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Summary. A large population of Halictus ligatus 
was studied in the subtropical climate of Knights 
Key, Monroe County, Florida. The dissection of 
858 female bees caught on flowers and 420 bees 
from completely excavated nests gives the follow- 
ing picture of phenology, colony development and 
social organisation. In the Florida keys, H. Iigatus 
is continuously brooded and multivoltine. How- 
ever, towards the coldest time of year young gynes 
may rest in their natal nests rather than found a 
new colony. This may result in a partial synchron- 
isation of nest initiation when warm weather re- 
turns after a particularly cold spell. Most nests are 
started by a single foundress that usually survives 
until near the end of the production of reproduc- 
tives. The first brood is very variable in size and 
males average 11% of the bees produced at this 
stage. This figure increases to 56% when the first 
brood workers begin provisioning. Queens are pro- 
duced some time after the rise in male production 
and colony longevity is extended by the presence 
of some worker brood during this phase. Queens 
average 16% larger than their workers but appear 
to exert little inhibition of worker reproductivity: 
57% of worker bees mate and 68% show ovarian 
development. This population is unique amongst 
social halictines in being continuously brooded, 
multivoltine and in having such weak physiological 
caste differentiation. It seems to represent an inter- 
mediate stage between the primitively eusocial col- 
onies of H. ligatus found in temperate regions and 
the communal-like ones of the tropics. 

Introduction 

From Lake Superior in the north to the tropical 
climes of Colombia in the south, Halictus ligatus 
spans a wider range of latitude than any other pri- 

mitively eusocial insect. No other social insect spe- 
cies has populations adapted to such a diversity 
of climates. Therefore, this species is an excellent 
candidate for studies of intraspecific variation in 
social organisation. Such studies are important be- 
cause they can show how various social parameters 
vary under a wide range of environmental condi- 
tions. Furthermore, a study of these ecological- 
behavioural variants could throw light upon the 
origin and further elaboration of social behaviour. 

Field studies conducted in Indiana (Chandler 
1955), Ontario (Knerer 1965, 1980; Knerer and 
Plateaux-Qu6nu 1966; Packer, in preparation) and 
New York (Litte 1977) indicate that in north tem- 
perate regions, H. ligatus has an annual colony 
cycle similar to that found in many primitively eu- 
social halictines. However, Michener and Bennett 
(1977) report that in the tropics, H. ligatus has 
communal-like colonies which "do not correspond 
to any of the named types of social organisations". 
This conclusion was based upon monthly samples 
of bees from Trinidad and the contents of eleven 
nests from Trinidad, Costa Rica and Colombia. 
In discussing the scanty data from the warm tem- 
perate climates of Arizona and southern Florida 
these authors conclude that in these regions "colo- 
nies like those of the tropics develop". 

This paper is an account of our investigations 
into the phenology and social organisation of H. 
ligatus in the sub-tropical climate of the Florida 
keys. This area was chosen because it is the south- 
ernmost part of eastern North America and has 
a climate allowing bee activity throughout the year. 
Furthermore, it is known that H. ligatus is active 
throughout the year in the extreme south of Flor- 
ida (Kirkton 1968; Atwood, personal communica- 
tion). Analyses of variation in reproductive suc- 
cess, male behaviour, associated organisms and the 
existence of a cuckoo-like sub-caste at this locality 
will be presented elsewhere. 
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Methods 

A large population of Halietus ligatus was discovered at the 
Knights Key camp ground, Knights Key, Monroe County, 
Florida - 24.42~ 81.24~ in February 1981. Collections of 
bees from flowers were made in the following months  : February 
and November 1981, February, March, April, June, October, 
November and December 1982 and February 1984. Sampling 
was carried out between 11:00 am and 12:30 pm and only 
bees that  were seen on the flowers of Bidens pilosa over a re- 
stricted portion of  the study site were captured and preserved 
in Kahle's solution. 

Nests were excavated during November 1981; January, 
March, April, November and December 1982 and February 
1984. Most  nests were observed for at least several days before 
excavation. Foragers were marked with Testors PLA enamel 
paint so that  individual bees could be recognised and their 
activity patterns recorded. Other nests were excavated soon 
after their initial discovery. Paprika was blown down the en- 
trances to make the burrows easier to trace and the nests were 
excavated from an adjacent trench, which was deepened as ex- 
cavation continued. Drawings of the nests were made and their 
contents preserved in Kahle's solution. 

The head widths and wing lengths of female bees collected 
from flowers and excavated from nests were measured and the 
number of nicks in the wing margin and the relative amount  
of mandibular  wear were recorded. An index of total wear 
was obtained by adding the number  of nicks in the wing to 
the score for mandibular  wear. However, some bees had their 
complete wing margins frayed making it impossible to count 
nicks. It was estimated that  a wing could sustain about  14 
nicks before the entire margin was eroded. Therefore, bees 
which had the edge of  the wings frayed were given a score 
of 15 and those with the wing worn away to the apex of the 
radial cell a score of 20. The bees were dissected to assess ovar- 
ian development and to see if they had mated. Ovarian develop- 
ment was assessed as by Litte (1977) and Michener and Bennett 
(1977): bees with thread-like ovaries were assigned to ovarian 
class D, those with one or two enlarged ovarioles class C, three 
or four developed ovarioles class B and five or six developed 
ovarioles class A. 

Male and female pupae could be distinguished by the lon- 
ger antennae and smaller heads of the former. Pupae were aged 
by the sequence of colour changes, first of the compound eyes 
and then of the general body pigmentation. Pupal head widths 
provide an accurate indicator of the head width of the adult 
(Packer, unpublished). 

We use the terms queen and worker in our analysis despite 
the fact that  most of the worker bees were mated and many 
of them appeared to have the ability to lay eggs. We feel justi- 
fied in this usage because most of the nests contained one female 
which was larger and had better developed ovaries than the 
other females in the nest. These large bees also appeared to 
be older than the others. Their greater age was not readily 
apparent from the indices of wear because worker bees will 
forage until they die and the foundresses forage only until the 
first brood is complete. Rather, their greater age was shown 
by the almost complete lack of thoracic and abdominal pile 
in individuals from nests which were at a later stage of colony 
development. This wear is presumably the result of intranidal 
locomotion, particularly movements in and out of the brood 
cells which have comparatively very narrow necks. In most 
cases these bees were almost certainly the nest foundresses. Fur- 
thermore, most nests lacking a queen did contain one bee which 
seemed to have become dominant  over the rest. Such replace- 
ment  queens are not uncommon in primitively eusocial halic- 
tines. We will return to the problems of the appiicability of 
this terminology later. 

Nests were classified according to their stage in colony 
development: 
Stage 1: nests containing a foundress and juveniles and/or  
adults of her first brood, i.e. all adults in the nest except the 
foundress(es) have resulted from the foraging activities of the 
foundress(es). 
Stage 2: nests with more than first brood workers (i.e. some 
adult workers have been produced from pollen balls pro- 
visioned by earlier emerging workers), but before queen produc- 
tion could be detected - as shown by the absence of any female 
pupae similar in size to the foundress in the nest. 
Stage 3: nests with some pupae that  are of similar size to the 
queen in the nest (or, if the nest has become queenless, some 
pupae are much larger than the worker bees and replacement 
queen), but no adult, young, queen-sized bees are present. 
Stage 4: nests with a much reduced worker population and 
with several new queens leaving the nest or " res t ing"  within 
it. 
Queenless nests: nests in which the queen had disappeared. 
Because the majority of these nests appeared to contain first 
brood offspring it is likely that  most were orphaned as a result 
of the foundress being caught in the monthly collections. 

Clearly, this is a partially artificial categorisation of a con- 
tinuous process. Nonetheless, it was possible to place all com- 
pletely excavated nests into one of the above stages with little 
doubt. The categorisation of female pupae as queen or worker 
sized presented some problems, however, most stage three nests 
showed a bimodal size distribution of female pupae, some being 
approximately the same size as the adult workers, others being 
similar in size to the queen (nest 132E, Fig. 3 is an example). 
Others (such as nest O, Fig. 3) showed a wide range of pupal 
sizes, with intermediates between queen and worker nestmates. 
In both cases, it is unlikely that  the large pupae would have 
produced workers, as very few workers approached their queen 
in size (Fig. 4). 

Not  one callow queen-sized female was found in any of 
the stage 3 nests, furthermore, large female pupae which were 
about  to emerge were also usually lacking from these nests. 
Thus, the possibility that  some stage 4 nests were accidentally 
classified as stage 3 seems unlikely. 

Many nests were incompletely excavated as a result of diffi- 
culties in following a 6 mm wide burrow through several feet 
of pulverised coral; these nests were not  included in the analyses 
except where stated. 

Results 

Monthly samples of bees from JTowers 

Monthly variation in head width, ovarian develop- 
ment, proportion of females mated and total wear 
are shown in Fig. 1. Analysis of variance of 
monthly mean head widths reveals that bees in the 
February 1981 sample are significantly larger than 
those of November 1981 and June and October 
1982 and those caught in December 1982 are larger 
than those of October 1982, all differences being 
significant at the 0.05 level. Monthly variation in 
mating frequency, ovarian development and age 
was tested by means of the G-test for homogeneity 
of replicates (Sokal and Rohlf 1981). The variables 
tested were the frequency of unmated bees, the pro- 
portion of bees with no ovarian development 
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Fig. 1A-D. Monthly samples of female H. 
ligatus collected from flowers at Knights Key 
Florida. A Mean and standard deviation in 
head width, the numbers refer to the sample 
sizes. B Percent of bees that were inseminated. 
The dotted and shaded bars represent the 
highest and lowest frequencies respectively, 
these cause the significant heterogeneity in the 
samples as a whole as revealed by a G-test 
(P<0.05). C Percentage of bees with no ovarian 
development (ovarian elass D). The dotted and 
shaded bars represent the samples that cause 
heterogeneity in the collection as a whole 
(P < 0.05). D Percent of bees with no wing or 
mandibular wear. This variable shows no 
significant heterogeneity amongst the monthly 
samples 

(Class D) and the frequency of bees with no wing 
or mandibular wear. As can be seen from Fig. i 
there is no significant heterogeneity amongst the 
samples for the proportion of unworn bees but 
there is significant variation in the frequency of 
unmated and ovarially undeveloped bees. Removal 
of either of  the extreme values for the proportion 
of unmated bees causes the samples as a whole 
to become statistically homogeneous. Thus, heter- 
ogeneity in the samples as a whole is caused by 
the high frequency of mating in the February 1981 
bees and a low frequency in those of April 1982. 
For lack of  ovarian development it is the highest 
or lowest three values that cause the heterogeneity; 
the highest three were June and December 1982 
and February 1984, the lowest were November 
1981 and March and October 1982. 

The February 1981 sample has the largest mean 
head width and the highest frequency of mated 
bees. This is consistent with the hypothesis that 
there are more queen-like bees in this sample than 
the others. We shall return to the unusual nature 
of the February 1981 sample later. With this excep- 
tion, there is little evidence for any meaningful sea- 
sonal variation amongst these samples. 

The size distribution of  all females caught on 
flowers is shown in Fig. 2. A distinct second mode 

of 3.6 mm can be seen. This suggests that these 
larger bees may be foraging gynes. This interpreta- 
tion is supported by the congruence of this part  
of  the histogram with the size distribution of 
queens excavated from nests (Fig. 2). These large 
foraging bees were found in all of  the monthly 
samples. 

Colony development 

Young gynes have been observed carefully examin- 
ing suitable nesting substrate every month from 
October to April (no observations which would 
detect such behaviour were made in June 1982). 
These searching gynes were not significantly differ- 
ent in size from queens excavated from nests with 
brood (searching young gynes - mean head 
width=3.74 ram, SD=0.15,  n =  11 ; queens from 
nests - m ean=3 .64m m ,  SD=0.20,  n = 4 0 ;  t=  
1.78, dr=59, P>0.05).  As is to be expected of 
gynes that have yet to excavate a nest, none of 
the searching females had any ovarian develop- 
ment; however, four out of  the eleven had not 
mated. 

Colonies pass through four stages as indicated 
above. Of the 56 completely excavated nests, i8 
(32%) were in stage 1; containing the foundress 



366 

300= 

200 

J NEST QUEENS 

m NEW QUEENS 

NEST BEES 

NEST FORAGERS 

FLOWER BEES 

>., 

100 
CD L 
13-- 

2.5 3.0 3.5 

HEAD WIDTH mm 

3.9 

Fig. 2. Histogram showing the head 
width frequencies of female bees from 
five different categories. As can be seen, 
the majority of bees with head widths in 
excess of 3.5 mm and above probably 
represent queens 

and her first brood in various stages of  develop- 
ment. The number of  offspring produced in this 
first brood ranged from 2 to ~2 (mean = 6.83, SD = 
3.29, n---12; in six nests the gyne was still pro- 
visioning). The one pleometrotic (multi-foundress) 
nest that was excavated contained, in addition to 
the queen and auxiliary, four young adult workers 
plus 12 pupae that probably resulted from the ac- 
tivities of  the auxiliary, thus giving a first brood 
size of at least 16 individuals. One solitary foun- 
dress had produced 11 offspring and was still pro- 
visioning at the time of  excavation. 

11% of the first brood consisted of  males. The 
sex and relative age of  all pupae could be estab- 
lished in three nests. In each of  them there were 
female pupae both older and younger than the 
male pupae. In one case two male pupae were 
much older than the youngest female pupae. Even 
allowing for a faster developmental rate for the 
smaller males, it is unlikely that the sequence of  
pupal ages observed in this nest was the result of 
the haploid eggs being laid last. Fig. 3 shows some 
examples of nests of  all stages. 

It is clear that more than one worker brood 
is interpolated between nest founding and the pro- 
duction of  new gynes. Evidence for this comes 

from the great diversity of  age of foragers, the du- 
ration of  worker activity in some marked nests and 
the absence of  large queen-sized pupae in nests 
with many small female pupae and a large, active 
and ageing worker population. Seven of these stage 
2 nests were completely excavated, making 12.5% 
of the total. Although the maximum number of 
workers found in these nests was 19, an incom- 
pletely excavated nest contained 19 foragers and 
approximately 25 adult workers in total. This is 
probably close to the maximum colony size 
reached by H. ligatus at this locality. 

Nests in which queen-sized pupae were found 
often contained a wide range of  female pupal sizes. 
This indicates that queen and worker production 
can occur simultaneously for at least some time. 
Two of the eleven stage 3 nests had no female 
pupae that were of  worker size. Of  the remaining 
nine nests, six had at least one worker-sized pupa 
that was as young or younger than the youngest 
queen-sized pupa. In ten nests there was at least 
one male pupa that was less well developed than 
the youngest queen-sized female pupa, indicating 
that male production continues well into the queen 
production phase. One stage 4 nest contained a 
worker that was fractionally larger than the queen 
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Fig. 3. Examples of nests from 
different stages in the colony cycle 
of H. ligatus at Knights Key. The 
symbols in the histograms are as 
follows - the large squares 
indicate the head width of one 
female, the large triangles 
represent the head width of a 
female pupa, the letter is the 
ovarian class of the bee, a solid 
circle represents an inseminated 
individual, a small triangle 
represents a female with some 
wing or mandibular wear, a 
square represents a female with a 
considerable amount of wear, the 
lack of either of the last two 
symbols represents a fresh- 
unworn individual. The numbers 
on the nest drawings refer to 
different developmental stages 
within the cells, thus: J = an 
unfinished pollen ball; 2 = a 
pollen ball with or without an 
egg; 3 = a  larva; 4 = a  prepupa; 
5 = a male pupa; 6 = a female 
pupa; 7 = a young gyne "rest ing" 
within its natal nest. The dotted 
areas in these diagrams represent 
excavated material, which is 
expelled at the entrance to form a 
tumulus, pushed into vacated cells 
or separating the "rest ing" 
burrow of the young gynes from 
the main burrow. The number of 
filled in cells in the diagrams is 
not likely to be accurate 
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and as a pupa would have been classified as queen- 
sized. Stage 3 nests make up 20% of those that 
were successfully excavated. 

Stage 4 nests are those in which the number 
of  workers is greatly diminished and gynes are 
emerging in large numbers. Ten such nests were 
excavated making 18% of the total. Half  of  these 
nests contained no dominant queen. These five 
nests are considered here and not among the 
queenless nests because the death of  the foundress 
towards the end of colony life is probably normal. 
In November through to February, stage 4 nests 
often contained mated, young gynes with large 
amounts of nectar in their crops. These females 
were located in short laterals which were sealed 
from the main branches of  the nest by thin plugs 
of soil (Fig. 3, nest 305). Upon  excavation, these 
young gynes proved to be quite active and were 
capable of  flight. Thus they are not in a true hiber- 
hal diapause but  merely "rest ing" in their natal 
nest. The few stage 4 nests excavated in March 
and April did not contain "rest ing" young gynes. 

Some stage 4 nests were observed all day, for 
several consecutive days. Large, fresh, young gynes 
were observed to leave in the late morning or after- 
noon. Usually, they did not return and, presum- 
ably, they initiated their own nests. Young gynes 
that did try to return to their natal nest were re- 
pulsed by the few remaining worker bees whose 
foraging activities were greatly reduced by these 
interactions. The break up of  stage 4 nests follow- 
ing the emergence of new gynes is facilitated by 
the behaviour of these remaining workers. How- 
ever, it is possible that one or more young gynes 
successfully take over some old nests. It is probable 
that the pleometrotic association was established 
when two females remained in their natal nest. 

Young gynes in stage 4 nests are significantly 
smaller in size than established queens with brood 
(mean head width young gynes= 3.44 mm, SD = 
0.26, n--121 established queens, mean=  3.63 mm, 
SD=0.19,  n = 5 0 ;  t=4.60,  d f=  169, P<0.001)  and 
significantly larger than worker bees in nests (mean 
size workers=3.11 ram, SD=0.21,  n=228,  t =  
16.12, df=276,  P<0.001)  (Fig. 2). As is to be ex- 
pected, none of  these young gynes showed any 
ovarian development or any measurable wing or 
mandibular wear; however, 12% of them were not 
mated. These young gynes proved to be extremely 
attractive to males: forceps used to remove these 
females from the nest would still attract males sev- 
eral minutes later. 

No foundress-like bees were found in 10 of  the 
completely excavated nests. In all but one of these 
queenless nests, one bee clearly had more ovarian 

development than the others and was considered 
to be a "replacement queen". In the remaining 
nest one bee did have marginally more ovarian 
development than the others and was also consid- 
ered a replacement queen. These replacement 
queens are significantly smaller than foundresses 
from queenright colonies (mean head width of  re- 
placement queens=3.16 mm, SD=0.22,  n=10,  
t=2.8,  P<0.01) ,  but there is no significant differ- 
ence in size between the replacement queens and 
their adult female nest-mates (mean head width 
workers = 3.07 mm, SD---0.27, n = 36, t = 0.467, 
P>0.5) .  In two nests, the replacement queen was 
the largest bee and in one she was the smallest 
of  six individuals. In two nests she was the most 
worn bee (oldest) but in three had no wing or man- 
dibular wear. Three of the replacement queens 
were unmated. All but two of these nests were 
equivalent to stage 1 nests, one was stage 2 and 
one stage 3. The preponderance of stage 1 nests 
suggests that many of their foundresses had died 
during foraging activity. It is likely that some of 
them had been caught during the monthly samples 

- most queenless nests were excavated at those 
times when monthly samples had been made com- 
paratively recently. 

Summary statistics for nests of the four differ- 
ent stages and for queenless nests are given in Ta- 
ble 1. 

Table 2 shows the frequency of  nests at differ- 
ent stages of colony development for the five 
months for which adequate sample sizes were ob- 
tained. Although some monthly variation may be 
apparent from the data (particularly the absence 
of  early stages in the December sample), it seems 
likely that larger samples would show the simulta- 
neous presence of  all stages of colony development 
throughout the year. 

No one nest was observed throughout the en- 
tire colony cycle. However, transitions from one 
stage of  colony development to another were ob- 
served in the field, particularly during the period 
February to April 1982. From these observations, 
plus a consideration of  the general pattern of col- 
ony development, it appears that the colony cycle 
rarely exceeds four months. 

In six nests, the mandibular wear of  the bee 
that appeared to be the queen was lower than is 
to be expected in a bee that had excavated a nest. 
Two of these females were dominant in stage 4 
nests and it is possible that they had taken over 
after the death of the original foundress rather 
than initiating their own nest. Three of the four 
remaining nests with comparatively " y o u n g "  
gynes were substantially more productive than 
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queenless nests. Means above, standard 

Stage n Queen Worker Worker 
size number size 

% Size No. of No. of No. of No. of Pupa Queen Worker 
difference larvae pupae queen male size wear wear 

pupae pupae 

1 18 3.57 2.50 3.06 
0.25 2.58 0.17 

2 7 3.71 11.57 3.10 
0.19 6.02 0.22 

3 11 3.68 7.18 3.08 
0.14 3.63 0.18 

4 12 3.66 3.50 3.21 
0.10 2.54 0.26 

5" 10 3.16 5.44 3.08 
0.12 1.50 0.12 

15.86 5.39 1.17 0.00 0.55 3.04 8.65 3.13 
5.47 4.95 1.95 0.00 0.98 0.13 6.54 6.20 

17.87 19.20 6.00 0.00 7.60 3.07 6.00 3.72 
2.79 7.92 2.55 0.00 2.88 0.27 4.47 7.00 

16.77 14.50 4.75 2.87 6.62 3.41 8.30 4.32 
3.57 7.91 2.82 1.96 2.61 0.25 6.21 6.62 

10.14 4.11 1.00 2.67 2.89 3.43 4.60 4.46 
6.49 3.55 1.94 3.50 5.51 0.29 5.03 6.31 

2.41 12.00 2.44 0.11 3.00 3.05 3.67 2.02 
3.96 7.04 3.20 0.31 6.80 0.22 1.31 4.05 

" Queenless nests 

Table 2. Monthly variation in frequency of nests in different 
stages of colony development. Figures in parentheses indicate 
estimated stages of the colony cycle for the queenless nests 
that are otherwise excluded from the Table 

Stage February March April Novem- Decem- Total 
84 82 82 bet 82 ber 82 

1 2 8(1) 8(7) 4 0 22(30) 
2 1 4(1) 4 1 1 11(12) 
3 0 3 8(1) 0 1 12(13) 
4 5 0 4 0 5 13 

nests at a similar stage of  colony development. This 
is consistent with the hypothesis that these nests 
had been pleometrotic earlier in the colony cycle. 
The remaining nest showed no such enhanced pro- 
ductivity. Thus, the possibility that the foundress 
in some nests had been usurped after nest establish- 
ment cannot be excluded. 

Social organisation 

Firstly, it is necessary to demonstrate that H. liga- 
tus colonies at Knights Key really are matrifilial 
and that discrete castes are discernible. Towards 
the end of  most nest excavations a large bee that 
was almost devoid of  pilosity was discovered at 
the bot tom of the burrow. Invariably this bee was 
larger and had better developed ovaries than its 
nest-mates. This bee was considered to be the 
queen. Figure 4 indicates that this assessment is 
correct. As can be seen, only one worker overlaps 
in size with its queen (the auxiliary from the pleo- 
metrotic nest was actually slightly larger than the 
queen but these two were probably sisters not 
mother and daughter as is the case with all of  the 
bees considered here). This unusually large worker 

was found in a stage 4 nest where large queen-sized 
bees are to be expected. Queens in half of  the stage 
4 nests had disappeared before the time of  excava- 
tion and it is possible that this large bee had been 
recruited into the work force by an unusually resil- 
ient queen. Ten bees showed a total ovarian devel- 
opment equal to or greater than their queen. All 
of  these bees were from the same three stage 3 
nests. Because most queens appear to die between 
nest stages 3 and 4, it is possible that those in 
these three nests were losing what little dominance 
they had; they may have been close to death. 

Non-foundress bees in nests were divisible into 
three categories: young gynes, foraging workers 
and nest workers. The distinctions between young 
gynes and workers have been made above; forag- 
ing workers and nest workers were separated on 
the basis of  pre-excavation observations. Summary 
statistics for all four categories of bees found in 
nests and searching foundresses are shown in Ta- 
ble 3. 

A detailed treatment of variation in female re- 
productivity will be presented elsewhere; here we 
restrict ourselves to analyses similar to those of  
Michener and Bennett (1977) to facilitate compari- 
son of  the tropical and subtropical populations of  
H. ligatus. 

Foraging workers are significantly larger than 
nest workers ( t=3.14,  P<0.005)  (Fig. 2), have a 
higher index of  total wear (t--4.05, P<0.0001),  
are more likely to have an oocyte ready to lay 
(;(2=6.19, P<0.05) ,  but no more likely to have 
mated (3(2=0.25, P>0.05) .  However, because 
some nest workers are likely to be young bees that 
have not yet left the nest, these analyses were re- 
peated with unworn bees (those with an index of  
wear of  zero) excluded from the samples: the dif- 
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Fig. 4. Caste differentiation in H. ligatus. The horizontal axis is the percentage size difference between an individual worker 
and its respective queen. The vertical axis is the difference in ovarian development between the worker and its queen. This 
last variable was assessed in the following manner. The sum total of fractions of developing oocytes were summed for all six 
ovarioles in each bee. The score on the vertical axis represents the score for the queen minus that of the worker. Thus the 
vertical dotted line separates workers that are larger than their queen (on the left) from those that are smaller. The horizontal 
dotted line separates the workers with more ovarian development than the queen (below the line) from those with less 

Table 3. Summary statistics for bees of different categories (see text for further explanation of categories). Means are shown 
above, standard deviations below. Numbers in parentheses are the ovarian categories expressed as percentages 

Bee status n Head Total Mated A B C D 
width wear (%) 

Nest queens 40 3.64 7.56 100 25(62.5) 11(27.5) 4(10.0) 0(0.0) 
0.2O 5.94 

New queens J05 3.45 0 85.7 0(0.0) 0(0.0) 0(0.0) 105(100,0) 
0.27 0.0 

Searching queens 11 3.74 1.45 63.6 0(0.0) 0(0.0) 0(0.0) 11(100.0) 
0.J5 2.16 

Foraging workers 171 3.08 4.76 50.3 14(8.7) 48(29.8) 60(37.2) 39(24.0) 
0.20 7.30 

Nest workers 64 3.18 1.80 53.2 1(1.6) 13(20.3) 17(26.6) 33(51.0) 
0.22 3.67 

ferences in size and index of wear between foraging 
and nest workers remained (t=2.21, P<0 .05  and 
t=  3.2, P<0.005 respectively) and the association 
between foraging and mating stayed non-signifi- 
cant 0(2=0.43, P>0.5) .  However, worn foraging 
bees were no more likely than worn non-foragers 
to have a fully developed oocyte 052=1.49, P >  
0.1). Thus, the significant association between for- 
aging and presence of a complete oocyte is probab- 
ly a result of  a higher proportion of the nest 
workers being too young to have developed one. 

Perhaps the most remarkable fact about the 
social organisation of this population is the high 
degree of reproductivity exhibited by the worker 
bees within the matrifilial colonies. 51.6% of all 
workers were mated and 68% had some ovarian 
development. 6.7% had ovaries in class A, 27.1% 
class B, 34.2% class C and 32.0% class D. There 

are no significant differences in ovarian develop- 
ment between workers in nests of  different stages 
0(2=6.41, P >  0.1). 

Workers with a mature oocyte are no different 
in size or age from workers with less or undeve- 
loped ovaries (Table 4), Mated workers are signifi- 
cantly larger but no more worn and no more likely 
to contain a developed oocyte than unmated ones 
(Table 4). 

Workers from the 8 out of 10 queenless nests 
that represented stage 1 in colony development 
were compared with workers from queenright nests 
of the same stage. With the replacement queen re- 
moved from the queenless nest sample the follow- 
ing results were obtained: there is no significant 
difference in the frequency of worker mating, size 
or index of wear between workers in queenright 
and queenless nests 052=0.32, P>0 .5 ;  t=2.39, 
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Table 4, Summary statistics for workers with or without a devel- 
oped oocyte and for inseminated versus uninseminated individ- 
uals. Figures in brackets are standard deviations 

Complete oocyte Insemination 

Present Absent Mated Unmated 

Head width (mm) 3.13 3.10 3,15 3.07 
(0.20) (0.21) (0.22) (0.19) 
t=0.79, P>0.1 t=2.82, P<0,005 

Wear 2.85 4.15 4.54 3.26 
(5.30) (6.84) (6.89) (6.29) 
t=1,15, P>0.1 t= 1.49, P>0A 

Mated 25 87 

Unmated 15 99 
22=3.28, P>0.05 

P>0.5;  t=1.35, P>0.1 respectively). Similarly, 
there is no significant difference between the two 
types of nest with respect to ovarian development 
~2=4.67, P>0.05). However, if the replacement 
queens are included in the analysis, then females 
in queenless nests show significantly more ovarian 
development than those in queenright colonies 
(;(2=10.69, P<0.005). This indicates that the 
queens do have some inhibiting effect upon worker 
ovarian development and that replacement queens 
were able to continue this inhibition. But, in- 
creased competition for oviposition is indicated in 
queenless colonies by the significant increase in fre- 
quency of workers that contain a complete oocyte 
when replacement queens are removed from the 
sample (,g2=5.09, P<0.05). The continued pres- 
ence of the foundress makes no difference to the 
proportion of workers that are active foragers 
0f2 = 3.07, P >  0.05). 

Discussion 

Seasonal variation 

In north temperate regions, the annual colony cy- 
cle exhibited by H. ligatus results in marked chan- 
ges in the size and reproductive condition of fe- 
males caught at different times of year. Thus, in 
spring, all females are mated and most have ovar- 
ian development whereas summer workers are usu- 
ally unmated and show little ovarian development 
(Litte 1977; Knerer 1980; Packer in preparation). 
Summer workers are smaller than the queens and 
although the mean size difference between queens 
and workers varies between localities it is always 
significant (Michener and Bennett 1977). The in- 
dex of wear also varies during the season: gynes 

during the nest founding stage are unworn but 
gradually become more worn as the spring pro- 
visioning phase progresses. Auxiliaries in pleome- 
trotic nests usually continue foraging until they are 
very worn. With the emergence of the workers, 
the mean age of bees caught on the wing decreases 
dramatically and then gradually increases again as 
these individuals get older. Towards the end of 
summer next year's foundresses emerge to mate 
with the males, these gynes are larger and fresher 
than the workers and have no ovarian develop- 
ment. 

No variation in female size, ovarian develop- 
ment, frequency of insemination or age similar to 
that shown during the flight season in north tem- 
perate regions was observable in the bees caught 
on flowers at Knights Key. Large queen-sized bees 
were caught in each of the monthly samples from 
Knights Key, foundresses were seen looking for 
suitable nest sites every month that detailed field 
work was done and males were always abundant. 
Data from excavations indicate that nests of all 
stages of colony development couid be found at 
any time of year. 

Colony development 

Nest excavation data provide the following picture 
of colony development in this subtropical popula- 
tion. Most, but not all, colonies are begun by a 
solitary foundress. These lone females provision 
from two to twelve ceils and lay mostly female- 
producing eggs such that 11% of the first brood 
is composed of males in these stage I nests. There 
is no perceptibly non-random sequence to the lay- 
ing of haploid and diploid eggs. Workers average 
16% smaller than their mothers. Once provisioning 
of the first brood is complete the nest entrance 
is plugged until the first offspring emerge, although 
in pleometric nests activity may be continuous as 
is the case in multi-foundress nests in north tem- 
perate regions (Litte 1977; Knerer 1980). The 
worker offspring enlarge the nest and provision 
cells which produce both more workers and an 
augmented proportion of males. Fifty-six percent 
of the offspring produced during stage 2 of colony 
development are males and the worker population 
may increase up to a maximum of about 25 indi- 
viduals. The maximum colony size attained seems 
to vary greatly among nests. Stage 3 nests are those 
in which queen production has begun, this occur- 
ring after the great increase in male production. 
At this time the nests are at the peak of colony 
development. Colonies do not switch from worker 
and male production to queen and male produc- 
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tion. Rather, worker and male production con- 
tinue well into the queen production phase. This 
"graded control" increases the length of colony 
life. These late workers aid in the survival and dis- 
persal of the female reproductives as a result of 
their defensive behaviour at the nest entrances, 
which includes repulsing returning young gynes. 
The great majority of foundresses survive well into 
the phase of reproductive production. 

New foundresses may leave the stage 4 nest 
and begin looking for a suitable nest site soon after 
they emerge from their natal cells. However, in 
the majority of nests that are producing female 
reproductives towards the coldest months of the 
year (January and February), these young gynes 
return to their natal nests. Most of these females 
are mated, their crops full of nectar and they re- 
main in short laterals to the main nest burrow. 
The length of time these females spend resting in 
their natal nest probably depends upon the extent 
and intensity of inclement weather, but it is unlike- 
ly that this period ever exceeds six weeks. A com- 
parison of the February 1981 sample of flower 
caught bees with the other samples supports this 
hypothesis. The mean size of females in the Febru- 
ary 1981 sample is significantly larger than those 
caught in November 1981 and June and October 
1982 and it has the highest proportion of mated 
bees. The large mean size and high rate of insemi- 
nation of bees in this sample is probably a result 
of there being more foundresses in this month's 
collection than in any other. The unusually cold 
weather in the two months leading up to February 
1981 was probably responsible for these anomalies. 
It seems likely that the cold weather had delayed 
the nest founding activities of the young gynes rest- 
ing in the stage 4 nests. This resulted in some de- 
gree of synchronisation of nest initiation by the 
young foundresses with the arrival of warmer 
weather. Additionally, those foundresses that had 
initiated nests during the previous two months 
would have been prevented from completing their 
first brood because of poor weather and this too 
would increase the proportion of mated foundress 
bees with developed ovaries in the February 1981 
sample. 

In the subtropical climate of the Florida keys, 
weather suitable for bee activity occurs throughout 
the year with only brief interruptions in January 
or February of insufficient duration to halt colony 
development. Although young gynes in some nests 
become quiescent with the onset of cooler weather, 
the reduced seasonality is insufficient to select for 
an annual colony cycle. Colony life is quite short 
(probably no longer than in the north temperate 

populations in Ontario and New York). This short 
colony cycle may increase the chances of the queen 
production phase being reached before predators 
destroy the nest. The phenomenon of a brief nonre- 
productive colony phase is well known in social 
wasps (Jeanne 1982). Ants appear to be the main 
nest mortality factor at Knights Key (Paratrechina 
sp. being particularly important). The high early 
male production may be a bet-hedging strategy en- 
suring some chance of genetic contribution to the 
next generation even if the queen production phase 
is not reached. In addition, the high frequency of 
worker mating and oviposition may make early 
male production more advantageous than is nor- 
mally the case. 

From a consideration of all these data we make 
the following conclusion: in the sub-tropical cli- 
mate of the Florida keys H. ligatus is continuously 
brooded with several complete colony cycles taking 
place during one year. During the warmer months 
young gynes initiate a new nest soon after they 
emerge from their natal cells but from late No- 
vember until the end of February they may return 
to their natal nest and excavate a short lateral bur- 
row. The length of time the foundresses spend in 
this "resting" chamber will depend upon the dura- 
tion and intensity of cold weather. Thus, some de- 
gree of synchronisation is possible within the con- 
tinuously brooded, multivoltine annual cycle. 

That unmated gynes may begin nesting and/or 
rest in their natal nests during cold weather is most 
unusual. This is not found in temperate social ha- 
lictines where gynes have to mate before entering 
diapause if they are to mate at all. 

Social organisation 

In north temperate regions, H. ligatus has a social 
organisation typical of many primitively eusocial 
halictines in which there is a well defined reproduc- 
tive division of labour. Morphological caste differ- 
entiation varies from 4% in California (Eickwort 
1985) to 14.4% in New York (Litte 1977). Mi- 
chener and Bennett concluded that the Trinidad 
population of H. ligatus exhibited a social organ- 
isation more similar to the communal than to any 
other named category. Our studies of a subtropical 
population indicate that the colonies are truly ma- 
trifilial with the founding female living until the 
end of the colony cycle. These queens average 16% 
larger than their workers but despite this large 
morphological caste differentiation they seem to 
exert little inhibition on either worker ovarian de- 
velopment or mating. ] 8% of the worker bees had 
an oocyte ready to lay at the time of nest excava- 
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tion compared to 36% for queens. The ratio of 
oocytes ready to be laid in queens and workers 
may not accurately reflect the actual ratio of queen 
to worker produced offspring. This is because of 
the likelihood of egg consumption. Oophagy has 
been observed in laboratory colonies of Lasioglos- 
sum (Dialictus) zephyrum (Batra 1964) and is 
probably a widespread phenomenon in halictine 
species which have a moderate or high degree of 
ovarian development in workers. Nonetheless the 
high worker fecundity in this population is remark- 
able, particularly considering the large queen- 
worker size dimorphism. 

The only workers that had more ovarian devel- 
opment than their queen were found in late stage 
nests in which the queen may have been close to 
death. However, there are no significant differ- 
ences in ovarian development between the workers 
in nests of different stages. This indicates that 
worker ovarian development is not merely the re- 
sult of the queen losing dominance towards the 
end of the colony cycle. The fact that a distinct 
replacement queen emerges in queenless nests and 
that functional workers from these nests are more 
likely to develop a complete oocyte than those in 
queenright nests, indicates that queens do exert 
some inhibiting effect upon worker ovarian devel- 
opment. 

The morphological caste differentiation be- 
tween queens and workers at Knights Key is un- 
usually high: only Lasioglossum (Evylaeus) mala- 
chururn, L.(E.) lineare, (Packer and Knerer 1985), 
L. (Dialictus) umbripenne (Wille and Orozco 
1970), L. (D.) exiguum (Packer 1985), Halictus 
(Seladonia) hesperus (Brooks and Roubik 1983; 
Packer 1985) and H.(H.) latisignatus (Sakagami 
and Wain 1966) exceed this figure. Polygynous 
spring nesting associations of Ontario H. ligatus 
studied in the laboratory show that interactions 
between nest-mates is frequently vicious. Several 
times a larger bee grabbed a smaller nest-mate by 
the "neck" with its mandibles and either pum- 
meled it into the ground at the bottom of a burrow 
or knocked it from side to side against the burrow 
walls. Larger bees would certainly be at an advan- 
tage in encounters like these! Selection may have 
favoured queens that produce proportionately 
smaller workers because the greater the size differ- 
ences between the castes the easier it is for queens 
to win in aggressive interactions. 

Is the social organisation of the subtropical 
population of H. ligatus in the Florida keys inter- 
mediate between the primitively eusocial colonies 
of the temperate regions and the "communal-like" 
ones of the tropics? In a more communal society 

Table 5. Contingency tables comparing data from subtropical 
and tropical populations. Data from the tropical populations 
comes from Michener and Bennett 1977 

Locality "Nest bees" 

Ovarian class Mating 

A B C D Mated Unmated 

Knights Key 65 157 139 326 415 270 
Trinidad 0 32 24 6 36 26 

Z2 = 51.44, df=3, P<0.001 Z2 =0.14, df=l, P>0.5 

Locality "Flower bees" 

Ovarian class Mating 

A B C D Mated Unmated 

Knights Key 94 323 474 310 826 346 
Trinidad 12 191 174 6 213 170 

Z2 = 128.33, df=3, P<0.001 Z2 =28.77, df=l, P<0.001 

Locality Queen 

Present Absent 

Knights Key 43 15 
Tropics 2 7 

Fisher's Exact Test, P<0.0043 

there would be less difference in reproductive po- 
tential between the bees. Thus we would expect 
a higher frequency of worker mating and a more 
even spread of ovarian development amongst all 
bees in the tropical population. Additionally, we 
would expect a higher proportion of the nests exca- 
vated at the Knights Key locality to contain a 
queen bee. A comparison of the data presented 
by Michener and Bennett and that of the present 
study is made in Table 5. We include in the catego- 
ry "nest bees" all of the queens, young gynes, for- 
aging workers and nest workers from 48 complete- 
ly excavated queenright nests plus bees from the 
10 queenless colonies. This sample should roughly 
correspond to the 62 bees from 6 completely exca- 
vated nests studied by Michener and Bennett 
(1977). Similarly we have pooled the 849 bees 
caught on flowers during the monthly samples with 
324 foraging workers from known nests for com- 
parisons of "flower bees" of the tropical and sub- 
tropical populations. Additionally, we have added 
data from the observations of Raw (1975) in Ja- 
maica to those of Michener and Bennett (1977) 
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for an analysis of the proportion of nests that con- 
tain a queen, or queen-like bee. 

As can be seen from Table 5, there is no signifi- 
cant difference between the localities in the propor- 
tion of  "nest bees" that are inseminated. However, 
when flower bees are considered, significantly 
more bees of the Knights Key population are 
mated. The Trinidad population has comparati- 
vely more bees of intermediate ovarian develop- 
ment than those from Knights Key, this being true 
for both "nest  bees" and foragers. Similarly, there 
is a significantly higher proportion of queenright 
nests in the Knights Key population than in the 
various nests that have been excavated in the trop- 
ics. Thus, it does seem likely that there is a decrease 
in the social level of H. ligatus from the temperate 
regions through to the tropics. 

How can we explain this apparent progressive 
breakdown in reproductive division of labour from 
north temperate regions to the tropics ? Most tropi- 
cal social halictines exhibit low levels of  social or- 
ganisation: many species are communal whereas 
a few are semi-social. Several species of  tropical 
halictine exhibit primitively eusocial behaviour 
with well defined castes. Of these - H. (S.) hesperus 
(Brooks and Roubik 1983), L.(D.) umbripenne 
(Wille and Orozco 1970; Eickwort and Eickwort 
1971) and L.(D.) exiguum (Packer ]985) live in 
distinctly seasonal habitats and the young gynes 
diapause during the wet season (although the Tur- 
rialba population of L. (D.) umbripenne is thought 
to be an exception). Some species of Augochlora 
(Oxystoglosella) are eusocial with well defined 
castes but live in comparatively aseasonal environ- 
ments (Eickwort and Eickwort 1972). However, 
this is a purely tropical taxon and it can be as- 
sumed that sociality originated in a tropical envi- 
ronment in this group whereas the aforementioned 
species (including H. ligatus) almost certainly had 
temperate ancestors that were social. Some degree 
of synchronisation in colony development may 
thus be necessary to maintain a well defined caste 
system in halictine bees in which sociality origi- 
nated in temperate regions. Nonetheless, it should 
be pointed out that a seasonal environment does 
not necessarily result in well defined castes! Many 
eusocial, temperate halictines have poorly differen- 
tiated castes, another Nearctic Halictus species - 
H. farinosus is one example (Eickwort 1985). 

Cold spells in the Florida Keys may cause the 
retention of an ancestral diapause-like stage: a true 
diapause being found in populations with an annu- 
al colony cycle on the Florida mainland at least 
as far south as Tampa (Packer in preparation). 
However, the ancestry of the Trinidad population 

must have included phases in less seasonal habi- 
tats, where cold weather was no longer a cue for 
diapause. It is possible that the dry-season aestiva- 
tion in this population is a recent adaptation occur- 
ring after all traces of seasonal response in the 
colony cycle had been lost. Thus the breakdown 
in physiological caste differentiation in H. ligatus 
populations towards the tropics may be related to 
the loss of  environmental cues that enforce syn- 
chronous periods in colony development. 

The subtropical population of  H. ligatus is 
more similar to the tropical ones studied by Mi- 
chener and Bennett (1977) than any other popula- 
tion of this, or any other halictine species. The 
high proportion of bees that are mated and have 
ovarian development, the lack of seasonal varia- 
tion in these, and other variables etc. indicate close 
similarity. However, in the tropics, the colonies re- 
main active for a long time after the death of the 
foundress. Conversely, in the subtropics, the nest 
population diminishes quite rapidly as a result of 
reproductive production; returning young gynes 
are repelled by the few remaining workers after 
the death of the queen. Thus, the colony life does 
not greatly exceed the longevity of the foundress. 
It is possible that the differences found between 
the tropical and subtropical populations stem from 
this. 
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