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Summary, One aspect of behavioral ecology that has 
received considerable attention, especially by students 
of social insects, is the relative amount of energy invested 
by parents in the rearing of male versus female offspring. 
Sexual selection theory makes predictions about how 
individuals should allocate their total investment in the 
sexes. To test these predictions we must accurately quan- 
tify the relative "cos t"  incurred by a parent in the pro- 
duction of an average individual of either sex. Body 
weight ratios are the most common estimate of cost ra- 
tio, but the correspondence between offspring body 
weight and energetic investment on the part of the parent 
has rarely been determined. Calliopsis (Hypomaerotera) 
persimilis is a solitary, ground-nesting bee whose natural 
history makes it particularly convenient for studies of 
investment patterns and foraging behavior. Each day 
females construct and provision from 1 to 6 cells in lin- 
ear, closely-spaced series. Each cell is provisioned with 
pollen from Physalis Wrightii flowers, which is collected 
on two or three foraging trips. However, the temporal 
sequence in which two- and three-trip foraging bouts 
occur is not random. Females invariably begin each day 
provisioning cells with three trips worth of pollen and 
usually switch to provisioning the latter cells of the day 
with just two trips worth of pollen. The sex of the off- 
spring within the same co-linear series of cells also varies 
non-randomly - female offspring predominate in the 
first cells of each series and male offspring in the latter 
cells. The correspondence between the number of forag- 
ing trips to provision a cell, the total time spent foraging, 
and offspring sex was determined for 36 cells. The data 
indicate a close, though not absolute, relationship be- 
tween the number of foraging trips and the sex of the 
offspring: males usually received two trips of pollen, 
though some received three, whereas female offspring 
invariably received three trips worth of pollen. A number 
of potential estimates of the relative cost of female and 
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male offspring production were calculated. Estimates of 
the cost ratio based on the amount of time spent forag- 
ing, adult dry body weight, and pollen ball dry weight 
all give similar values. Female offspring receive an ener- 
getic investment of from 1.3 to 1.5 times that of males. 
These results support the use of adult dry body weight 
ratios in the estimation of cost ratios. 

Introduction 

The relative amount of resources invested by parents 
in the total output of male versus female offspring is 
termed investment ratio. In the classic model of sex ratio 
evolution, R.A. Fisher (1958) predicted that population- 
wide investiment in male and female offspring should 
approach equality, in panmictic populations. Any devia- 
tion from a 50:50 investment ratio within a population 
should be corrected by selection favoring females that 
produce the under-represented sex. I will follow Booms- 
ma (1989) in considering investment ratio (IR) as the 
total investment in female production divided by the 
total investment in male production. The investment ra- 
tio can be calculated by multiplying the sex ratio (SR, 
no. females/no, males) by some measure of the relative 
cost to the parent of an average female divided by the 
relative cost of an average male ( CR) : IR  = CR x SR. 

The question of how to measure cost is fundamental 
to studies of investment ratios. Trivers (1972) pointed 
out that the true cost of an offspring to the parent should 
be measured in terms of the diminution of total resources 
available for investment in other offspring. However, this 
can rarely be measured and approximations are usually 
used. The most commonly used estimate of offspring 
cost is average wet or dry body weight (Trivers and Hare 
1976; Cowan 1981; Frohlich and Tepedino 1986; 
Boomsma 1989). The accuracy of this estimate has been 
questioned because of metabolic differences between the 
sexes (males require more food per unit of adult body 
mass than females) and variation in water content 
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(Trivers and Hare  1976; Boomsma 1989). More funda- 
mentally, the degree to which offspring body weight cor- 
responds to the energetic input on the par t  of  the parent  
is poorly understood. 

The biology of  mass-provisioning bees and wasps 
provides an economically and energetically simple sys- 
tem with which to investigate questions of  parental  in- 
vestment. Several correlates of  offspring cost can poten- 
tially be quantified: the time spent by females for cell 
construction and provisioning, the total  weight of  the 
provisions consumed by larvae, and the weight of  the 
adult offspring produced by those provisions. Because 
of  some unique features of  the biology of  Calliopsis (Hy- 
pomacrotera) persimilis, it was possible to determine the 
time spent by females in provisioning cells destined to 
contain male offspring versus those destined to contain 
female offspring. Average time spent foraging for off- 
spring of  either sex should provide a realistic estimate 
of  offspring cost, especially for oligolectic bees, in which 
resource availability is temporally limited. Interestingly, 
this estimate of  cost corresponds very closely to esti- 
mates of  energetic cost based on adult dry body weight 
and the dry weight o f  the pollen and nectar provisions. 
These results have implications for the estimation of  in- 
vestment ratios in other insects. 

Although Cockerell (1899) considered C. persimilis 
(previously Hypomacrotera; see Ruz, 1988) a subspecies 
of  C. callops, there are several morphological  characters 
that  allow one to unambiguously  separate them into two 
species. These features include those listed by Cockerell 
and two not  mentioned by him (Danforth,  in prepara-  
tion). The two species have overlapping ranges in south- 
ern Arizona and New Mexico. Rozen (1970) studied C. 
callops near Douglas,  Arizona, and found no evidence 
of  serial cell construction. 

Materials and methods 

This study was carried out at a locality 1 km north of Animas, 
Hidalgo County, New Mexico, USA. Approximately 90 nests were 
found between 7 August and 7 September 1988 along a dirt road 
running parallel to state road 338. This area is a mixed grassland 
habitat with scattered Sphaeralcea (Malvaceae), Sida (Malvaceae), 
Charnaesaracha (Solanaceae) and a dense patch of Physalis Wright- 
ii (Solanaceae), the sole source of pollen for C. persimilis, adjacent 
to a cotton field. 

The times of departures and returns of individual female bees 
were recorded by placing clear plastic cups over the nest entrances. 
When a bee emerged from the nest into the plastic cup, it was 
immediately released, and when a bee was seen flying around a 
cup, the cup was removed and as the bee entered her nest the 
presence or absence of pollen loads was noted. It was essential 
to allow bees to fly normal orientation flights on the first departure 
of the day, otherwise they could not find their nest entrances when 
they returned. Using plastic cups thereafter did not seem to affect 
the behavior of the bees and allowed me to follow up to six nexts 
at a time. 

Nests were excavated by blowing a fine mist of talcum powder 
down the tunnel and carefully digging away the soil with a pen 
knife. Larvae and pupae collected from nests were reared at 30 ° C 
and 100% humidity. 

Adult bees and pollen balls, spherical masses of pollen and 
nectar consumed by larvae during development, were dried at 50 ° C 

for at least 3 days prior to weighing. In the results presented below 
means are given with their standard errors. Voucher specimens 
are deposited in the Snow Entomological Museum. 

Results 

Phenology 

When nests were first located on 7 August, it appeared 
that  the nesting season had just begun because all nests 
excavated contained only a few cells, and the brood  con- 
sisted exclusively of  eggs and small larvae. Nests contain- 
ing pupae were first detected on 16 August, and thereaf- 
ter a range of  nests, f rom newly initiated nests containing 
predominant ly  eggs to nests containing predominant ly  
pupae,  could be found. By 7 September the number  of  
active nests had declined, and all nests excavated had 
pupae or callow adults emerging f rom cells. The last 
instar larva is most  likely the overwintering stage, as 
in other panurgines (Rozen 1989). 

Nest occupancy and structure 

All of  the nests excavated ( n =  59) contained a single 
female. How long a female occupied a nest and whether 
females occupied more than one nest during their lives 
was not determined. Nests were located on horizontal  
ground and most  entrances were surrounded by a circu- 
lar tumulus 3-4 cm in diameter. The entrance remained 
open while bees foraged but  was closed 4-5 min after 
the last trip of  each foraging bout. 

The main tunnel entered the ground at a steep angle 
(between 45 ° and 90 ° to the horizontal) and thereafter 
followed a straight path  downward (Fig. 1). The first 
cells were encountered 5 to 7 cm below the surface and 
the deepest cells were found at 12 cm. The max imum s 
number  of  completed cells per nest was 22. Cells oc- 
curred singly or, more  commonly,  arranged in co-linear, 
closely-spaced series of  f rom two to six cells (Fig. 1 d, 
e). The distance between the ends of  cells in series was 
3-5 mm. Single cells, containing the oldest and siginifi- 
cantly male-biased brood,  were the shallowest. As in 
some other panurgine bees (Rozen 1967), the cells of  
C. persimilis were lined with a wa te rp roof  material.  

Parasitism and predation 

A total of  320 cells were located while excavating mature  
nests (nests containing primarily last instar larvae and 
pupae). Some of  these cells (6.9%) contained larvae or 
provisions infected with fungi, and some (2.2%) con- 
tained bombyliid fly larvae. None of  the fly larvae were 
reared to adulthood and so cannot  be identified to spe- 
cies. There was no indication that  mortal i ty  rate was 
related to a larva's  position within a cell series. Fungi 
were found infecting cells in positions one to five, and 
fly parasites were found in cells one to four. 
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Fig. 1 a-h. Nests of C. persimilis. The ceils provisioned on the day 
nests were excavated are numbered consecutively in the order they 
were provisioned. The contents of cells completed on other days 
are indicated by letters: e =pollen ball with egg; s = small larva; 
m=medium-sized larva; l=large larva, a-d and f-h are lateral 
views of nests; e is a top view of the nest shown in d. The nest 
shown in h was dug several days after the resident female was 
captured so the sexes of the offspring could be determined 
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F~g. 2. Typical foraNng behavior of female C. persimilis over the 
course of a day. The returns per nest per 15-min interval are shown 
for three bees. Closed circles indicate returns with pollen loads 
externally; open circles indicate feeding trips. For bee +57 the 
sex of the offspring was determined by nest excavation and shows 
the typical pattern of female cells provisioned first and male cells 
provisioned later 

Daily cell provisioning behavior 

The typical foraging pat tern for female C. persimilis is 
shown in Fig. 2: several (up to six) series of  two to three 
closely spaced pollen collecting trips separated by rough- 
ly 1 h, followed by one trip at the end of  the day on 
which the bee carried no visible pollen. Each series of  
closely spaced pollen trips, temporally distinct from 
other foraging trips, is referred to below as a " b o u t "  
of  foraging. The mean duration of  foraging trips was 

8 .0_  0.3 min (n = 235), and the mean time spent in the 
nest between trips was 4.4 _+ 0.2 rain (n = 202). The mean 
time spent in the nest between foraging bouts was 62.7 _ 
1.3 min (n = 97). 

By catching bees at specific points throughout  the 
cell provisioning sequence and excavating the nests, it 
Was possible to determine that each bout  of  foraging 
represents the complete provisioning of  one cell and that  
each group of  co-linear cells is completed in 1 day. When 
bees were caught returning on the first trip of  the first 
bout  and the nest was then excavated, a single, empty, 
lined cell was found at the end of  a 3.5 4.0 cm lateral 
( n = 4 ;  Fig. 1 a). When bees were captured during the 
second (n = 2), during the third (n = 2), during the fourth 
( n = l ) ,  or during the fifth ( n = l )  foraging bouts, the 
nests always contained the cell currently being pro- 
visioned followed by a series of  closely spaced cells, co- 
linear with the open cell, each containing a pollen ball 
with a freshly laid egg on top (cf. Fig. I b f). In every 
case the number  of  recently completed colinear cells was 
equal to the number  of  completed foraging bouts ob- 
served that day. Like some other panurgine bees (Rozen 
1967), C. persimilis females formed a small, relatively 
dry pollen mass after each return prior to the completion 
of  the pollen ball. 

After completing a series of  foraging bouts, some 
bees made one final trip of  the day and returned to 
their nests without external pollen loads (Fig. 2). Dissec- 
tions of  8 females caught returning f rom such trips re- 
vealed that  their crops were filled with a viscous nectar 
solution and pollen, presumably collected f rom Physalis 
flowers. In contrast, 4 females collected returning to 
their nests with external pollen loads, and therefore still 
provisioning cells, had only small amounts  of  pollen in 
their crops. Because no open partially provisioned cells 
were found in the nests of  bees returning with crops 
filled with pollen and nectar (Fig. lg) ,  the trips were 
not related to cell provisioning. Rather,  these trips ap- 
pear to to be related to the nutrit ion of  adult female 
bees and are termed feeding trips. Of  the 15 bees ob- 
served for 1 full day, 13 made feeding trips at the end 
of  the day. Feeding trips lasted 9.4_+ 0.7 min (n = 15) on 
average, and the period of  time in the nest between the 
end of  the last foraging bout  and the feeding trip was 
36.4_+2.7 min (n=  15). 

Figure 3 shows the percentage of  returns observed 
per hour for the 15 bees that  were observed for a full 
day. Bees foraged between 0700 and 1800 hours, with 
the peak between 0900 and 1400 hours. Feeding trips 
always occurred late in the day. 

The initial lateral and first cell of  the day are probab-  
ly constructed during the early morning hours because 
by 0700-0800 hours, fresh tumuli were being formed 
at the surface, and one could see bees pushing loads 
of  dirt out of  the nest. 

Based on the results presented above, following the 
last trip of  the first foraging bout,  each bee formed the 
pollen masses into a single pollen ball, laid an egg on 
it, closed the first cell, and constructed the second cell 
in the lateral immediately in front of  the first. This took 
roughly 63 min. The process of  cell provisioning fol- 



162 

20 .L 

2 

I 
15 

I0 

5 

~ ~ @ @ @ @  @ ~ @ @ @ @  
,t'. ~ ~" \~ \~ ~. ~ \~. ~. ~ ~. \~s ~. 

time 

Fi~. 3, ~Jsto~am o£ the ~ce~t~¢ o£ returns to t5¢ nest wit5 
(ope~ boxes) and whbom (sSadCd boxes) extern~[ 9o~¢~ loads 
t~ou~5ou~ tSe da~ (~ = ~ returns observed). Returns to t5¢ ~est 
wJtSout po]]¢~ yJsJb]e externally were £¢~dJ~ ~rips 

g 
g 

5 5 - -  

5 0 - -  

4 5 - -  

4 0 - -  

5 5 - -  

3 0 - -  

2 5 - -  

2 0 - -  

15 -- 

I0 -- 

5 --  

a 

, ,, 

I 2 3 4 5 6 

no. bouts/doy 

5 5 -  - b 
5 0 - -  

4 5 - -  

4 0 - -  

3 5 - -  

3 0 - -  

2 5 - -  

t 15 

I0 

5 

I 2 :~ 4 5 6 

no. cells/series 

Fig. 5. a Frequency distribution of the percentage of foraging bouts 
of a given length observed per day. h Frequency distribution of  
the percentage of cell series of a given length observed in nest 
excavations 

• 
11 

m 10 ~. 

== 

i 9- 
.g 
o ~. 8- 
-$ 
o 
,~_ 7 -  

6 -  

r 

o' I 

~ .o ~" I clo~ , j~,c4~ 

~ ~ / ~ (25) 

;/ 
~ ~ 

I I ' > ; 
~9 ~ ,~. , ~  ,~. ,~. ,~. ,~. , ~  ,~. 

TIME 

32 

3 0  

$, 
28 ~ 

d 
26 o 

2 4  

Fig. 4. Mean duration of foraging trips throughout the day for 
bees observed over the course of a full day (closed circles) and 
mean hourly air temperature (open circles). Air temperature data 
are based on hourly records from the National Climatic Data 
Center's weather station in Deming, New Mexico, 110 km NE of 
the study site, from 9-24 August 1988 (n=16 observations per 
mean). Sample sizes for the trip duration means are given in paren- 
theses 

lowed by new cell construction was repeated up to five 
times during the course of each day. When the last cell 
was provisioned, the bee closed it without building a 
new one and went out on a feeding trip. Pollen ball 
formation, oviposition, and cell closure took on average 
36.4min. Subtracting this value from the 62.7min 
needed for pollen ball formation, oviposition, cell clo- 
sure, and new cell construction gives an average time 
of 26.3 min for new cell construction alone. 

The duration of foraging trips varies over the course 
of the day, as shown by Fig. 4 (data based on bees ob- 
served for 1 full day). There is no linear correlation be- 
tween foraging trip duration and time period (Spear- 
man's r h o =  0.020, n = 166). However, trip duration does 

appear to be negatively correlated with air temperature 
(Spearman's r h o =  -0.517,  P<0 .01 ;  n =  166). 

How many cells do bees normally construct and pro- 
vision per day? Based on the 15 bees observed for 1 
full day (Fig. 5a), the median number of cells pro- 
visioned per day is 4.0 (range: 2-6). However, a more 
complete record of bee behavior is contained in nest 
excavations where the number of cells per completed 
series can be used to estimate the number of cells com- 
pleted per day. A group of cells was considered to belong 
to a series if the cells were (1) close together (within 
4.0 ram), (2) arranged in a co-linear series, and (3) con- 
tained bees of rougly the same age, as judged by sizes 
of larvae and pigmentation of pupae. Figure 5 b shows 
the frequency of cell series of  various lengths, from soli- 
tary cells to completed series of  six cells. Twenty-five 
percent of  the cells (55% of the cell series) were isolated 
from other cells and did not appear to belong in series 
with other cells. Although no bees were observed to 
make only one foraging bout per day, the solitary cells 
suggest that on some days bees may provision just 1 
cell. Most solitary cells were the shallowest and con- 
tained the oldest larvae in the nests, suggesting that when 
bees begin a nest they make just 1 cell per day and 
over time increase the number of cells provisioned per 
day. Based on the nest excavation data, the median 
number of cells provisioned per day is 1.0 because over 
half of the series contained only 1 cell. 

As mentioned above, cells were provisioned with ei- 
ther two or three pollen trips. Based on the 15 bees 
observed for 1 full day (68 foraging bouts observed), 
57% of the cells were provisioned with three foraging 
trips and 43% were provisioned with two foraging trips. 
However, the temporal occurrence of two-trip and three- 
trip cells was non-random. Of the 28 bees observed for 
all or part of 1 day, cells provisioned with three foraging 
trips always preceded those provisioned with two, except 
in one case in which the sequence was 3-2-3. This trend 
is evident in Fig. 2; all bees provisioned the initial cells 
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Table 1. Data  on provisioning of two- and three-trip cells 

Three-trip cells Two-trip cells 

Time spent provisioning 30.5 _+1.3 (68) 21.1 __1.0 (43) 
cell (min) ** 

Pollen ball dry weight 7.32+__0.09 (24) 4.86___0.11 (16) 
(mg) * * * 

• * P<O.01;  *** P<O.O01 
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of the day with three trips and the latter cells with two. 
The first cell of the day was invariably provisioned with 
three trips worth of pollen, and the percentage of forag- 
ing bouts consisting of three trips declined gradually 
as more cells were completed (Fig. 6). 

Cells provisioned with three trips worth of pollen 
required significantly more time to provision than cells 
provisioned with two trips worth of pollen (Table 1). 
Furthermore, significantly less pollen was accumulated 
on two-trip bouts than on three-trip bouts. By observing 
bees foraging for all or most of a day, capturing the 
bee, and immediately digging up the nest, it was possible 
to collect pollen balls constructed with two and with 
three trips worth of pollen. Figure 7 a and b show histo- 
grams of dry weights of two- and three-trip pollen balls. 
Three-trip pollen balls were significantly heavier than 
two-trip pollen balls (Table 1). 

Sex ratio 

In order to determine the overall sex ratio, females were 
captured at their nests, and the nests were dug approxi- 
mately 1 week to 10 days later. This period of time 
allowed most larvae to finish feeding or pupate. Of the 
274 pupae (from 30 nests) sexed, 47.1% were male and 

52.9% were female. This ratio is not significantly difffer- 
ent from a 50:50 sex ratio (chi-sq. =0.93; 0.5 > P>0.1). 

The sex ratio varied during the season (Fig. 8), al- 
though there was no significant correlation between the 
sex ratio and the date of nest excavation (Spearman's 
rho=0.50; P>0.05; n=7). Furthermore, nests dug be- 
tween 16 and 20 August ("early" season; SR--0.98) 
and nests dug between 29 August and 3 September 
("late" season; SR= 1.22) did not differ significantly 
in sex ratio (chi-sq. = 1.30; 0.5 >P>0.1) .  

Sex ratio and cell provisioning behavior 

The sex ratio changed in a predictable way with a cell's 
position in the nest. In solitary cells, which were usually 
the shallowest cells in the nest, the sex ratio was 87% 
male and 13% female (n=47 solitary cells sexed). This 
is significantly different from the overall sex ratio (chi- 
sq.=30.5; P<0.001). In cells arranged in series of two 
or more, the sex ratio changed from predominantly 
(92%) female in the first cell of a series to predominantly 
male (14% female) in the latter cells of a series (Figs. 1 h 
and 6). 

There is a significant positive correlation between 
the sex ratio of cells at a particular position in cell series 
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Table 2. Relationship between the number of trips taken to pro- 
vision cells and the ultimate sex of the offspring produced (chi- 
sq. =20.57, P<0.001) 

Male Female Total 

Two trips 8 0 n = 8 
Three trips 4 24 n = 28 

Total n = 12 n = 24 N = 36 

and the number  of  trips taken to provision cells at that  
position (Fig. 6; Spearman 's  rho = 0.975; P < 0.01). This 
suggests that  the sexes differ in their nutritional require- 
ments and that  provisioning females accommodate  for 
these differences. 

In order to determine more  accurately the relation- 
ship between foraging behavior  and the sex of  the off- 
spring, the provisioning behavior  of  17 bees was ob- 
served for all or most  of  1 day (for a total of  62 foraging 
bouts observed). All bees were then captured, and the 
nests were dug 8-12 days later in order to determine 
the sex of  the pupae.  A total of  36 of  these offspring 
were recovered in nest excavations and their sexes deter- 
mined (Table 2). The sexes of  the remaining 26 offspring 
were not determined either because the larvae were killed 
by fly or fungal parasites (6 of  26) or because the cell 
series corresponding to the day on which cell provision- 
ing had occurred could not  be determined accurately 
(20 of  26). Of  the 28 larvae that  received three trips 
worth  of  pollen, 86% were female and 14% were male. 
Of  the 8 larvae that  received two trips worth of  pollen, 
100% were male. All o f  the 24 female offspring received 
three trips worth of  pollen; 4 (33%) of  the 12 male 
offspring received three trips of  pollen and the remaining 

8 (67%) male offspring received two trips of  pollen. 
These results indicate a close, though not absolute, rela- 
tionship between the number  of  pollen loads used to 
provision a cell and the sex of  the egg subsequently laid. 

It  is also evident that offspring sex is related to the 
time of  day the cells are provisioned. Figure 9 shows 
the propor t ion  of  female cells provisioned per hour. 
Cells provisioned prior  to 1200 hours are predominant ly  
female whereas those provisioned after 1300 hours are 
predominant ly  male. 

Estimating offspring cost 

Given the above information on the relationship be- 
tween the number  of  foraging trips and the sex of  the 
offspring, one can construct equations for estimating 
the relative proport ions of  male and female offspring 
f rom data on the relative proport ions  of  two- and three- 
trip foraging bouts. Since 100% of  the female offspring 
received three trips of  pollen, the average duration of  
time spent on a female is equal to the average duration 
of  time spent on a three-trip foraging bout  (Pf = time 
spent provisioning one female cell; Pm= time spent pro- 
visioning one male cell; T2 = average duration of  two- 
trip foraging bouts;  T3 = average duration of  three-trip 
foraging bouts). 

Py- -  1.0(T3) (1) 

For males the relationship can be summarized by the 
following equation. 

em = 0.33(T3) ÷ 0.67(T2) (2) 

These equations will be used below to convert informa- 
tion on foraging data and pollen ball dry weight to infor- 
mat ion on male versus female cost ratios. 
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Table 3. Summary of data on offspring cost estimates Table 4. Observed and expected values of the number of female 
and male offspring collected in nest excavations, the sex ratio (SR), 

Female Male Cost ratio cost ratio (CR), and investment ratio (IR). The two expected sex 
female/male ratios, under the hypothesis of equal investment, are calculated 

using the minimum (exp. min.) and the maximum (exp. max.) cost 
Time spent 29.5 _+2.1 (24) 20.0 _+1.2 (10) 1.48 ratios (cf. Table 3). For comparison of exp. min. and observed, 
provisioning chi-sq.=17.51, P<0.001; for comparison of exp. max. and ob- 
cell (min) *** served, chi-sq. = 8.53, P < 0.005 

Time spent 30.5 24.2 1.26 No. No. SR CR IR 
provisioning females males 
cell (min)a 
Adult dry 2.33+_0.04 (80) 1.59-+0.03 (95) 1.47 Observed 145 129 1.12 1.26-1.48 1.41-1.66 
body weight Exp. min. 121 153 0.79 1.26 1.0 
(mg)*** Exp. max. 111 163 0.68 1.48 1.0 
Pollen ball 7.32 5.67 1.29 
dry weight 
(mg)" 

a These values are calculated using Eqs. (1) and (2) in the text 

** P<0.01; *** P<0.001 

One of the best estimates of  offspring cost to a parent 
should be the amount  of  time spent in collecting the 
provisions necessary for larval development. It was pos- 
sible to associate the amount  of  time spent foraging 
(time from the first departure of  the foraging bout  to 
the last return) with the sex of  the offspring for 34 larvae. 
Cells that contained male offspring required 20.0_+ 
1.2 rain (n = 10) for provisioning, whereas those contain- 
ing female offspring required 29.5+_2.1 min (n=24).  
Therefore, according to this estimate, the production of  
an average female offspring requires 1.48 times as much 
time, and presumably energy, as the production of an 
average male offspring (Table 3). 

A much larger data set exists on the duration of  
two- and three-trip foraging bouts in which the sex of  
the offspring is not  known (Table 1). Using Eqs. (1) and 
(2) we can calculate the estimated time spent on an aver- 
age male and an average female offspring. The estimated 
time spent provisioning a female cell is 30.5 min - equal 
to the average time spent on a three-trip foraging bout. 
For males the average time is 0.33 (30.5)+ 0.67 (21.1)= 
24.2 rain. According to this estimate, female offspring 
require 1.26 times the investment in time and energy 
of male offspring (Table 3). 

Another  more commonly used index of  parental in- 
vestment is adult weight. Figure 7 c and d show the fre- 
quency distributions of  female and male dry body 
weights and Table 3 gives the mean values. These data 
are based on adults reared in the lab from field-collected 
larvae and pupae; therefore the crops of  all bees were 
empty. Females are 1.47 times as heavy as males - a 
relative investment value similar to those estimated on 
the basis of  foraging time. 

A final estimate of  average male and female offspring 
cost is the weight of  larval food provisions. The ball 
of  pollen and nectar is all the food the larva will have 
to complete development and is usually completely con- 
sumed by the larva. Unfortunately,  it was impossible 
to weigh a pollen ball and then successfully rear the 
larva to adulthood. By using the data on two- and three- 

trip pollen ball dry weight (Table 1) and Eq. (1) and 
(2) to correct for the fact that some of  the three-trip 
pollen balls will have been for male offspring, it is possi- 
ble to estimate that female pollen balls will average 
7.32 mg and male pollen balls 5.67 rag. According to 
this estimate of  offspring cost, females will require 1.29 
times the investment in energy as male offspring. Taken 
together, the data on cell provisioning, adult dry body 
weight, and pollen ball dry weight indicate that female 
offspring require from 1.26 to 1.48 times the time and 
energy of  male offspring (Table 3). 

Having established these estimates of  cost ratio, one 
can calculate the expected sex ratio based on equal in- 
vestment. The observed sex ratio was 1.12 (Table 4), and 
cost ratios ranged from 1.26 to 1.48 (Table 3). Using 
the equation I R = C R  x SR, the expected sex ratios, 
under equal investment (IR= 1.0), would range from 
0.68 to 0.79 (Table 4). Both expected sex ratios are signif- 
icantly different from the hypotheses of  equal invest- 
ment. 

Furthermore,  there is no evidence of  significant vari- 
ation in investment over the course of  the season. The 
sex ratios of early and late season nests were not signifi- 
cantly different, and the mean dry body weights of  early 
and late season males did not differ (P=0.59) ,  nor were 
early and late season females significantly different in 
dry body weight (P = 0.062). 

Discussion 

Rate of offspring production 

As measured by rate of  offspring production, C. persimi- 
lis is one of  the most productive solitary bees known. 
Most solitary bees studied provision one cell per day 
under natural conditions, although some provision up 
to three. For example, Colletes kincaidii (Colletidae) pro- 
visions just one cell per day (Torchio et al. 1988), Mega- 
chile rotundata (Megachilidae) provisions two cells per 
day (Torchio, personal communication) and Diadasia 
opuntiae (Anthophoridae) provisions up to three cells 
per day (Ordway 1984), Lasioglossum (Sphecodogastra) 
galpinsiae (as Evylaeus, Bohart  and Youssef 1976) (Ha- 
lictidae) is the only other bee that provisions more than 
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three cells per day. Bohar t  and Youssef found that  fe- 
males provision up to eight cells per 24-h period (two 
foraging periods per day, during early morning and early 
evening). They attribute the high rate of  offspring pro- 
duction to the fact that  females collect pollen f rom Oen- 
othera (Onagraceae), which 'because of  its morpho logy '  
can be collected in large amounts .  Moreover,  females 
construct a group of  cells before they begin provisioning, 
thus saving time in cell construction and/or  closure dur- 
ing the time of  pollen availability. 

The high rate of  cell provisioning in C. persimilis 
can be attr ibuted to at least two factors. First, because 
cells are constructed in series and successive cells are 
formed by modification of  the lateral leading to the first 
cell o f  the day, the time needed for their construction 
(approximately 27 min) must  be less than if cells were 
constructed de novo. Most of  the time spent in new cell 
construction actually takes place at night or early morn-  
ing when the lateral and first cell o f  the series are con- 
structed. Second, the utilization of  Physalis pollen may  
contribute to a rapid rate of  offspring production.  Al- 
though no data are available on species of  Physalis, the 
pollen of  other solanaceous genera (Solanum, Lycopersi- 
con, Datura, Nicotiana, and Petunia) contains the highest 
protein content  of  any angiosperm pollen studied 
(34.06% to 56.16% crude protein;  Buchmann 1986). By 
comparison,  the protein content  of  pollen f rom 26 taxa 
of  non-solanaceous plants visited by honey bees is be- 
tween 7% and 30% (Todd and Bretherick 1942). Collect- 
ing protein-rich pollen would contribute to a high rate 
of  cell provisioning both  because less pollen would be 
needed per offspring and because adult females relying 
on pollen as a source of  protein for eggs could produce 
more  eggs. The rate of  egg production,  rather than larval 
food availability, has been found to limit the rate of  
offspring product ion in other solitary bees: Megachile 
rotundata (Gerber and Klostermeyer  1972), Lasioglos- 
sum galpinsiae (Bohart  and Youssef 1976), and Perdita 
coreopsidis (Danfor th  1989). 

Table 5. Comparison of two methods for estimating relative cost 
of female versus male offspring: the ratio of adult body weight 
(female/male) and the ratio of provision weight (female/male) 

Adult Pro- 
body vision 
wt. wt. 
ratio ratio 

Reference 

Sphecidae: 
Sphecius speciosus 2.36 a 

Eumenidae: 
Monob ia quadridens 1.93 b 

Euodynerusforaminatus 2.07 b 
apopkensis 

E. megaera 2.22 b 

Ancistrocerus antiliope 1.90 b 

Euodynerusforaminatus 1.72 b 

Ancistrocerus adiabatus 1.95 b 

Apoidea: 
Megachile rotundata 1.20" 

Osmia lignaria 1.20"'c 
Calliopsis persimilis 1.47 ~ 

2.30" Dow 1942 

1.38 a Krombein 1967; 
Trivers and Hare 
1976 

1.75 ~ Krombein 1967; 
Trivers and Hare 

1976 
1.76 a Krombein 1967; 

Trivets and Hare 
1976 

1.21 ~ Krombein 1967 ; 
Trivers and Hare 
1976 

1.57" Cowan 1981 
1.61" Cowan 1981 

1.21 a Klostermeyer et al. 
1973 

1.43 a Levin 1966 
1.29 b this paper 

a Data based on wet weight 
b Data based on dry weight 
° Levin (1966) gives the body weights of mature pre-pupae both 
at the end of overwintering and before overwintering. I chose to 
use the weights prior to overwintering in the calculation of this 
weight ratio 
d Rather than weighing the provisions in each cell, Krombein 
(1967) counted the number of prey items in male versus female 
cells because he did not see any obvious differences in the size 
of prey given to males versus those given to females 

Estimating parental investment in solitary Hymenoptera 

As mentioned previously, estimates of  parental  invest- 
ment  are usually based on the assumption that  the rela- 
tive cost to the mother  of  an offspring of  a given sex 
is equal to the relative weight of  an average individual 
of  that  sex. Several studies of  bee and wasp nutrit ion 
have shown a significant association between the 
amount  of  food an individual consumes and its body 
size, both within a sex and between sexes (Cowan 1981 ; 
Cross et al. 1978; Klostermeyer  et al. 1973; Plateaux- 
Qu6nu 1983; Plowright and Jay 1977). But few previous 
studies allow one to estimate the cost, in time spent 
foraging, of  offspring of  each sex. In a study of  Pachyo- 
dynerus nasidens (Eumenidae), Jayasingh and Taffe 
(1982) found a close correspondence between the time 
spent provisioning male and female cells and the mean 
number  of  caterpillars per male and female cells (their 
Table 1 ; CR = 2.23 according to both  estimates). Brock- 
mann  and Grafen (1989) report  cost ratios in Trypoxylon 

politum based both  on body size, as measured by thorax 
width, and time spent provisioning male and female 
cells. On the basis of  thorax width, females are 1.14 
times the size of  males, while the cost ratio based on 
provisioning time varied, both  with locality and year, 
f rom 0.66 to 1.34 (Table VII). 

The results on C. persimilis support  the notion that  
dry body weight, dry weight of  provisions, and time 
spent foraging per offspring correspond quite closely in 
their estimates of  male versus female offspring cost. The 
most  informative estimate of  offspring cost, i.e., time 
spent foraging, corresponds very closely with the esti- 
mate based on adult dry body weight (cf. Table 3). How- 
ever, pollen ball dry weight gave a ratio of  investment 
(1.29) approximately 12% lower than either adult dry 
body weight or time spent foraging (1.47). As shown 
by Table 5, provision weight ratios (female/male) are al- 
most  always lower than body weight ratios for the spe- 
cies of  solitary Hymenopte ra  studied so far. This is prob-  
ably because male offspring gain less weight per unit 
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o f  provisions than female offspring. Studies o f  metabolic  
rate in ants have shown that  males have higher metabolic  
rates than females (Peakin 1972; B o o m s m a  and Isaaks 
1985; M a c K a y  1985). 

For  the popu la t ion  o f  C. persirnilis studied, the sex 
ratio was slightly, t hough  not  significantly, female- 
biased. However ,  by  all estimates o f  offspring cost, fe- 
males were f rom 1.3 to 1.5 times more  costly to produce  
than  males, indicating a significantly female-biased in- 
vestment  ratio o f  f rom 1.4 to 1.7 (Table 4). In Trivets 
and Hare ' s  (1976) study, investment  ratios (as just  de- 
fined) ranged f rom 0.48 (Hoplitis anthocopoides) to 3.05 
(Passaloecus eremita) for  17 species o f  solitary wasps 
and bees nesting under  natura l  condi t ions  (their Ta- 
ble 4). They  concluded that  the empirical da ta  for  soli- 
tary H y m e n o p t e r a  suppor ted  Fisher 's  expectat ion o f  a 
1:1 investment  ratio, a l though with considerable varia- 
tion. Some subsequent  studies on solitary H y m e n o p t e r a  
have suppor ted  these results (e.g., Torchio and Tepedino 
[1980] for  Osmia lignaria; Metca l f  [1980] for two species 
o f  Polistes; and Frohl ich and Tepedino [1986] for  Osmia 
bruneri), whereas in other  studies significant deviations 
f rom equal investment  have been found.  For  example, 
C o w a n  (1981) found  significantly female-biased invest- 
ment  ratios in two eumenid  wasps but  at t r ibuted these 
results to local mate  compet i t ion  and inbreeding (males 
establish territories at their natal  nest entrance and mate  
with sisters). Fur thermore ,  sex ratio is a highly plastic 
trait, varying within species o f  solitary bees within a 
season (Torchio and Tepedino 1980; Tepedino and 
Parker  1988; Frohl ich and  Tepedino 1986), between 
years (Tepedino and Torchio 1982) and as a funct ion 
o f  nest substrate qualities (Tepedino and Torchio 1989). 
Therefore,  any conclusions d rawn f rom estimates o f  
popu la t ion  sex ratio based on only one season should 
be made  with caution.  There  is no obvious  explanat ion 
for  the apparent ly  female-biased investment ratio found  
in C. persimilis, a l though  inbreeding is a possibility be- 
cause the popula t ion  seemed to be relatively isolated 
f rom other  populat ions .  
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Note added in proof: 

Males and females do not differ significantly in the duration of 
larval development. Males developed from egg to adult in 14.4 _+ 0.3 
days (n=9) and females in 14.8+0.3 days (n= 15) (0.4>p>0.2). 


