neal & Waller (1984) 

hypothesized there is a major "floral wave" that completes 

one oscillation between Earth's north and south poles each 

year. This floral resource wave reaches the higher 

latitudes once each year, but passes through the mid

lati tudes twice annually. They predicted that honey bees 

would swarm shortly after each "pulse" in community pollen 
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availability, thereby creating two swarming peaks each 

year. Their hypothesis is tenatively supported by the 

Eastern and far northern swarm phenologies which display a 

sinusoidal wave through the latitudes studied. The western 

swarming phenologies, including the Tucson data, have peak 

intensities which correspond to the first part of the sine

curve, but do not swarm in large numbers during the second 

wave of floral bloom through their respective locations. 

A predictable regular annual pattern of honey bee 

reproductive swarming emerges from the data presented 

herein. Reproductive swarming is highly affected by 

climate on both a broad and local scale. The variation in 

latitudinal climate ultimately affects both the number of 

swarms produced and the length of the swarming season. 

Thus, climate dictates the limits on the life history 

patterns of reproductive swarming by honey bee colonies of 

European ancestry. within this context, it is not 

suprising to find that strong environmental pressures have 

selected for colonies which maximize their reproductive 

opportunites available at each location by swarming as 

early and for as long in the year as possible, with the 

peak intensity closely following the occurrence of major 

floral community pollen-based resource waves. 
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TABLE 01. Number of honey bee swarms, earliest, latest, and peak 
swarming dates, and swarming season length for the Tucson, AZ 
area from 1982 - 1991. 

Year 

1982 
1983 
1984* 
1985 
1986 
1987 
1988* 
1989 
1990 
1991 

Mean 

# Swarms 

226 
296 
455 
267 
439 
323 
423 
227 
313 
683 

365 

Peak 
Week 

IV:9-15 
IV:16-22 
IV:29-V:5 
IV: 2-8 
IV:16-22 
IV:23-29 

V: 6-12 
IV:9-15 
IV:23-29 
IV: 2-8 

IV:16-22 

* Denotes a leap year. 

Earliest 
swarm 

11:4 
11:11 
1:24 
1:24 
1:15 
1:15 
11:29 
1:24 
1:16 
1:15 

1:27 

Latest 
swarm 

XI:4 
XI:8 
XI:13 
XI:15 
XI:29 
XI:25 
XI:4 
XI:ll 
XII:l 
XII:12 

XI:18 

Season 
length (days) 

273 
270 
284 
285 
318 
314 
248 
291 
319 
331 

293 

f-' 
00 
\D 



TABLE D2. Latitude, location, swarm season length, swarm peak(s), number of years, 
number of swarms, and mean number of swarms per year, in reported swarming 
phenologies for Central and North America. 

LatON Location Season (Days) Peak(s) Yrs #Sws Sw/Yr Reference 

9 Panama Canal Year round (365) 
Atlantic Coast 

XII - III 
IV - VII 

I - IV 

4 863 216 Boreham & 
Roubik (1987) 

Pacific Coast Year round (365) 

26- North Mexico Year round (365)* Major-III & IV 
Minor- IX & X 

26+ South Texas Year round (365)* Major- IV & V 
Minor- IX 

<1 277 415 Rubink et al. 
(1990) 

<1 146 218 

32 Tucson, AZ I-27 to XI-18 (293) IV - V 10 3652 365 This study 

38 Davis,CA III-3 to IX-9 (190) IV - V 1 121 121 Page (1981) 

39 Washington DC IV-5 to X-5 (183) Mid-IV - V 2 402 201 Caron (1979) 

41 Connecticut V-11 to IX-6 (118) Late V - VI 3 59 

42 Ithaca, NY V-16 to IX-12 (119) Major - VI 3 95 
Minor - Late VIII 

42 Ithaca, NY V-5 to IX-19 (137) Major - Early VI 6 235 
Minor - Late VIII 

42 Ithaca, NY V-I to IX-19 (143) Major - Early VI 10 301 
Minor - Late VIII 

50 Manitoba,Can. V-25 to IX-6 (107) Mid-VI thru VII 20 1087 

* (~v. L. Rubink, personal communication) 

20 Avitable & 
Kasinskas (1977) 

32 Burgett & 
Morse (1974) 

39 Fell et al. 
(1976) 

30 Seeley & 
Visscher (1985) 

54 Mitchener(1948) 

I-' 
\D 
o 
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Figure D1. Individual annual patterns of honey bee 
reproductive swarm occurrence from 1982 through 1991 for 
the Tucson, AZ basin 
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Figure D2. Annual pattern of swarm occurrence (weekly means 
and one standard error) for the Tucson, AZ basin from 1982 
through 1991 
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Figure D3. Time series analysis of reproductive swarm 
occurrence in the Tucson, AZ basin from 1982 through 1991: 
(A) Autocorrelation analysis, (B) Spectral analysis, and 
(C) Cumulative variation explained by the spectral analysis 
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APPENDIX E 

INFLUENCES OF DIETARY PROTEIN LEVELS ON TIMING 
OF REPRODUCTIVE SWARMING IN HONEY BEES 

steven C. Thoenes, Justin o. schmidt, 
and Stephen L. Buchmann 

Abstract 

195 

Honey bee colonies fed pollen diets which contained 

either 24.8% or 17.2% crude protein were compared to non-

fed controls. The number, timing, and survival of 

reproducti ve swarms from the treatment colonies was 

monitored. The initiation of queen cell construction in 

treatments was directly related to protein influx levels 

exceeding 20 g colony· 1 day·1. Number of swarms produced 

was not different between the three treatments, but the 

timing of swarming was significantly different. The 

24.8% protein diet treatment produced swarms much earlier 

than either the 17.2% or no added diet control treatments. 

This very early reproduction was maladaptive as evidenced 

by subsequent poor winter survival for these swarms. The 

best swarm survival occurred in those swarms that issued 

from the natal nest just prior to, or at the beginning of 

the nectar flow. The pre-swarming parental colony 

responded to protein influx levels, while the new swarm is 
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organized to collect, utilize, and hoard nectar-derived 

carbohydrates which fuel comb construction and make long

term survival possible. Thus successful reproduction and 

long-term survival by honey bee swarms and colonies 

requires a balance of both protein and carbohydrate 

availability. 

Introduction 

Honey bee colonies (Apis mellifera L.) reproduce 

through a colony-level fission process commonly known as 

swarming. Temperate-adapted honey bee colonies typically 

produce reproductive swarms during the spring, the exact 

ti.ming of which varies by latitude (see Appendix D). The 

precise seasonal timing of annual swarm production in a 

gi ven location implies that bees are responding to 

environmental cues leading to the swarming process. The 

exact nature of these cues is unknown, but they could be of 

either extrinsic or intrinsic origin, or both. 

The maj ori ty of ecological studies on honey bee 

reproduction have been performed in cold temperate areas 

(reviewed by Seeley, 1985) or in the tropics (Boreham and 

Roubik, 1987; McNally & Schneider, 1992; Roubik, 1989; 

Winston, 1979; Winston & Taylor, 1980), but swarming 

behavior has not been studied in warm temperate areas. 

Temperately-adapted honey bee colonies have a much longer 

active foraging season in warm areas. This means that the 
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annual cycles that occur in a honey bee colony are more 

spread out and not as condensed together as those for bees 

inhabiting northern latitudes. Thus, proximate cues which 

initiate reproductive swarming should be readily apparent 

because they are separated from cues which govern other 

colony factors. 

Winston (1987) stated that the indirect role(s) of 

resource abundance are obvious because they fuel proper 

colony growth which is a prerequisite to swarm production. 

Colony growth is directly related to the quantity of pollen 

harvested by the colony (see Appendix A). It is possible 

that the typical progression of springtime colony growth 

may be perturbed by providing colonies with additional 

dietary pollen. Pollen is the primary source of dietary 

protein in honey bee colonies, and different types of 

pollen can have widely differing protein concentrations 

(Schmidt et al. 1987). Thus, if several pollen diets with 

different protein concentrations are added to colonies 

during the spring colony population build-up, then the 

direct role of additional quanti ties of protein on swarm 

production may be studied. 

Successful reproduction by a honey bee colony does not 

only include the events leading to the production of 

swarms, but also with long-term swarm survival. Once a 

swarm leaves the parental colony, it must establish itself 
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and build a new nest with an energetically-expensive set of 

new combs (Lee & Winston, 1985), produce new adult worker 

bees (Lee & Winston, 1987), and gather excess nectar which 

it stores as honey to fuel wintertime thermoregulatory 

activities (Seeley & Visscher, 1985). Several of the 

above-mentioned studies indicated that early reproductive 

swarming in cold-temperate areas resulted in increased 

swarm survivorship. Conditions affecting swarm survival 

have not been previously studied in a semi-arid hot 

temperate area such as the Sonoran desert of southern 

Arizona. 

The purpose of this study was to determine the factors 

which influence successful reproductive swarming by honey 

bee colonies. This study focused on two major 

investigations; 1) Perturbation of the typical springtime 

colony growth to test the effects of additional levels of 

protein on swarm numbers and timing of reproductive 

swarming, and 2) Monitoring the survival of the 

resultant swarms through the following winter. 

Materials and Methods 

The apiary utilized for this experiment was located at 

the University of Arizona-owned property known as 

Page/Trowbridge Ranch, hereafter referred to as Page Ranch. 

Page Ranch is located 36 km due north of Tucson, Arizona in 

Pinal County. The Page Ranch location was selected because 
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previous pollen trapping studies (see Appendix B for annual 

pollen pattern) revealed that little or no pollen was 

available at this location from December until late March. 

If pollen was available from the floral community, then it 

would influence colony growth and interfere with the 

results from the diet manipulations. Thus a site without 

pollen, or with minimal pollen availability such as Page 

Ranch was ideal. A total of 34 colonies were used in 

these experiments during the spring and summer of 1991. 

All colonies were housed in hives made up of one deep and 

one shallow standard Langstroth "hive bodies" ( 60 liters 

total hive volume). Four colonies were equipped with 

modified ontario Agriculture College bottom-type pollen 

traps (Waller, 1980). These colonies were only used for 

qualitatively monitoring the available pollen levels within 

flight range of the apiary, and were not involved in any 

experimental dietary treatments. The remaining 30 colonies 

were equalized for total amount of brood and adult bees. 

Each colony was randomly assigned to one of three treatment 

groups; a high protein diet, low protein diet, or no added 

diet as a control. All 

combinations of colored 

queens were marked with unique 

paint. All diet treatment 

colonies were also fitted with Todd dead bee traps (Atkins 

etal., 1970) 

Pollen was collected weekly, cleaned of debris, and 

weighed to the nearest 0.1 g on a fresh weight basis. The 
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weight of pollen collected by each of the colonies was 

divided by the number of days (seven) since the previous 

pollen sample was collected. Means and standard errors of 

these four values were calculated weekly. The measurement 

units for these means were g colony-1 day-1. 

Large quantities of variable-quality pollen (differing 

in its crude protein content) was available (as frozen 

samples) from other pollen-trapping studies conducted in 

the Tucson area and used in the present study. Sources for 

both the high protein and low protein diets were selected 

from a homogenized mix of honey bee corbicular pellets 

trapped from known high or low protein periods during the 

previous year (see Appendix A protein composition 

section) . Kjeldahl analysis of each dietary mixture was 

performed to confirm the protein composition for each diet 

treatment. The high protein diet had 24.8 percent protein 

and consisted mainly composed of pollen from saguaro 

(Cereus giganteus) and mesquite (Prosopis veluntina), along 

with a mixture of pollen from other native plants blooming 

during May and June in the Tucson basin. The low protein 

diet contained only 11.2 percent protein and was mostly 

pollen from pine (Pinus halepensis) and spring annuals 

flowering during March. A large industrial food mixer was 

used to make pollen patties from each diet mix. Water was 

added to each homogenized diet mix until a firm doughy 
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consistency was achieved. No other ingredient was added to 

the pollen other than water. Pollen patties were made by 

placing 250 grams of the pollen mixture between two sheets 

of waxed paper and rolling it to a 1 cm thickness with a 

rolling pin. Each patty was then stored frozen at -20°C 

until used. One pollen patty was added to a test colony 

twice weekly beginning 27 March and ending on 16 May, 

1991. The weight of diet patties consumed was recorded for 

each colony on a biweekly basis. Weekly means were 

calculated from weights of diet consumed by colonies in 

each treatment group. 

Colonies were examined biweekly for the presence of 

developing queen cells on brood frames. Once active queen 

cells were noticed, careful visual estimations of the 

number of adult bees present, and presence of the original 

marked queen bee were made. A queen cell-building event 

followed by a large drop (50% or more) in adult worker 

numbers and the absence of the marked queen was considered 

an indication of a successful recent swarming event. 

Queen cell-building events not followed by swarming 

episodes were also recorded. 

Knowing the location of each marked queen was 

essential during the entire experimental period. Four 

things can happen to a marked queen; she could remain in 

the colony, she could leave with a swarm, the workers could 

kill her, after which time she would be superceded 
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(replaced with a new queen), or she could die from another 

unknown cause. The purpose of the Todd dead bee traps was 

to collect any marked queens that had either died or been 

killed by workers (inside the hive) during the experiment. 

Swarm traps (Schmidt et al., 1990) were placed in 

concentric rings at 100, 250, 500 and 1000 meters from the 

apiary. Since honey bee swarms during previous years at 

the Page Ranch location migrated approximately 400-500 

meters (Schmidt & Thoenes, 1991), and no feral colonies of 

honey bees have been found within 2 km of the apiary, any 

swarm captured in the swarm traps most likely originated 

from the experimental apiary. Each suspected swarming 

event from a colony was confirmed by inspecting the swarm 

traps for the presence of a newly occupying swarm. Swarms 

remained undisturbed within the swarm traps they had 

selected as a nest site. Additional swarm traps were 

placed at a trapping station so that a constant number of 

open cavities was maintained as potential nest sites. 

Swarm survival over the first winter was directly assessed 

by visual inspection on 18 March, 1992. 

Results 

The quantity of pollen trapped by the colonies, and 

its corresponding protein content, are shown in Figure E1. 

No pollen was collected until 27 March, followed by 

collection of minimal quantities «10 g colony· 1 day· 1 ) 
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until mid-April, and moderate quantities (between 10 and 50 

g colony" 1 day" 1 for most of the remainder of the study. 

Only two consecutive weeks, May 24 through June 7, had 

pollen collection greater than 50 g colony" 1 day" 1 (Figure 

E1a) . The weekly protein content of each pollen sample 

changed dramatically, 

protein (Figure E1b). 

content of nearly 20 

ranging from 19.5 to 32.4 percent 

A total of five weeks had protein 

percent, while the remaining nine 

weeks all exceeded 26% protein and three of these exceeded 

30%. 

Pollen collection rates obtained from the pollen

trap colonies was combined with the corresponding protein 

content for each sample which resulted in a calculated 

protein influx rates (as g colony"1 day"1) into the pollen 

trap colonies. This was assumed to equal the quantity of 

protein from external sources brought into all colonies in 

the study. This was the only other protein source 

available to the control colonies. The combination of 

quantity of diet consumed of known protein content resulted 

in the protein influx rates contributed by each of the two 

dietary treatments. For each of the diet treatments, the 

total weekly protein influx was the amount contributed by 

each diet in addition to pollen from external floral 

sources. Total weekly protein influx into colonies in the 

three treatment groups is given in Figure E2. There were 
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two important periods of protein influx during the study: 

the first was from mid-March through mid-May when 

supplemental diet patties were added to the colonies, and 

the second occurred after mid-May when protein influxes 

into all colonies were equal. The control treatment had 

very low protein influx rates «10 g colony-1 day-1) 

throughout the entire dietary manipulation portion of the 

study except for 15-22 April, when the influx rate was 12.4 

g colony-1 day- 1 . The protein influx rates for the low 

protein diet treatment ranged from 12 to 17 g colony-1 day-

, except for 15-22 April, when the rate was 24.7 g colony-1 

day-'. The protein influx rates for the high protein diet 

treatment ranged from 18 to 24 g colony-1 day-1, except for 

15-22 April, when the rate exceeded 30 g colony-1 day-1. 

After the dietary additions ended in mid-May, there was a 

peak in protein influx from 24 May through 7 June, with 

corresponding protein influx rates of 21.9 and 16.0 g 

colony- 1 day- 1 . 

Most of the colonies in each treatment built queen 

cells during the study and 75% of the colonies that built 

queen cells successfully produced primary reproductive 

swarms (Table E1). Two colonies in the high and one colony 

in the low protein diet treatments produced a second 

primary reproductive swarm. The number of first prime 

swarms, second prime swarms, and total prime swarms 

produced by each treatment were not significantly different 
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(binomial test p=ns). The dates on which queen cells were 

constucted in each treatment is shown in Figure 3. There 

were two periods of queen cell construction; during the 

time when pollen diet was added to colonies, and after the 

diet addition had ended. Addition of high protein diet 

resulted in 8 separate queen cell construction events, six 

of which resulted in successful prime swarm production. 

The addition of low protein diet resulted in two queen cell 

construction events, only one of which produced a swarm. 

For the control, no queen cells were constructed during 

this period. In the second time period, after diet 

addition had ceased, three cell constuction events occurred 

within colonies originally fed high protein diet. All of 

these produced swarms, and two swarms were from colonies 

which had swarmed during the first time period. The 

colonies originally fed the low protein diet had 7 cell 

construction events, with a total of five swarms produced. 

One of the swarms was produced by the same colony that had 

swarmed in the previous time period. For the control 

treatment all of the queen cell construction events 

occurred during the second time period. A total of 7 cell

building events occurred from which five prime swarms were 

produced. During the first period, significantly more queen 

cell construction events and prime swarms were produced 

from the high protein diet treatment than the other 
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treatments (binomial test p=0.05). During the second time 

period identical numbers of queen cell-building events and 

prime swarms were produced by the low protein and control 

treatments. Less cell construction events occurred in the 

high protein treatment, but the number of prime swarms 

produced was not different than in the other treatments 

(binomial test, p=ns). 

A total of 32 swarms were caught in the swarm traps 

from 22 April through 5 July. Of these, 20 were documented 

as prime swarms from 17 different colonies. The other 12 

swarms were probably afterswarms. The total reproductive 

rate for the colonies in the present study was 1.88 

swarms/colony during the 15 week study period. Five prime 

swarms, but no afterswarms survived their first winter. 

One swarm was caught in the swarm trap in early May while 

the others were all caught in mid-June. Thus, the survival 

rate for early-issuing swarms was 14.2% (1 of 7), late 

issuing swarms was 30.7% (4 of 13), and for all swarms 

produced was 15.6% (5 of 32). Three colonies had multiple 

prime swarming events. All of the second prime swarms were 

produced late in the study and none of them survived the 

winter. 

Discussion 

Comparison of protein influx rates (Figure E2) to the 

timing of queen cell construction events (Figure E3) shows 



207 

that cell construction was initiated within the same week, 

and presumably in direct response to, the peaks of protein 

influx. Queen cell construction in the high protein 

treatment occurred when rates of protein influx exceeded a 

level of 20 g colony-1 day-1. During the low protein 

treatment the rate of protein influx exceeded 20 g colony-1 

day-1 during one week, during which two cell construction 

events occurred. The control colonies had no high rate of 

protein influx and no queen cell construction during the 

first period of the study. During the second period of the 

study there was one peak of protein influx that exceeded 20 

g colony- 1 day-1 to which colonies from all treatments 

responded. There were several cell-building events in the 

low protein and control treatments that occurred the week 

before the last protein influx peak and were not related to 

any other period of high protein influx. These cell 

building events were most likely a response to slower 

protein-fueled colony growth over the several previous 

weeks that finally resulted in cell-building. Notice that 

the response was stonger in the low protein treatment 

colonies which had higher protein influxes immediately 

prior to the cell-construction events. 

bees, the pre-swarming response is 

Thus, for honey 

driven by protein 

accumulation or protein influx above a certain set point. 

Sufficient protein does not always result in successful 

reproduction because unsuccessful attempts were documented 



208 

in each treatment group. 

Winston (1980) showed that for temperate-adapted honey 

bees prime swarms produced a second prime swarm in 2 of 5 

cases, while the parent colonies did not produce a second 

prime swarm. Production of swarms by prime swarms was not 

monitored during the present study, but production of 

secondary prime swarms from parental colonies was 

monitored. Three cases were observed in which a second 

prime swarm issued from a parent colony that had earlier 

produced a prime swarm. All three cases involved the 

production of the first prime swarm during a diet 

manipulation treatment and were separtated by an interval 

of 50 - 60 days between prime swarms. Mul tiple prime 

swarm events during a year is apparently common in 

tropically-adapted honey bees (Winston et al., 1983). 

Thus, 

with 

in the present study, 

the behavioral trait 

temperate-adapted honey bees 

for multiple prime swarm 

production responded to high rates of protein influx. 

When a swarm leaves the natal colony the only 

resources, other than the adult bees, it carries along are 

carbohydrates inside the honey-stomach of each bee. A 

worker bee in a swarm carries in its crop (honey stomach) 

about 36 mg of a 65% sugar solution (Combs, 1972) and, when 

combined with an average swarm size of approximately 12,000 

(Fell et al., 1977) to 14,000 (Avitable and Kasinskas, 
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1977) worker bees, the total energy "reserve" of a swarm 

ranges from 280 to 327 g of sugar. Swarms devote a great 

deal of this and other initially-collected nectar 

carbohydrates into construction of beeswax combs inside the 

new nest (Lee & Winston, 1985). Swarms that issued earlier 

in the season have a much longer time to successfully 

build/expand a new nest. Lee & Winston (1987) showed that 

survival of swarms in British Columbia at 49 0 North 

latitude was directly related to number of workers produced 

after the swarm has established a nest, and number of 

workers subsequently produced was influenced by the date 

the swarm left the parent colony. Thus, early timing of 

swarming was indirectly related to how long a swarm 

persisted, and the new colony survived. It is interesting 

to note that none of the swarms or parent colonies used in 

the British Columbia study survived their first winter. 

Seeley & Visscher (1985) in Ithaca, New York at 42 0 North 

latitude showed that during years with rich forage all new 

colonies survived through the first winter and during years 

wi t.h poor forage they all died. During years with 

intermediate forage the early founded colonies lived while 

the late ones died. These authors concluded that during 

certain years, early production of reproductive swarms was 

an essential adaptation to survive the long, cold winters. 

Thus the post-swarming activites of temperate-adapted honey 

bees are directed towards collecting and storing nectar-
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derived carbohydrates, the early season timing of swarming 

provides more time for these critical activities to be 

successful. 

The swarms that issued early and late during the 

present study had much worse survival than those that 

issued mid-season. The reason for this is unclear but 

could have been related to a lack of nectar availability. 

Although colonies were not weighed, the colonies were 

inspected bi-weekly, and based on visual observations of 

honey stored in combs, the nectar flow began in early to 

mid-June. Thus, the earliest-issuing swarms rapidly 

metabolized the carbohydrates brought from the parental 

nest in construction of wax combs in the new nest, and only 

extremely limited nectar sources were available. This 

situation was apparently maladaptive to swarm survival. The 

mid-season swarms issued just prior to the nectar flow, and 

thus had ample supplies of nectar sugars enabling them to 

successfully establish a nest, build new combs, and store 

"excess" honey. 

The timing of reproductive swarming by honey bee 

colonies is critical and must be carefully balanced by the 

colony to maximize the chances that the S\varm will survive 

and become a reproductive, mature colony. Preparation for 

swarming is driven by protein influx, while long-term 

survival of the swarm/colony is based mainly on nectar-
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derived carbohydrate availability. Extremely early or late 

swarming appears to be maladaptive in a temperate location, 

since they do not coincide with periods of nectar 

availability in the resource landscape. Colonies that 

swarm just prior to, or at the beginning of, the nectar 

flow have the best chance to establish a nest and store 

sufficient nectar, as honey, to survive their first 

critical winter. 
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Table E1. The queen cell construction and resproductive swarming behaviors 
of honey bee colonies to three diet treatments at Page Ranch 
during spring, 1991. The three treatments consisted of adding 
pollen diet with high protein content, pollen diet with low 
protein content, or a no added diet as a control. 

Diet Treatment 

Number of High Protein Low Protein Control 
Colonies (24.8%) (17.2%) (No Added Diet) 

Queen Cell 
Construction events 11 9 7 

Produced a First 
Pr imary Svlarm 7 5 5 

Produced a Second 
Primary Swarm 2 1 0 

t\J 
I-' 

"'" 



215 

175 I I I 
----.. 

.-. 
150 I 

>-. 
I- -

<I:l 
'"C'l 125 I- -

.-. 
I 

>-. 100 c I- -
0 ........ 
0 75 () 

I- -
QJ) 

50 '--'" I- -
r:: 
(j) 

25 ........ ........ 
0 

0... 
0 

fo- nn n rI _I r=. ,=, I 
I I I 

~ 

~ .-- .--
'--'" 

c 30 0 I- r- ,...:-.- -......, .- r- .--
w -
0 r-

P-. 
25 8 l-

0 
u 
c ....... 

20 (j) I- r-
r- .-- -

......, -
0 
~ 

0... 

15 I 
1 

March April May June 

Figure E1. Weekly values for (A) collection of pollen 
trapped from four honey bee colonies (mean and one standard 
error) and (B) the percent crude protein for each pollen 
sample, during the diet manipulation study at Page Ranch, 
1991 
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Figure E2. Calculated amount of protein consumed by honey 
bee colonies in three diet treatments at Page Ranch, 1991 
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Figure E3. Number of queen cell construction events that 
occurred in honey bee colonies (A) fed pollen diet with 
24.8% protein, (B) fed pollen diet with 17.2% protein, and 
(C) no added diet controls. The bar patterns represent cell 
construction events which resulted in (solid bar) prime 
swarm production, (open bar) no swarm was produced, a!1d 
(hatched bar) production of a second prime swarm 


