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ABSTRACT 

I investigated the patterns of male and female flower production 

in two populations of a monoecious, self-compatible, prostrate vine, 

ApoOanthera undulata Gray (Cucurbitaceae). Small, and probably young, 

plants produce no flowers. Larger and older plants produce only male 

flowers, while a somewhat greater threshold size is necessary for female 

flower production. Beyond these threshold effects, femaleness, a 

proportional measure of allocation to female function, did not increase 

with plant size. Thus, allocation to both male and female functions 

increased with size. In contrast, femaleness decreased with increasing 

flower production; plants with many flowers opened relatively more male 

flowers than plants with fewer flowers. This trend, which seemed 

stronger in the low density population, can have important effects on 

pollinator behavior and thus on pollen dispersal and receipt. 

Femaleness was positively correlated between years for all 

plants and for all cosexes, plants that produced both male and female 

flowers. Thus, plants that opened only male flowers one year were likely 

to opEm only male flowers the next year. Similarly, cosexes were likely 

to be cosexes again i.n the following year, with similar femaleness 

values. Approximately 10% of all flowering plants changed gender group. 

These patterns suggested that all plants were male until they reached a 

certain size and that plants had an intrinsic femaleness value due to 

either genotype, microsite or environmental effects. 

xi 
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Finally, some of the reproductive consequences of these 

gender allocation patterns were investigated. The factors determining 

success, such as predation and rainfall, were unpredictable between 

populations and years. Unless success was especially low (i.e., few 

fruits matured in the population), success through male and female 

functions were positively correlated, as could be predicted for a 

monoecious species. The gains for male success were greater with 

increasing allocation to that function in the high density as opposed to 

the low density population. This suggested that plants in the high 

density population should allocate more to male function, as was 

observed. Though preliminary, these data support the predictions of sex 

allocation theory for cosexual species. 



CHAPTER 1 

YEAR-TO-YEAR CHANGES IN PHEN0TYPIC GENDER 
IN A MONOECIOUS CUCURBIT, APODANTHERA UNDULATA 

Introduction 

In recent years, much theoretical and empirical interest has 

been devoted to understanding the patterns of resource allocation to 

reproduction versus growth, and especially to male versus female 

functions, in anintals and plants. This interest results from the 

development of both life-history and sex ratio theories that have 

evolved into sex allocation theory (Charnov, 1982). This theory has 

been successfully applied to the evolution of sex change in fishes and 

shrimps, and progeny sex ratio in wasps (Charnov, 1982). Its insights 

for flowering plants have been more limited (but see Barrett, 1984; 

Bierzychudek, 1984a, 1984b; Freeman et a1., 1984; Lovett Doust and 

Cavers, 1982; Meagher, 1984; Policansky, 1981). In large part, this is 

because gender in plants is not very canalized. 

The majority of plants are hermaphrodites over their lifetime 

and allocate simultaneously to male and female functions, by the 

production of perfect flowers. Consequently, it has often been assumed 

that they cannot vary their allocation to male versus female functions; 

but this does not seem to be the case (Primack and LLoyd, 1980a, 1980b; 

Lloyd et al., 1980; Willson and Rathcke, 1974)0 Furthermore, 

approximately 20% of the flowering plants produce at least some 

unisexual flowers (e.g., monoecy, gynodioecy, gynomonoecy and 

1 



andromonoecy - Yampolsky and Yampolsky, 1922) and can manipulate their 

allocation to male versus female functions within and/or between years 

through the production of different types of flowers (Abul Fatih and 

Bazzaz, 1979; Bertin, 1982; Bierzychudek, 1982, 1984b; Condon and 

Gilbert, ms; Freeman et al., 1980, 1981). Non-labile dioecious species 

can possibly alter their allocation strategy at the level of the 

pr?geny sex ratio (Charnov, 1982; Freeman et al., 1976, 1980). 

The extent to which gender in plants is not canalized 

complicates possible decision rules for gender allocation. Plants can 

switch sex more than once (though there may be costs to switching, as 

reported for Arisaema; Policansky, 1981) or allocate simultaneously to 

both functions. In particular, most monoecious plants can vary their 

gender allocation throughout the flowering season as well as between 

seasons, possibly responding to specific factors through appropriate 

hormonal or other cues. Given that these gender adjustments may be 

adaptive, we are left with the questions: When are the decisions made? 

TO what extent are they adaptive (Lloyd and Bawa, 1984)? 

plants may respond to factors that affect gender allocation in 

three ways (Lloyd and Bawa, 1984): 

2 

1) In pere~nia1 plants that store and accumulate resources, current 

allocation may be affected by the previous year's allocation to 

reproduction. Greater past allocation to the usually costly female 

function may mean fewer resources for growth and/or reproduction during 

the current year (Bierzychudek, 1982; Freeman et al., 1984; policansky, 

1981; Willson and Burley, 1983). In a number of species, femaleness 

(one of several correlated measures of allocation to female function) 



increases with size and/or age (e.g., Bazzaz and Harper, 1977; Bertin, 

1982; Clay and Shaw, 1981; Condon and Gilbert, ms; Willson and 

Schemske, 1980). 

3 

2) Resource status may be evaluated at the beginning of the 

reproductive season (when flowers are initiated) and gender allocated 

to accordingly (Hartley, 1970, in Lloyd and Bawa, 1984). Increases in 

femaleness are often associated with favorable environmental conditions 

(Freeman et al., 1976, 1980, 1984). 

3) Allocation patterns to reproduction and femaleness may v~ry 

throughout the season, in response to environmental circumstances such 

as pollinator availability, previous fruit set and predation (Hendrix 

and Trapp, 1981; Hendrix, 1984; McDade, 1986). In this case, gender 

adjustments would be adaptive on a shorter temporal scale, such as on a 

day-to-day or week-to-week basis, and possibly no patterns would be 

detectable over the whole season. 

There have been few comprehensive field studies of the 

ecological correlates, adaptive value, and fitness consequences of 

different patterns of gender allocation. Most studies have looked at 

gender allocation at only one or two levels: between seasons, for only 

one season or, more rarely, temporally during one season (e.g., Bertin, 

1982; Bier zychudek , 1982, 1984a, 1984b; Lovett ooust, 1980; Lloyd et 

al., 1980; primack and LLoyd, 1980a, 1980b; Primack and McCall, 1986; 

Thomson and Barrett, 1981). Long-term studies are necessary to 

determine the types of gender distributions observed in natural 

populations, to assess the variation possible in gender, to separate 

the effects of the genotype, microsite and environment on sex 
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expression and to test hypotheses on the evolution and maintenance of 

alternative reproductive systems. Consequently, I have started an 

investigation of gender allocation in a monoecious cucurbit, 

Apodanthera undulata, where male and female functions are clearly 

separated. This perennial has a prostrate growth pattern and hibernates 

as a root tuber. 

In this chapter I document the relationship between phenotypic 

femaleness for individual plants in successive years and the effect of 

between-years changes in population floral ratios. I demonstrate that 

femaleness in the previous year is a good predictor of current 

fema~eness, though there are no long-term patterns. I also document the 

relationship between phenotypic gender and plant size. I initially 

hypothesized that allocation to gender in one year should influence 

next year's allocation patterns. In particular, I predicted that plants 

that increased (or decreased) their size from one year to the next 

should increase (or decrease) their allocation to female function. This 

prediction was based on the assumption that resources limit female 

function more than male function. 

Materials and methods 

Study site and species 

This study was conducted at the National Audubon Society's 

Research Ranch, a large (3,160 ha) preserve in Santa Cruz COunty, 

Southeastern Arizona (Bahre, 1977). The preserve is in a semidesert 

grassland area that has been protected from livestock grazing since 

1968. The study area lies at about 1500 m elevation where temperatures 



range from a mean January minimum of -1.7 C to a mean June maximum of 

32.4 Ci average annual precipitation is 43 em, with about half 

occurring in July and August (Bock et aL, 1984). 

5 

Growth and flowering of Apodanthera undulata Gray 

(Cucurbitaceae) begin in June. Plants are found in short-grass and 

disturbed habitats, and by dry washes. Plants can have up to 60 

prostrate branches that measure up to 2 meters in length. Flower buds 

and tendrils (which do not form adventitious roots) are produced at the 

leaf node. pistillate (female) flowers open for one or, very rarely, 

two days and are usually solitary, while staminate (male) flowers last 

only one day and are produced in racemes of 3 to 10 flowers. on rare 

occasions (approximately 4% of reproductive nodes), a node will have 

both a male inflorescence and a female flower. The major floral visitor 

and presumed pollinator is Bombus sonorus Say (personal observation). 

The fruit is a hard-shelled pepo with many seeds (5-80) and a 

disagreeable odor. Plant lifespan is unknown and may be as long as 30 

years. 

Gender definitions 

Following Lloyd and Bawa (1984), I have differentiated between 

phenotypic and functional gender (Lloyd, 1979, 1980). Phenotypic gender 

measures the allocation of energy and/or other resources to male and 

female functions. paternal investment can be estimated by pollen 

production or male flower production, while maternal investment can be 

estimated by number of ovules, number of seeds produced, or dry weight 

of fruits. Functional gender measures the fractions of a plant's 
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fitness that are transmitted through male and female gametes (i.e., 

seeds sired by pollen and ovules developed into mature seeds). Thus 

measures of functional gender incorporate aspects of the compatibility, 

quality and distribution of mates, while phenotypic gender assesses 

only resour~ allocation to both sexual functions. Obviously, 

phenotypic gender could be affected by functional gender and the 

converse is also true. For example, a plant may produce more or fewer 

pistillate flowers in response to high versus low pollination levels 

and fertilization rates. Such interactions would only be detected by 

analyses on a short time scale (Chapter 2 and unpubl. data). 

Most of the analyses in this chapter are concerned with 

phenotypic rather than functional gender. I will be using femaleness 

values to define a plant's gender (Maleness = 1 - femaleness). 

Phenotypic femaleness will be defined as the relative production of 

female gametes by a plant, as measured by female flower production. 

This definition assumes flowers do not vary greatly with respect to 

number of pollen grains or ovules. I will use two measures of 

phenotypic gender: prospective gender, a measure which is dependent on 

population floral ratio~ (phenotypic gender as defined by Lloyd and 

Bawa, 1984), and morphological gender, which is independent of 

population floral ratio. Patterns of functional femaleness will be 

explored elsewhere (Chapter 3). 

Prospective femaleness (P) is as, 

d· 1 

p. = --------------1 

d· + E*l· 1 1 



where d i and Ii are respectively pistillate and staminate flower 

production of individual plants over the whole season and E = E 

dil E Ii over the whole sampled popUlation (Lloyd and Bawa, 1984). 

Lloyd and Bawa's measure of phenotypic gender is dependent, 

through the equivalency factor E, on population floral sex ratio in 

such a way that femaleness of a population should be 0.5. If the 

population ratio of male to female flowers is 5.0, then it is assumed 

that the pollen of 5 staminate flowers is equivalent to the ovules of 

7 

one pistillate flower in terms of gamete contribution. This equivalency 

factor may be problematic when comparing gender over different years 

because the floral ratio of a population may vary from year to year. 

For example, a plant with a floral ratio of 15.0 would have a lower 

femaleness (P = 0.25) in a year when the population ratio is 5.0, and a 

higher one (P = 0.45) during a year when the population ratio is 10.0. 

Such a constraint suggests that an alternative estimate of 

phenotypic gender may be useful. For this purpose, I introduce 

morphological femaleness (M), which is determined only by the 

proportion of pistillate to total flowers produced by a plant during a 

season, 

d· I 

M· = ----------------. 1 

d· + 1· I 1 

This estimate of relative gamete production is not standardized to 

floral ratios for the population as a whole. In the above example, the 

plant's femaleness (M) would always be 0.062. Whether an M value 



indicates high or low prospective femaleness can only be determined 

relative to other M values in the population under consideration. 

Estimation of parameters 

8 

Data were collected on 35 marked plants in 1984 and 44 in 1985 

and 1986, from a low density habitat (0.3 plant per 100 m2) and on 35 

marked plants, in 1985 and 1986, from a high density habitat (15 plants 

pe~ 100 m2). The same plants were censused throughout the flowering 

season (June-August) weekly in 1984, and 3 times per week in 1985 and 

1986. Number of open male and female flowers and, in 1985 and 1986, 

number of female flowers that opened between censuses were counted on 

each census-day. In the latter two years, all female flowers were 

counted, while total male flower production was estimated by 

mul tiplying the number of open male flowers counted by 7/3 (i.e., 

dividing by number of censuses per week and multiplying by number of 

days in a week). In 1984 censuses were started late (first week of 

July) and the plants had been flowering for possibly a month prior to 

sampling. pistillate and staminate flower production over the whole 

season and gender of each marked plant were estimated through these 

censuses. Plants with only staminate flowers have femaleness values of 

0.00 and are called "males". Plants with both types of flowers are 

called "cosexes". No plant produced only pistillate flowers in any 

year. At the end of the flowering season, all branch lengths on all 

marked plants were measured to provide an index of final plant size. 

Though not observed, fruit dispersal is assumed to be performed 

by mammalian herbivores (deer, javelinas, squirrels) and seed dispersal 



9 

possibly by ants (personal observation). Lack of knowledge of dispersal 

mechanisms is not a great hinderance in this study since I was mostly 

interested in gender allocation rather than measures of fitness 

actually realized through each sexual function. 

I used plant size as a measure of reproductive status, an 

estimate of the resources available to a plant for reproduction (Samson 

and Werk, 1986). Since this perennial does not maintain above-ground 

biomass between flowering seasons, plant size should be a good estimate 

of current resources available (i.e., plant size has a linear 

relationship with tuber size) or at least of current photosynthate 

production. A more rigorous measure of status would take into account 

the factors that limit reproductive allocation to each gender, and 

storage and transport of these factors between root tuber and above

ground branches. This is beyond the scope of this study. 

For comparisons to other studies, I also used total flower 

production (male and female) as a measure of plant status (Primack and 

Lloyd, 1980a, 1980b; Lloyd et al., 1980). For simplicity, I assumed 

that female and male flowers were equivalent in cost though this is 

probably not true. Fresh and dry weights of flowers and their caloric 

values are equivalent except for pollen in male flowers (S. Buchmann, 

unpublished data), but we have no data on their mineral composition. 

Neither is it a priori obvious how flowers should be weighed to 

compensate for their difference in cost. Both measures of status are 

highly correlated (Low densi ty 1984, r = 0.76; 1985, r = 0.81; 1986, r 

= 0.75; High densi ty 1985, r = 0.72; 1986, r = 0.72; P < 0.01 in all 

cases). Because only opened flowers were counted and many environmental 



and hormonal factors affect flower maturation (in 1986, 38% of buds 

never opened flowers), total flower bud production might have provided 

a better measure of plant status than total flower production, but it 

was not estimated. 
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Reproductive allocation, the per plant investment into fruit 

and seed production, was estimated by total seed set, while 

reproductive effort was estimated by total seed set divided by plant 

size. This last measure assumed that plant size was a good index of 

status and that the cost of producing a seed should be inversely 

proportional to plant size. Seed set was determined by collecting all 

or a representative sample of mature fruits for each plant with fruits. 

If all fruits were collected, seed set was determined by summing seed 

set for all fruits. If a sample of fruits were collected, then average 

seed set per fruit was determined and multiplied by the estimated 

number of mature fruits. A fruit was considered mature if it remained 

on the plant for 4 weeks after being set, i.e., long enough for seed 

coat formation. Fruits that stayed on the plant but aborted after 4 

weeks (a rare occurrence) were not included, but fruits that 

disappeared after 4 weeks were assumed to have been dispersed and were 

included. 

statistical analyses 

plants that did not produce flowers were excluded from 

analyses. This reduced sample sizes to the following: low density 1984, 

n = 32; 1985, n = 41; 1986, n = 37; high density 1985, n = 31; 1986, n 

= 28. Analyses were done for both all plants that flowered and only 
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cosexual plants. The exclusion of male plants seemed appropriate since 

these were usually the smaller plants, producing few flowers (Chapter 

2). Their inclusion could lead to positive correlations between 

femaleness and various variables due to the contributions of the small, 

male plants. 

Between-year comparisons were likewise made using plants that 

flowered during both years in question. In the cosexes' analyses, only 

plants with femaleness values of 0.00 in both years were excluded. Thus 

the sample sizes for these analyses may differ from the above "n" 

values. 

Data on femaleness, a proportional measure, were arcsine 

transformed. Measures of plant status and of reproductive allocation 

and effort were log-transformed. Simple and step-wise multiple linear 

regressions were performed to determine the amount of variation in 

phenotypic gender explained by various independent variables (e.g., 

status, reproductive effort or femaleness in previous years) (Norusis, 

1986a). To determine if femaleness distributions differed, hierarchical 

loglinear models using population, year and femaleness (see Figures 1 

and 2 for categories and frequencies) as main effects were performed 

(Modell: low versus high density population in 1985 and 1986; Model 2: 

low density poulation from 1984 through 1986) (Norusis, 1986b). 

Results 

Gender distribution 

The distributions of prospective femaleness for both 

populations in all years of study are shown in Figure 1. Most Pi 



Figure 1. Distribution of prospective femaleness. 
A. High density population in 1985 and 1986. 
B. Low density population in 1984, 1985 and 1986. 
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values are below 0.800 (Maximum values: low density 1984: 0.871; 1985: 

0.967; 1986: 0.941; high density 1985: 0.766; 1986: 0.873). The 

distributions of morphological femaleness are shown in Figure 2. The 

maximum Mi values varied more than the maximum Pi (Maximum Mi: low 

densi ty 1984: 0.400; 1985: 0.550; 1986: 0.488; high density 1985: 

0.138; 1986: 0.364). All distributions are fairly continuous. There 

were no differences in the distributions of morphological femaleness 

between years or populations (Modell: population x year x femaleness 

effect, X2 = 5.52, df = 4; 2-wayeffect, X2 = 11.70, df = 9; year 

effect, z = -1.10; population effect, z = -1.27; Model 2: year x 

femaleness effect, X2 = 5.16, df = 8; year effect, z = -0.53; all ns). 

Similar results were obtained for the prospective femaleness analysis. 

Though femaleness values in 1984 are based on only 1 census per week, 

their distributions are similar to those seen in 1985 and 1986. 

Femaleness in successive years 

13 

To provide information on gender consistency, correlation 

analyses were performed both for prospective and morphological 

femaleness for each pair of years (Low density population: 1984 versus 

1985, 1985 versus 1986, and 1984 versus 1986; high density population: 

1985 versus 1986). The correlations were always positive, but they were 

not significant in all comparisons. 

Prospective femaleness for individual cosexual plants was 

significantly correlated with that in the previous year only for the 

1984 versus 1985 comparison in the low density population (Table Ii R2 

= 0.32). There does not seem to be any long-term trend to prospective 



Figure 2. Distribution of morphological femaleness. 
A. High density population. 
B. Low density population. 



A - HIGH DENSITY 

21 ,-------~~----------------------------------------__, 
20 
19 

18 

17 
16 
15 
14 

13 
b 12 
i5 11 
::J a 10 

~ 9 
B 
7 

5 

5 .. 
3 
2 
1 
O~~~"-~~~"---~~~--~~~--~~~--~~----~~~ 

a 0.1 0.2 0.3 0.4 0.5 0.6 

MORPHOLOGICAL FEMAlENESS 

B - LOW DENSITY 

19~--------~~----------------------------------------1 
18 

17 

18 

15 

14 
13 

12 

11 

10 

o 
a 
7 

6 

5 
4 

3 

2 
1 

0~~~u-~~~a-~~~A-~~~4--U~~ __ --~~~ __ ~~~ 

o 0.1 0.2 0.4 0.5 0.6 

t!ORPH.mooJCAl rntAlENESS 
IZZJ 1084 ~ 1985 ~ 1085 

14 



Table 1. Correlation values for prospective femaleness. 

Data given are for all plants and for cosexes only. Sample sizes 
are in parentheses. 

LCM DENSITY 

1984 

all plants 

cosexes 

1985 

all plants 

cosexes 

HIGH DENSITY 

1985 

all plants 

cosexes 

** = p < 0.01 
* = P < 0.05 

r 

0.831 

0.566 

1985 

R2 (n) 

** 0.69 (32) 

** 0.32 (23) 

1 - approaching significant r = 0.404 

1986 

r R2 (n) 

0.485 ** 0.24 (31) 

0.127 ns 0.02 (25) 

0.669 ** 0.45 (37 ) 

0.353 ns 0.12 (29) 

0.615 ** 0.38 (27 ) 
1 

0.401 ns 0.16 (24) 

15 
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femaleness, as indicated by the low R2 (= 0.02) for this measure in the 

1986 versus 1984 comparison. The proportion of the variation explained 

was significantly increased by including plants that were male in both 

years (R2 = 0.38-0.69). From 1984 to 1985, 27% of the plants stayed 

male, 64% stayed cosexual, 3% changed from male to cosexual, 3% changed 

from cosexual to male and 3% changed from non-flowering to male. From 

1985 to 1986, these numbers were respectively: Low density population, 

27%, 54%, 5%, 7%, and 7% went from male to non-flowering; High density 

population, 9%, 55%, 3%, 15%, 12% went from cosexual to non-flowering 

and 3% from non-flowering to male. From this analysis, gender 

allocation of cosexes seems variable while the division between males 

and cosexes appears to be fairly fixed. 

This lack of trend for the cosexes could result from changes in 

population floral ratio rather than changes in an individual plant's 

floral ratio. population ratios (total number of male flowers/total 

number of female flowers) varied greatly between years and populations 

(Low density 1984: 10.1; 1985: 23.9; 1986: 16.9; High density 1985: 

20.4; 1986: 12.0). 

Morphological femaleness values in successive years were 

significantly correlated (Table 2 and Figure 3). The 1986 versus 1984 

comparison for the low density habitat was again not significant, 

except when male plants were included. This overall increase in 

significance cannot be explained by a lack of correspondence between P 

and M values; the correlations between these two variables were very 

high (For cosexes only; Low densi ty 1984, r = 0.97; 1985, r = 0.94; 

1986, r = 0.97; High density 1985, r = 0.98; 1986, .. = 0.99; p < 0.001 



Table 2. Correlation values for morphological femaleness. 

Data for all plants 
as in Table 1. 

L(JfJ DENSITY 

1984 

all plants 

cosexes 

1985 

all plants 

cosexes 

HIGH DENSITY 

1985 

all plants 

cosexes 

** = p < 0.01 
* = P < 0.05 

r 

0.728 

0.558 

and for cosexes only. Sample sizes 

1985 1986 

R2 r R2 

** 0.53 0.548 ** 0.30 

** 0.31 0.360 ns 0.13 

0.698 ** 0.49 

0.587 ** 0.34 

0.610 ** 0.37 

0.473 * 0.22 

17 



Figure 3. Plot of the morphological femaleness of marked 
plants in 1986 versus 1985. 

A. High density population. 
B. Low density population. 
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in all cases). ~~us, population floral ratios can influence the 

strength of the patterns in femaleness in successive years as reflected 

by the higher correlation values for M rather than P values. I suggest 

that morphological femaleness is a better predictor of phenotypic 

femaleness between years than prospective femaleness because it is not 

dependent on the floral ratio of the population. 

Fanaleness as a function of repr"oducti ve status 

A hypothesis to explain the positive correlation found for 

femaleness in successive years is that femaleness (either M or P) is 

more closely tied to plant status, which does not vary dramatically 

between years (Table 3), than to the previous year's femaleness. 

However, correlations between M and plant size for cosexua1 plants were 

not significant and explained only a very small amount of the variation 

(R2= 0.m~-0.03; Table 4). When I included male plants, correlation 

values between these variables became statistically significant but 

still accounted for a small proportion of the variation (R2 = 0.14-

0.33). In all years, M of cosexes was negatively correlated to total 

flower production in the low density population but not in the high 

density one (Table 4). with male plants included in the analysis, M was 

positively correlated to total flower production only in the high 

density population in 1986; all other correlations were non

significant. Analyses using P instead of M gave similar results, except 

for significant positive correlations between P and total flower 

production for all plants in the low density population in 1984 and 

1985 (Chapter 2). 



Table 3. Correlation for plant size or total flower production in 
successive years. 

Plant Size Total flower N 

Low density r R2 r R2 

1985 vs 1984 1 
0.902 ** 0.81 0.896 ** 0.80 39 

1986 vs 1985 
0.872 ** 0.76 0.871 ** 0.76 43 

High density 

1986 vs 1985 
r 0.858 ** 0.74 0.846 ** 0.72 35 

1 - Sample size for total flower production is lower (n = 33) 
because I excluded plants that flowered in only one year. 
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Table 4. Morphological femaleness as a function of plant size 
or total flower production. 

For each case, r values are given first for all plants and 
then for cosexes only. Sample sizes are given in the first 
column in parentheses. 

LOW DENSITY 

1984 
All plants (32) 

Cosexes (22) 

1985 
All plants (4l) 

Cosexes (27) 

1986 
All plants (37) 

Cosexes (26) 

HIGH DENSITY 

1985 
All plants (3l) 

Cosexes (27) 

1986 
All plants (28) 

Cosexes (2l) 

Plant size 

13.553 
** 

-13.164 
ns 

13.516 
** 

13.1336 
ns 

13.382 
* 

0.1335 
ns 

13.377 
* 

-13.13113 
ns 

13.577 
** 

13.174 
ns 

Total flower 
production 

13.294 
ns 

-13.4813 
* 

13.2137 
ns 

-13.626 
** 

13.163 
ns 

-13.554 
** 

-13.13113 
ns 

-13.317 
ns 

13.393 
* 

-13.333 
ns 

21 
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In summary, small flowering plants produced only male flowers 

(P = M = 0.00) and contributed to the significant positive correlations 

between size and femaleness. Beyond the threshold size for female 

flower production, plant size did not significantly correlate with 

femaleness. The stronger negative ~orrelations between total flower 

production and femaleness for cosexes in the low as opposed to the high 

density population suggest differences in gender allocation with 

increasing flower production and may reflect differences in cost of 

male and female flowers (Chapter 2). 

Changes in plant size and in phenotypic femaleness 

To compare changes in size of plants in successive years, 

residuals from regression analyses of size in year x + 1 as a function 

of size in year x were determined. A positive (or negative) residual 

value would indicate whether size increased (or decreased) relative to 

size in the previous year. If my initial prediction held, I expected 

changes in femaleness values (M or P in year x + 1 - M or P in year X) 

to be positively correlated with residual values. This analysis was 

done for all three possible comparisons. In all cases, R2 was less 

than 0.04; femaleness did not change in the direction predicted by 

changes in size. 

other explanations of morphological femaleness 

Since M in the previous year explained 22 to 34% of the 

variation in the current year's M for cosexes (Table 2), could another 

variable elCplain some of the residual variation? Step-wise multiple 

linear regressions were done for cosexes only, using M in the current 



year as the dependent variable and either all possible independent 

variables (M and P values, seed set and seed set divided by plant size 

in the previous year, plant size and total flower production in the 

previous and current years) or a subset of these (M, plant size, total 

flower production, seed set and seed set/plant size in the previous 

year) (Table 5). 
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Morphological femaleness was usually best explained by 

femaleness in the previous year. For the low density population in 

1985, M in that year was best explained by P in 1984 (R2 = 0.32). When 

using only a subset of the variables, M and seed set/plant size in 1984 

best explained M in 1985 (R2 = 0.44). The partial correlation sign for 

seed set/plant size was negative. For the low density population in 

1986, M in that year was best explained by M in 1985 (R2 = 0.34) and no 

other variable significantly increased R2; the next vatiable with the 

highest p was seed set/plant size (partial correlation sign was 

positive). For the high density population in 1986, M was best 

explained by seed set in 1985 (R2 = 0.27). For that population, seed 

set in 1985 was also highly correlated with M and P in 1985 (r values 

were respectively 0.739 and 0.772; P < 0.001). When using the variable 

subset, both morphological femaleness and total flower production in 

1985 explained 38% of the variation. Thus, this more complicated 

analysis slightly increased the amount of variation explained ~2 = 

0.34-0.44; Table 5) and suggests that previous reproductive effort had 

a negative effect in 1985 but not in 1986. 



Table 5n Stepwise mUltiple regressions for mo"rphologigal 
fenaleness. 
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Morphological femaleness in the current year is the dependent variable. 
Either all independent variables were used (Case A - see text for list) 
or only a subset (case B: M, plant size, total flower production, seed 
set and seed set/plant size in the previous year). For some regressions, 
the variable not in the equation with the next highest p value is also 
given. 

I Low density 1985 versus 1984. 

Case A. Prospective femaleness 1984 

1) Variable not in equation 
Total flower production 1985 

case B. Morphological femaleness 84 
Seed set/Plant size 1984 

II. Low density 1986 versus 1985. 

Case A. Morphological femaleness 85 

1) Variable not in equation 
Seed set/Plant size 1985 

III. High density 1986 versus 1985. 

Case A. Seed set 1985 

1) Variable not in equation 
Total flower production 1985 

Case B. Morphological fenaleness 85 
Total flower production 85 

R2 F 

0.321 8.21 

0.58 

0.311 5.88 
0.435 4.65 

0.344 14.2 

1.43 

0.271 8.16 

3.06 

0.223 6.33 
0.383 5.44 

p 

0.009 

0.456 

0.024 
0.040 

0.001 

0.242 

0.009 

0.094 

0.020 
0.030 
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Discussion 

As in other species (Primack and Lloyd, 1980a; Lloyd and Bawa, 

1984), phenotypic femaleness of Apodanthera undulata varied 

continuously among members of a population. This suggests that the 

species is monomorphic (sensu Lloyd and Bawa, 1984). We cannot 

distinguish different 'sex types' in this species and the male plants 

probably represent transient stages of all plants' gender history (see 

below). The gender distributions were similar between years and 

populations. Still, M values were greater in the low density population 

(Chapter 3) and maximum M values varied between years and populations. 

Environmental factors, probably differing between habitat and year, and 

possibly some random variation are probably important in determining 

the exact M value of any plant. 

To the best of my knowledge, this is the first study to report 

positive correlations in femaleness values in successive years for a 

species with continuous gender distribution. Such correlations have 

only been documented for species with bimodal gender distribution, 

i.e., populations composed of individuals acting mostly as a male or 

female parent in any year (Freeman et al., 1984; Primack and McCall, 

1986). Thus, male plants of ~ undulata were usually male in the 

following year; cosexes were also more likely to be cosexual in the 

next year and plants that had high (low) allocation to female function 

tended to have high (low) allocation the following year (Tables 1 and 

2; Figure 3). These data suggest that there is an intrinsic component 



to phenotypic femaleness in successive years which may be due to 

genotype, plant age, or microsite effects. 

The smaller plants in a population were usually male (Chapter 

2). Thus, as reflected by plant size, a greater amount of minimum 

resources is needed for female flower production. This was the only 

detectable effect of size on gender allocation since among plants 

producing some female flowers, femaleness was not significantly 

correlated with plant size (Table 4). Furthermore, changes in size (as 

measured by residual~ were not associated with the predicted changes 

in femaleness. Lack of correlation between plant status and femaleness 

has been found in other species (Lloyd, 1980; Lloyd et al., 1980; 

Primack and Lloyd, 1980a, 1980b). This suggests that, beyond this 

threshold size, maternal and paternal fitness may increase with plant 

size in either similar or unpredictable ways. 
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Femaleness analysis using total flower production as a measure 

of status did suggest differences in gender allocation strategy between 

the two populations (Table 4). Femaleness was only significantly 

negatively correlated with total flower production in the low density 

population. I suggest the following hypotheses to explain this 

difference: 

1) Differential response to pollinator behavior. Pollinator 

observations in 1985 show that visitation rates were determined mostly 

by plant size in the high density population, but by daily number of 

open flowers in the low density population (Chapter 2). As plants 

opened more flowers on a daily basis, plants in the low density habitat 

should open relatively more "cheap" staminate flowers rather than 
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"expensive" pistillate flowers to attract more pollinators. For 

example, plants may assess pollination levels through the weak resource 

sinks created by fruits with few seeds and respond appropriately: This 

benefit of larger floral display would not be observed in the high 

density population. 

2) Differences in resources limiting male and female function and their 

availability in different habitats. The above pattern could also be 

observed if different resources limited male and female flower 

production. In that case, male flowers would be cheaper to produce in 

the low density population and/or female flowers would be cheaper in 

the high density population. Given that average morphological 

femaleness is greater in the low density population, this hypothesis 

seems less likely. 

3) Differences in allocation to male function due to outcrossing rates. 

Plants are known to increase their allocation to male function with 

outcrossing (Schoen, 1982; McKone, 1987). If outcrossing rates increase 

more in the low density population with increasing flower production, 

then this pattern might be predicted. 

These hypotheses have yet to be tested but they are consistent with the 

correlations described above and they also suggest that maternal and/or 

paternal fitness increase differently in different habitats (Chapters 2 

and 3). 

As revealed by the multiple regression analyses, the relative 

importance of the factors that affect morphological femaleness does not 

vary much between years and habitats. In the low density habitat, M in 

the current year was most highly correlated to M (in the 1986 versus 



1985 comparison) or P (in the 1985 versus 1984 comparison) in the 

previous year. For the only comparison in the high density habitat, 

seed set in 1985 best explained M in 1986, but seed set was also 

strongly positively correlated to both phenotypic femaleness measures. 

These analyses suggest again that previous M is important in 

determining current M but this eftect may sometimes be mediated by 

other factors, such as P or current seed set, or affected by previous 

reproductive effort (the low density 1984 versus 1985 comparison). 

28 

The fact that there are no long-term trends to the correlation 

for femaleness (1984 versus 1986 comparison) and that it explains only 

22 to 34% of the variation in morphological femaleness of cosexes in 

successive years (34 to 44% with the multiple regressions, but less for 

prospective femaleness) should not be surprising in view of the number 

of ecological factors that may influence flowering phenology. They 

potentially include temperature, rainfall patterns, microsite, 

resources available, pollinator availability and behavior, and 

predation. These factors may also affect plants of different ages and 

status in different ways. Allocation to female function may also be 

determined on a shorter time scale and looking at between-year patterns 

may mask some of the decision rules of gender allocation (unpubl. 

data). Finally, if there is any form of adaptive gender modifications 

in this species, it seems to be in the form of gender adjustments 

around some intrinsic value. 

In summary, sex allocation was more influenced by plant size 

(determining whether plants produce any female flowers) and its 

allocation in previous year than by the sex expression in the 
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surrounding population (Tables 1 and 2). The higher correlations using 

M rather than P values suggest that plants may not vary their 

femaleness in response to overall changes in population floral ratios. 

Floral ratios and the proportion of plants flowering vary between years 

and populations. In particular, plants that did not flower every year 

were usually male when they flowered. An increase in the number of 

plants that flower as male (P = 0.00) will cause an increase in the P 

values of the cosexes; i.e., plants with the same M in different years 

will have different P values since these latter values are sensitive to 

yearly fluctuations in population floral ratios. Thus, when 

investigating patterns between years, morphological femaleness should 

be a better measure of phenotypic gender. within a year, P can still be 

a good estimate of prospective success through each gender given 

population flowering phenology and floral ratio. Finally, caution 

should be used in interpreting lack of trend in prospective femaleness 

in successive years (Primack and Lloyd, 1980a). 

The following general scenarios for gender allocation over a 

cosexe's lifespan are proposed. In all cases and as could be predicted 

from the size-advantage model (Ghiselin, 1969), younger and smaller 

plants first produce no flowers and then only male flowers until they 

reach a certain size, reflecting a certain amount of resources (Figure 

4). This pattern or a similar one are found in a number of species 

(e.g., Benseler, 1975; Bierzychudek, 1984b; Condon am Gilbert, ms; 

Hibbs and Fischer, 1979). Depending on environmental variability, 

smaller plants could fluctuate between producing no flowers and only 

male flowers for a few years. 



Figure 4. Hypothetical patterns for phenotypic femaleness 
Patterns are plotted as a function of plant age and/or size. 

A. Continuous gradual change in morphological femaleness. 
B. Alternating years of low and high femaleness. 
C. Random changes in morphological femaleness. 
In Figures 4A and 4B, it is hypothesized that either all plants 

follow the same pattern (I) or that plants have "innate" tendencies to 
have high (II) or low (III) morphological femaleness values. 
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Once plants reach a certain size and age, they start producing 

female flowers. There are 3 possible scenarios: 
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A) As available resources change from year to year and affect paternal 

and maternal fitness, femaleness could increase continuously until the 

plant reached its maximum femaleness (Figure 4a). This maximum could 

vary depending on the plant's past reproductive experience and 

environmental conditions, such as microsite and yearly patterns of 

rainfall. Then, the plant could enter a phase of reproductive 

senescence marked by decreasing femaleness (Willson and Burley, 1983). 

Individuals may be predisposed genetically towards male or female modes 

or may respond to microsite and environmental conditions or both. This 

scenario assumes that reproduction through female function is more 

resource-limited than through male function and that plants with root 

tubers accumulate resources between-years thus allowing an increase in 

femaleness between years. This scenario may occur in Atriplex canescens 

(Freeman et al., 1984) and in the neotropical cucurbits Gurania and 

Psiguria (Condon and Gilbert, ms). 

B) Plants may alternate between years of high versus low allocation to 

female function (Figure 4b). Allocation to female function would be 

resource-limited with years of high resource availability followed by 

years of low resource availability for individual plants (Bierzychudek, 

1984b). Plants could still have some intrinsic tendency to allocate 

more to one function than the other. Such populations would either be 

represented by plants whose femaleness fluctuates around some intrinsic 

mean (the population being composed of mostly male and female plants) 

or by plants whose femaleness fluctuates greatly from year to year. 



C) Finally, plants could have no intrinsic gender and the factors 

affecting femaleness would be so unpredictable between years and 

between plants that between-year correlation (excluding the all male 

plants) for femaleness would not be significant (Figure 4c). 
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There are still too few studies of gender history in cosexual 

plants to suggest which of these scenarios is more likely or if 

combinations of these scenarios are found in any species. My data 

suggest that younger and smaller plants of Apodanthera undulata produce 

only male flowers, thus leading to a positive correlation between plant 

size and phenotypic femaleness when all plants are considered (Table 

4). Depending on root tuber/above ground biomass relationship, 

population density and pollinator availability, the threshold for 

female flower production could vary from plant to plant and from 

habitat to habitat. Current data for A. undulata do not support the 

last two scenarios (though we might be seeing a case of only limited 

correlation among years). I do not want to discount scenario B 

completely, especially since I do not know the length of good and bad 

cycles and since this study only covers three years which may only 

represent a small fraction of a plant's lifespan. In particular, plants 

of different ages may allocate to each gender in different ways which 

may obscure between-year patterns. This is especially critical for 

plants with root tubers since they may accumulate resources from good 

years and average out bad years. For example, photosynthesis occur.ring 

at the end of the season may go into tuber reserves rather than current 

flowering. 



When working with long-lived perennials, collecting long-term 

data is necessary to document and understand femaleness patterns 

(Condon and Gilbert, ms). This is important considering the lack of 

data on this topic ~loyd and Bawa, 1984; Schlessman, 1986) and the 

fact that most monoecious species are long-lived perennials. This type 

of data is thus crucial to our understanding of the ecology and 

evolution of reproductive systems in plants. 
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CHAPTER 2 

FLOWERING PHENOLOGY, GENDER ALLOCATION AND REPRODUCTIVE 
CONSEQUENCES IN APODANTHERA UNDULATA 

Introduction 

Whether selection should favor the evolution of strict dioecy 

(plants with only one type of unisexual flowers over their lifetime) or 

of cosexuality (e.g., hermaphroditism, monoecy, sequential monoecy, 

andromonoecy) depends on the shape of the fitness-gain curves for both 

sexual functions with increasing allocation to each function (Charnov, 

1982; Lloyd, 1982; Willson, 1983). Some studies have claimed that 

larger plants have more resources available and can be more successful 

through the often reource-limited female function than smaller plants 

(e.g., Freeman et al., 1976, 1981, 1984; Policansky, 1981; 

Bierzychudek, 1982; Willson and Burley, 1983). Consequently, it has 

been hypothesized that larger plants should allocate more to female 

function (e.g., Freeman et al., 1976, 1981). For selection to favor 

increased femaleness with increasing plant size, the fitness-gains must 

increase more rapidly through female rather than male function with 

increasing resources (Charnov, 1982; Lloyd, 1984). Data on gender 

allocation in hermaphroditic or monoecious species and on the 

ecological factors that favor changes in sexual systems are still 

scarce (Lloyd, 1984; Lloyd and Bawa, 1984). This is mostly because 

35 



measuring nutrient allocation and success of each gender in cosexual 

plants is difficult. 
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Studies of monoecious species often suggest adaptive 

explanations for patterns of floral phenology and floral ratios 

observed in single day censuses of flower number and sex. For example, 

based on one census showing that larger plants of Quercus gambelii had 

relatively more female inflorescences than smaller plants, Freeman et 

ale (1981) concluded that larger plants have more resources available 

and are therefore better female parents. However, if plants of 

different sizes have temporally different patterns of flower 

production, these observed patterns may vary with census date. Temporal 

differences in flowering phenologies can also have important 

reproductive consequences (Thomson and Barrett, 1981). Two plants that 

produce the same number of male and female flowers but with different 

flowering schedules may achieve quite different reproductive success 

through each gender. Fruit set, seed set, and pollinator visitation 

rate can vary temporally and spatially (Handel, 1983; Waser, 1983; 

Rathcke, 1983; and references therein). Patterns of flower production 

and gender allocation both during and between flowering seasons must be 

documented before we can determine relative resource allocation to male 

versus female function, and before we can understand flowering 

phenology. Only then can this information be used to test predictions 

of sex allocation theory (Charnov, 1982; Lloyd and Bawa, 1984). 

In this paper, I describe patterns of gender allocation for two 

populations of a monoecious cucurbit, the ~'melon-loco", Apodanthera 

undulata Gray. The populations differ both in plant density and in 



their associated vegetation. The between-year component to gender 

allocation and the within-season temporal variation in flowering and 

gender are described elsewhere (Chapter 1 and unpubl. data). 

Here I pose and answer the following questions: 

(1) How does plant size affect staminate and pistillate flower 

production? Does flowering phenology differ between populations or 

years? 
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(2) How does gender allocation vary with plant size and total flower 

production in different populations over several years? Do patterns of 

flower bud sex expression account for the gender of plants 

(particularly the production of female flowers)? Documenting this is 

important since male expression precedes female development along 

branches of many cultivated cucurbits and one could expect small plants 

to produce only male flowers because of developmental constraints 

(Ni tsch et al., 1952; Scherrens, 1985). 

(3) What are the reproductive consequences of these gender allocation 

patterns? How do male and female success of individual plants covary? 

Materials and methods 

This study was conductej at the National Audubon Research 

Sanctuary, in Santa Cruz County, Arizona; a large preserve (3,160 ha) 

protected from livestock grazing since 1968 (Bahre, 1977; Bock et al., 

1984). Plants of Apodanthera undulata (Cucurbitaceae) grow and flower 

from June to August (rarely into September) in southeastern Arizona. 

From 1 to 60 branches, of up to 2 meters in length, are produced from 

the perennial tuberous root. Tendrils (which do not form adventitious 
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roots) and inflorescences are produced at the leaf nodes. Plants of A. 

undulata flower earlier (starting before the summer rains) than the 

majority of summer-flowering species on the preserve. As the summer 

progresses and other plants start to overgrow the cucurbits, their 

above-ground branches dry out and they may reallocate resources to the 

massive root. The end of the flowering season is quite variable 

(approximately end of July in 1984, early August in 1985 and late 

August in 1986). Daily precipitation during the summer (June to August) 

was recorded for all years of study. 

Apodanthera undulata is monoecious. pistillate (female) flowers 

are open for one or, rarely, two days and are borne singly, while 

staminate (male) flowers last only one day and are produced in racemes 

of 3 to 10 flowers. Although male flowers last only one day, a male 

inflorescence can last much longer depending on the number of buds in 

the raceme, the number of these that mature and when they open (only 

one male flower is usually opne per day per raceme). Male flowers are 

smaller than female flowers (Delesalle, unpubl.). The major visitors 

and presumed pollinators are bumblebess, Bombus sonorus Say. Plants are 

self-compatible and do not produce apomictic fruits (Delesalle, 

unpubl.). The fl~ui t at maturity is a hard-shelled pepo with 5-80 seeds. 

Plants from a low densi ty (LD) population (0.3 plant per 100 

m2) were marked (n = 34 in 1984, increased to 44 in 1985) and followed 

from 1984 to 1986, while plants from a high density ~) population (15 

plants per 100 m2) were sampled (n = 35) in 1985 and 1986. One plant in 

the latter habitat did not emerge in 1986 and was assumed dead. Plants 

of the LD population grow in a short grass prairie area dominated by 



Bouteloua ~ The HD population grows in a disturbed site, which was 

formerly a corral, dominated by sacaton Sporobolus wrightii. 

Flowering phenology and femaleness 

In 1985 and 1986, I censused marked plants three times weekly 

from early June until flowering ended and recorded number of open 

female and male flowers and number of female flowers that opened 

between censuses. Thus, all female flowers were counted, while male 

flower production was estimated by multiplying the number of male 

flowers counted by 7/3 (i.e., dividing by number of censuses per week 
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and multiplying by number of days in a week). In 1984 censusing started 

late (on July 7th) and was only done once per week. Thus, plants had 

been flowering for an unknown length of time, probably a month, before 

sampling started and flower production is based on only five censuses. 

Plants were classified as non-fl0t1ering (either no buds or no open 

flowers), male (only staminate flowers open) or cosexual (both types of 

flowers open). The sex of the first open flower opened on plants was 

also determined for most individuals in 1985 and 1986. All branches on 

a plant were measured to determine plant size, as an estimate of 

reproductive status (Samson and Werk, 1986). 

Floral ratio is defined here as the ratio of staminate to 

pistillate flowers. Prospective (or phenotypic, sensu Lloyd and Bawa, 

1984) femaleness was defined as 

p. = 
1 

d' 1 

-------------, 
d· + E*l· 1 1 



where di and Ii are estimates of total female and male flower 

production over the flowering season for plant i and E = SUM di/SUM 

Ii. Prospective femaleness is a measure of the relative production of 

female gametes by individuals compared to the whole population (see 

Chapter 1). 

Patterns of floral bud production along branches 
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Since early nodes usually produce male buds and later nodes 

produce female buds in many cultivated cucurbits (Scherrens, 1985), it 

was important to determine the phenological pattern of sex expression 

along branches for the population. To analyze these patterns, expected 

numbers of male and female buds on a plant were derived given number of 

branches, their length and patterns of male and female bud production 

along branches in the population as a whole. These expected numbers 

were compared to observed bud numbers. The null hypothesis was that the 

plants represent random samples of the population pattern. This 

analysis does not address reasons why male and female buds are produced 

at specific nodes. 

In 1986, data were collected for 36 plants (15 in LD and 21 in 

HD). For each plant I sampled 1-61 branches, representing from 20 to 

100% of the branches on individual plants. A total of 622 branches were 

sampled. I checked these branches once every 7 to 10 days for sex 

expression of new buds. For each branch I recorded 1) whether a 

pisti llate or a staminate bud was produced at node 1, 2, 3 ••• up to 

the last node on a branch and 2) whether the bud ever opened a flower. 

Node 1 was proximal to the center of the plant. Branches varied in 
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length (10-210 em.) and in node number (1-45) and, consequently, sample 

sizes decrease with node numer. Of the 11,521 nodes checked for sex 

expression, 27.4% produced male buds while 7.3% had female buds. For 4% 

of all nodes with flowers, both male and female flowers were produced 

at the same node. This can happen in one of two ways: 1) a seemingly 

male raceme will have one bud develop into a female flower, or 2) two 

buds, producing flowers of different gender, will develop in succession 

(i.e., after the first flower or raceme finishes flowering, a new bud 

develops). 

For each plant sampled, the expected numbers of male and female 

buds were derived in the following way. Based on the number of branches 

sampled per plant and on the number of nodes per branch, I multiplied 

the probability of having a male (or female) bud at node number X by 

the number of branches sampled that had at least X nodes, and then 

summed these products over all node numbers on a plant. I generated 

these probabilities separately for each population both for all buds 

and for only buds that opened (i.e., produced at least one flower) 

using the following two methods: 

Method 1. I assumed that all branches were independent. For a specified 

node number, I determined the proportion of all branches that produced 

male or female buds at that node numbero Assuming all branches are 

independent and sampling differently for different plants (which was 

necessary since some small plants produced only 1 to 5 branches and 

since branches on large plants were variable in their pattern) gives 

more weight to the larger plants with more branches. 



Method 2. I also analyzed the same data on a per plant basis. I 

determined the proportions of male or female buds at all node numbers. 

I took the means of these proportions for all sampled plants within a 

habitat to determine ~ sex expression at all node numbers. This 

method gives more weight to the smaller plants (i.e., pattern observed 

for a plant with 5 branches counts as much as that of a plant with 60 

branches). By compiling the data in these two ways, I have given 

different weights to plants with few versus many branches. 

Fema Ie success 
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I marked female flowers and fruits on tile census day they 

opened or set respectively (or on the following census day) with color 

threads, a different color for each census day. Fruits were thus marked 

with 2 threads, one for the flower and one for the fruit. I recorded 

the presence and disappearance of all marked fruits throughout the 

censusing period. Using this information, I determined the number of 

fruits set and matured per plant. Fruits were considered mature if they 

remained on the plant for 4 weeks. Though not all female flowers were 

marked in 1984, all fruits set prior to and during the census were 

marked. In 1984, I opened young fruits (less than 3.5 weeks old) and 

ascertained that seeds were not mature by appearance and weight 

(average weight of seeds from fruits 3 versus 4 weeks old: 0.112 + 

0.010 g versus 0.139 2. 0.006 g, t = 60.40, df = 577, P < 0.001 - No 

germination tests were done). At the end of each season, remaining 

mature fruits were collected and weighed, and seed set was determined. 
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Some fruits did not mature either because: 1) they were aborted 

(presence of aborting fruit was usually recorded on the next census); 

2) they disappeared between censuses and were assumed eaten if the 

disappearance occurred prior to fruit maturation, but assumed dispersed 

if it occurred after 4 weeks; or 3) they did not have time to mature 

because the flowering season of A. undulata ended and the above-ground 

biomass dried up. In the latter case, fruits were often collected to 

determine whether the seeds were indeed immature. The proportions of 

fruit abortion, predation and 'non-maturation' were determined for each 

population and year. 

Female success was estimated by the number of mature seeds 

produced per plant (i.e., number of mature fruits per plant multiplied 

by average seed set of collected fruits from that plant) or of mature 

fruits per plant. Relative efficiency at initiating and maturing fruits 

will be referred to respectively as percent fruit set and percent fruit 

matured (from fruits set). For the HD population in 1986, few fruits 

were collected due to predation (probably deer or javelina) a w'eek 

prior to collecting. Consequently, the number of mature seeds could not 

be determined and number of mature fruits was used as the only estimate 

of female success in this case. This was reasonable since number of 

mature seeds and of mature fruits were highly positively correlated 

(For cosexes only - Low density 1984: r = 0.919; 1985: 0.962; 1986: 

0.936; High density 1985: 0.827; all p < 0.001; sample sizes in Table 

6) • 
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Male success 

In all years, male success was estimated based on the number of 

male and female flowers opened during each census. I ignored all post

pollen production effects such as differential pollinator attraction of 

plants, pollen dispersal distance, self-compatibility of mates, and 

differential pollen growth rates and fertilization of ovules 

(Stephenson and Bertin, 1983; Bertin, 1985; Marshall and Ellstrand, 

1986). Exact measures of male success require genetic markers and were 

beyond the scope of this work (Ellstrand, 1984, Ellstrand and Marshall, 

1985; Meagher, 1986). I assumed all pollen grains were of equal quality 

and that all male flowers produced equal amounts of pollen. I estimated 

male success (estimate I) as the number of seeds or fruits sired on a 

given census-day by a plant (i.e., the proportion of male flowers 

produced by that plant on a given census-day multiplied by the number 

of fruits set on that day or by the number of seeds or fruits set that 

day reaching maturity), summed over all census-days. Since the species 

is self-compatible, seeds set by a plant could be sired by that plant, 

but self pollen was assumed no more likely to fertilize ovules than 

outcrossed pollen. 

In 1985 I monitored pollinator behavior during peak daily 

pollinator $ombus) activity (6 AM to 10 AM) in July. For each 20 

minute observation period for an individua: plant, I recorded total 

number of pollinator visits, number of flowers visited per trip, and 

flower gender. Pollinator behavior was observed for 26 and 104 periods 

on 15 and 25 plants respectively in population LD and HD. This 

information was incorporated into a second measure of male success 
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(estimate II) for 1985. Using data from obs~rvation periods with at 

least one staminate flower opened, I derived an equation for number of 

male flowers visited per observation period (t) given final plant size 

(x) and total number of open flowers on that day (y) (Low density 1985: 

t = -3.12 + 0.08x + 1.04y, R2 = 0.29, n = 24 observations; High density 

1985: t = -2.86 + 0.13x + 2.00y, R2 = 0.52, n = 98 observations). I 

assumed that this equation held over most of the flowering season. 

Given plant size and daily number of open flowers, the proportion of 

pollinator visits to male flowers of plant i on a given census day 

(relative to all pollinator visits to male flowers in the population) 

could be determined. I assumed that this proportion mapped directly 

into the proportion of fruits or seeds sired by plant i on that census

day. By summing over all census-days, I obtained a second estimate of 

male success. 

Statistical analyses 

All proportional or percentage data were arcsine-transformed; 

plant size, flower production and most reproductive success data were 

log-transformed. Analyses were done for all flowering plants and/or for 

cosexes only. For between-year comparisons, only plants that flowered 

in all years under consideration were included (maximum n = 77). 

Standard parametric (t-tests) or non-parametric (Mann-Whitney U, x2 or 

Fisher's Exact) tests were performed to compare means or distributions. 

Multiple linear regressions were done to determine which factors were 

more important in determining female or male success and pollinator 



Table 6. Number of non-flowering, male and cosexual plants for 
each habitat and year. 

Habitat Non flowering Male 
and year Plants 

Low densi ty a 
1984 2 10 

1985 3 14 

1986 7 11 

High density b 
1985 4 4 

1986 6 7 

a - Contigency X2 = 3.06, df = 4, ns 

b - Contigency x2 = 1.68, df = 2, ns 

Cosexual Total 

22 34 

27 44 

26 44 

27 35 

21 34 
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behavior and, if appropriate, whether these factors correlated with 

plant size or femaleness. 
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Descriptions of relationships between flowering phenology and 

plant size, or of femaleness with plant size or flower production were 

based on regression or correlation analyses ~orusis, 1986a). To 

determine whether flowering phenology (flower production), floral 

ratios, femaleness, or female and male success differed between 

populations (a between-subjects effect) or between years (a within

subject effect), repeated measures analyses of variance were performed 

using appropriate covariates when necessary (e.g., plant size in the 

analysis of flower production and flower production in the analysis of 

femaleness) (Norusis, 1986b). Sums of squares due to the covariate were 

removed prior to factor sums of squares. Flowering phenology and 

femaleness analyses were done for the 1985 and 1986 data only, since 

the 1984 data set \>las incomplete. Analyses of reproductive success 

through each gender were done in 2 ways: a) by a repeated measures 

ANOVA for the 1985 and 1986 data and b) by a repeated measures ANOVA 

for the low density habitat only in all three years. To determine 

whether populations and years differed in the causes of fruit 'non

maturation', hierarchical log-linear models were evaluated, comparing 

all years jn the LD population or both populations in 1985 and 1986, 

with causes (abortion, predation or lack of time), populations and 

years as main factors ~orusis, 1986b). 
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Results 

Flowering phenology. 

Production of flowers. For both populations in all years a few 

plants did not produce any flowers, some only opened staminate flowers 

and most plants produced both types of flowers (Table 6). The 

proportions of the different groups do not differ significantly between 

years (Table 6). Plants below a minimum size do not produce any female 

flowers and the smallest plants do not produce any flowers (Table 7; 

Figures 5 and 6 - data for 1984 are not plotted). In both habitats, 

cosexual plants were larger on average than male plants (Table 7; LD 

1984: t = 4.12, df = 20; 1985: t = 5.41, df = 39; 1986: t = 2.61, df = 

35; HD 1985: t = 5.25, df = 29; 1986: t = 2.68, df = 26; all p < 0.02). 

Threshold sizes for male and female flower production were 

estimated from equations of male and female flower production as a 

function of plant size using non-transformed data. Assuming a linear 

relationship, the predicted values for production of one flower of 

either sex were derived and used as measures of threshold sizes. Plants 

in the HD population produced male flowers at a smaller size (x = -5.7 

m in 1985 and 0.3 m in 1986) than plants in the LD population (x = 6.1 

m in 1985 and 2.0 m in 1986). This is also reflected in the lower mean 

size of male plants in the former population, although the difference 

is not significant (Table 7; high versus low 1985: Mann-Whitney U = 27, 

n,m = 4,14; 1986: U = 45.5, n,m = 7,11; both P > 0.05). Likewise, 

cosexes in the HD population produced female flowers at a smaller size 

(x = 6.6 m in both years) than those in the LD population (x = 9.3 m in 



Table 7. Mean size of various classes of plants. 

Mean size is in meters (X) with standard deviation (sd). Sample 
sizes are given by data in Table 6. L. = low densi ty; H. = high 
density. Rainfall data (precipitation at the study site from 
June to August) are also given. 

1984 1985 1986 

L. L. H. L. H. 

All plants 
X 19.1 25.8 28.4 19.8 17.3 
sd 16.1 19.6 25.4 20.3 18.0 

Non-flowering plants 
X 2.2 2.5 1.5 3.6 3.5 
sa 1.4 1.8 0.4 1.6 4.1 

All flowering plants 
X 20.1 27.5 31.9 22.9 20.2 
sa 16.0 19.2 23.0 20.7 18.4 

All male plants 
X 5.8 9.8 7.4 10.0 5.4 
sa 4.8 7.2 3.4 6.5 3.6 

All cosexual plants 
X 26.6 36.7 33.7 28.3 25.2 
sd 15.1 17.0 22.7 22.2 18.7 

Rainfall data (in em.) 

30.6 26.7 
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Figure 5. Size distribution of non-flowering, male and cosexual 
plants in the low density population 

A) 1985 and B) 1986. 



50 

A - LOW DENSITY 1985 

12 

11 

10 

9 

8 

6 7 
:z 
w 
::I 
0 

6 
w 
Il: 5 

... 
3 

2 

0 

fO 20 30 40 50 60 70 80 90 100 

IZZJ NON-FtOWERING 
PlANT SIZE ~ESS 'THAN 

MAlE f&Z) COSEXUAl. 

8 LOW DENSITY 1986 

15 

14 

13 

12 

11 

10 

6 9 

:z 8 w 
::I 
0 7 w 
Il: 6 

5 

4 

3 

2 

0 
10 20 30 40 00 60 70 eo 90 100 

PlANT SIZE (M) LESS 'THAN 



Figure 6. Size distribution of non-flowering, male and cosexua1 
plants in the high density population 

A) 1985 and B) 1986. 
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1985 and 9.4 m in 1986). I did not expect mean size of cosexes to be 

different since these plants can be very large in both populations. 
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There were no between-population differences in mean plant size 

(1985: t = 1.41, df = 77; 1986: t = 0.56, df = 76; both p > 0.05). 

Plant size increased in the LD population from 1984 to 1985 (Paired t = 

-4.15, df = 34, P < 0.001), but decreased from 1985 to 1986 for both 

populations (LD: paired t = 3.73, df = 42; HD: paired t = 3.93, df = 

34; both p < 0.001). Differences in plant size between years are 

seemingly not associated with precipitation during the current 

flowering season unless there is a negative effect; plant size was 

greatest in 1985, the year with the smallest total summer precipitation 

(Table 7). 

Regression analyses of total flower production against plant 

size indicated that size accounted for 53 to 71% of the variation in 

total flower production for all plants (Table 8 and Figure 7). These 

data suggest that plant size, reflecting current photosynthate and/or 

all resources (including tuber reserves) available for reproduction, is 

important in determining flowering phenology. 

Production of staminate versus pistillate flowers ~ a function 

of plant siz~ In all years many more staminate flowers were produced 

than pistillate ones (Floral ratio U) 1984: 10.1; 1985: 23.9; 1986: 

16.9; HD 1985: 20.4; 1986: 12.0). Floral ratios decreased from 1985 to 

1986 and were higher in the LD population (Chapter 1). In 1985 three 

plants in population LD produced more pistillate than staminate flowers 

in the following ratios: 0.94, 0.93 and 0.82. These plants were larger 

than the rest of the cosexes, although the sample size is too small to 



Table 8. Summary of R2 values for flower production as a 
function of plant size 

Data are log-transformed. Data for all plants include 
non-flowering plants; sample sizes are given in Table 6. 
Total flowers = sum of male and female flowers. All p < 0.01 
unless otherwise indicated (* = p < 0.05; ns = not significant). 

LOW DENSITY HIGH DENSITY 

1984 1985 1986 1985 1986 

TOTAL FLOWERS 0.58 0.61 0.53 0.71 0.70 

MALE FLOWERS 

1) All plants 0.53 0.55 0.51 0.70 0.68 

2) Only male 0.44* 0.33* 0. 29ns 0. 77ns 0.62* 

3) Cosexes 0.27* 0.15* 0.25 0.35 0.28* 

FEMALE FLOWERS 

1) All plants 0.48 0.58 0.55 0.63 0.62 

2) Cosexes 0.12ns 0.23* 0.47 0.34 0.40 
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Figure 7.- Plots of total flower production as a function of 
plant size 

A) low density and B) high density populations 
in 1985, using original data (~D, r = 0.81, n = 44; HD, r = 
0.72, n = 35; both P < 0.01). 
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show a significant difference (Mean size of plants with floral ratios < 

1 versus> 1: 43.9 + 16.1 versus 35.8 ~ 17.5 m.; U = 24; n,m = 3,24; 

ns). In 1986, only one of these plants produced more female than male 

flowers (floral ratio = 0.98). 

Since the male-biased floral ratio may mask patterns of female 

flower production, total flower production was divided into its 

pistillate and staminate components (Table 8). Plant size was a good 

predictor of both male and female flower production when either all 

plants or only cosexes are included (except for female flower 

production in 1984). For male plants only, flower production was 

positively correlated with plant size except in 1985 for population HD 

and in 1986 for population LD; sample sizes for these correlations are 

small (Table 6). 

Using plant size in each year as a covariate, populations did 

not differ in male or female flower production, but differed between 

years; 1985 was a better year for flower production than 1986 (Table 

9). There was no population by year interaction for either male or 

female flower production. The covariate effect was significant except 

for the between-year comparison for female flower production. This 

suggests that female but not male flower production is less variable 

between-years (though still tied to plant size as demonstrated by the 

covariate effect in the between-population comparison). Ratios of 

female flowers between successive years changed less than male flower 

ratios (LD ratio of male flowers in 1985/1986 = 2.55, female = 1.80, X2 

= 22.47; HD male = 2.95, female = 1.74, X 2 = 48.05, both P < 0.001, df 

= 1). Finally, the intercept of the regression for female flower 



Table 9. Results of the Repeated Measures Analysis of Variance for 
male and female flower production for all flowering plants, using 
plant size as a covariate. 

I. Tests of Between-Subjects Effect using the variate AVG and the 
covariate COVAVG. 

Source of variation DF MS F P 

r~le Fl~w~r Production 

WITHIN CELLS 74 .49 
REGRESSION 1 68.28 138.50 .000 
CONSTANT 1 .23 .48 .492 
POPULATION 1 1.25 2.54 .116 

Female Flower Production 

WITHIN CELLS 74 .22 
REGRESSION 1 29.68 134.08 .000 
CONSTANT 1 4.33 19.56 .000 
POPULATION 1 .61 2.74 .102 

I I. Test of wi thin-Subject Effect using the variate DIF and 
the covariate COVDIF. 

Source of variation DF MS F P 

~le FlOb~ Production 

WITHIN CELLS 74 .10 
REGRESSION I 1 36 13.36 .000 
YEAR 1 4.52 44.53 .000 
POPULATION BY YEAR 1 .02 .19 .661 

~le Flower Production 

WITHIN CELLS 74 .13 
REGRESSION 1 .06 .43 .512 
YEAR 1 1.43 10.78 .002 
POPULATION BY YEAR 1 .01 .05 .831 
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production in the between-subjects effect was significantly smaller 

than 0; demonstrating again that small plants do not produce female 

flowers. The analysis for cosexes gave the same results, 'and the 

analysis for total flower production gave the same results as that for 

male flower production. 

Patterns of femaleness 
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Effect of plant size and total flower production. When I 

included all plants, femaleness was positively correlated with plant 

size in all cases and with total flower production in population to in 

1984 and 1985 and in population HD in 1986 (Table 10; Figures 8 and 9). 

When I only included cosexes, femaleness was not correlated with plant 

size in any case; rather it was negatively correlated with total flower 

production in the to population in all years. A repeated measures 

analysis of variance using total flower production in each year as a 

covariate showed that femaleness did not differ between populations and 

years. For both the between-subjects and the within-subject tests, the 

covariate effect was significant: femaleness was negatively correlated 

wi th total flower production. There were no population (p= 0.795) or 

year (p = 0.824) effects and no population by year interaction (p= 

0.714). 

In conclusion, small plants produce no flowers or only 

staminate flowers, but there is no increased production of pistillate 

flowers to the detriment of staminate flowers for plants larger than 

the threshold size for female flower production. This pattern holds 

across populations in all years. The negative correlations between 



Table 10. Mean prospective femaleness and correlation values for 
femaleness as a function of plant size, of total flower production 
or of number of female flowers. 

Data for all flowering plants and for cosexes only. Mean (X) and 
standard deviations (sd) are for non-transformed data. Sample sizes 
are given in Table 6. 

LOW DENSITY HIGH DENSITY 

1984 1985 1986 1985 1986 

Mean femaleness (all flowering plants) 

X 0.383 0.350 0.382 0.439 0.360 
sd 0.316 0.328 0.320 0.240 0.293 

Femaleness 

versus plant size 
** ** ** * ** 

All 0.63 0.64 0.43 0.42 0.63 

Cosexes -0.22 -0.04 0.!U -0.03 0.18 

versus total flower production 
* ** ** 

All 0.40 0.43 0.30 0.06 0.50 
* ** ** 

Cosexes -0.51 -0.62 -0.57 -0.29 -0.27 

versus number of female flowers 
* * * ** 

Cosexes 0.,46 0.47 0.10 0.38 0.61 

* = p < 0.05 

** = p < 0.01 
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Figure 8. Plots of prospective femaleness as a function of plant 
size. 

A) low density and B) high density populations in 1985, 
using non-transformed data (For all flowering plants, LD, r 
= 0.64, n = 41, P < 0.01; HD, r = 0.42, n = 31, P < 0.05). 
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Figure 9. Plots of prospective femaleness as a function of total 
flower production. 

A) low density and B) high density populations in 1986, 
for non-transformed data (For cosexes, LO, r = -0.57, n = 
26, P < 0.01; HD, r = -0.27, n = 21, ns). 
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total flower production and femaleness for all years indicates that 

cosexes produce more male than female flowers as flower production (but 

not necessarily plant size) increases. This trend seems stronger in the 

LD population, though statistical difference between populations does 

not support this. 

Femaleness and developmental patterns. Sex expression of 

flower buds along branches (as node number increases) is plotted in 

Figure 10 for all buds produced (probabilities calculated by method 1). 

No difference in the general pattern exists whether one looks at data 

for all buds or for all opened buds by either method. The probability 

that a bud will open is independent of node number (Delesalle, 

unpUblished data). The proportion of staminate nodes decreases while 

the proportion of pistillate ones increases to a peak or a plateau with 

node number. On average and for all node numbers, the proportion of 

nodes with buds was always less than 50%. Thus, the decrease in male 

bud production cannot be accounted for by the necessity to have nodes 

produce female buds. 

Neither could phenological patterns of sex expression in the 

population account individual patterns. Observed numbers of buds were 

not significantly different from expected numbers in only 15% of all 

cases (X2 < 3.84): by method 1, for all buds, in 3 out of 36 cases 

(8%); for open buds, in 8 cases (22%); by method 2, for all buds, in 6 

cases (17%); for open buds, in 5 cases (14%). Of the 36 plants tested, 

12 plants were male. Two of these male plants accounted for 5 of the 

cases, while 9 of the 24 cosexes accounted for the other 17 cases. 



Figure 10 .. Plots of bud sex expression along branches (i.e., 
versus node number) 

A) low density and B) high density 
populations in 1986. The data plotted are for nodes with at 
least 20 branches sampled; i.e., up to node 32 in 
the low density population and up to node 35 in the 
high density population. 
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Cosexes were statistically not more liltely to show the expected bud 

production pattern than male plants (Fisher Exact test, p = 0.183). 
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Observed numbers of plants that opened a pistillate versus 

staminate flower first were compared, using floral (1985 and 1986) or 

bud ratios (1986) to derive expected values ~able 11; ratios of male to 

female flower buds that matured - to: 7.5; HD: 7.9). Though ratios were 

biased towards staminate flowers, a greater than expected proportion of 

plants opened female flowers first. This tendency was stronger in the 

to population. These plants were not necessarily the ones producing 

pistillate flowers at the first few nodes. A number of plants were 

observed to grow and mature pistillate flowers at more distal nodes 

before opening staminate flowers at more proximal nodes. In both 

populations and both years, there were usually no significant 

differences in size between plants that opened pistillate versus 

staminate flowers first (except in the HD population in 1986; Table 11). 

Similarly, average femaleness of plants opening a pistillate flower 

first was statistically greater than that of plants opening staminate 

flowers first only in the 'w population in 1985. 

Thus, population patterns of bud production did not explain 

individual patterns or predict gender of the first flower opened. 

Female success 

More female flowers were produced per plant in 1985 than in 

1986 (see above), but within these years there were no differences 

between HD and W populations (no comparison possible with the 1984 

data). The number of fruits set per plant was greater in 1985 than in 



Table 11. Gender of first flower opened for cosexes in 1985 and 
1986. 

Plants that opened male and female flowers the same day 
were excluded. Expected values are derived from floral or bud 
ratios (see text). Average size and femaleness of plants that 
opened female or male flowers first are also given. 

I First flower opened: 
pistillate Staminate x2 
0 E 0 E 

Based on floral ratios 

1985 Low 14 0.9 ** 8 21.1 198.8 
High 5 0.8 ** 13 17.2 23.1 

1986 Low 10 1.5 ** 16 24.5 51.1 
High 5 1.4 * 13 16.6 10.0 

Based on ratios of opened male to female buds 

1985 Low 10 3.1 ** 16 213.7 17.6 
High 5 2.0 * 13 16.0 5.1 

II Comparing average size and femaleness of plants that opened a 
female or male flower first. Sample sizes are given above. 

size t 

1985 Low 38.5 + 16.3 313.0 + 13.5 1.21 
High 24.2 '+ 31.8 31.4 + 21.3 -1.20 

1986 Low 25.9 + 10.9 17.4 + 10.7 1.84 
High 43.8 + 29.8 * 20.1 + 113.0 2.16 

Femaleness 

1985 Low 13.60 + 13.27 * 0.34 + 0.24 2.43 
High 0050 + 0.25 0.41 + 0.19 0.83 

1986 Lo\'l 0.67 + 0.27 13.43 + 0.213 1.82 
High 0.59 '+ 0.19 0.43 '+ 0.26 1.16 

* 'Ie = p < 0.mn 
* = p < 13.05. 
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1984 or 1986 and did not differ between populations within a year 

(Table 12). Percent fruit set did not vary between populations or years. 

In contrast, the number of mature fruits and the percent fruit matured 

varied greatly between years and populations. Results of regression 

analyses, to determine whether plant size or femaleness or both 

affected the components of female success, are summarized in Table 13. 

The components of female success, as measured by number of 

mature fruits, were determined by multiple linear regressions. 

Dependent variables used were number of female flowers, precent fruit 

set, percent fruit matured, plant size and prospective femaleness. 

Female success increased with both number of female flowers and percent 

fruit matured. The relative importance of each factor varied between 

years and populations: in 1985 in the LD population and in 1986 in the 

lID population, percent fruit matured accounted for the most sums of 

squares. Those were the cases when fruit maturation rates were the 

lowest (Table 12). Otherwise, female flower production was more 

important. Percent fruit set was positively correlated with female 

success only in 1985 in the to population (as the third variable 

included in the regression). Adjusted R2 for each equation were: LD 

1984 = 0.83, 1985 = 0.88, 1986 = 0.80, HD 1985 = 0.92, 1986 = 0.52. 

Though plant size and prospective femaleness were tested as 

dependent variables, these variables were never direct statistical 

determinants of female success, but affected success indirectly. Thus, 

number of female flowers and plant size are positively correlated 

(Table 8) and this explains the positive correlations between number of 

set or mature fruits and plant size (Table 13). Similarly, femaleness 
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Table 12. Summary of female success data for cosexes only. 

Values given are for non-transformed data. Repeated analyses of 
variance were done for transformed data (see text); Statistical 
differences between means are shown by different letter superscripts. 
Sample sizes which differ from those of Table 6 are given. Percent 
fruit matured were calculated for cosexes that set at least one fruit. 
Percent fruit set in 1984 was calculated from marked female flowers; 
thus, the difference between the ratio of number of fruits set/number 
of female flowers and the percent fruit set for that year. 

LOW DENSITY HIGH DENSITY 
* 

1984 1985 1986 1985 1986 

Fer plant 

Number of female flowers 

X 6.7 21.~ 12.3b 20.1a 14.9b 
sd 3.9 20.7 17.1 21.2 18.3 

Number of fruits set 

X 6.5b 13.6a 8.3b 13.7a 8.7b 
sd 6.9 12.8 13.6 15.6 10.8 

Number of mature fruits 

X 3.5b 3.9b 4.1b 6.~ 2.4c 
sa 4.2 4.4 7.0 9.6 4.2 

Number of mature seeds 

X 108.7b 150.7b 165.2b 242.7a no data 
sd 138.1 165.1 277.6 329.3 

Percent fruit set 
X 71 68 56 72 62 
sd 29 27 31 20 29 
n 14 



Table 12.Continued 

LOW DENSITY 

1984 

Percent fruit matured 

X 52a 
sd 39 
n 20 

Fer population 

Percent fruit set 
67 

Percent fruit matured 

1985 

27b 
25 
26 

64 

53 29 

1986 

41a 
36 
22 

67 

50 

Percent fruit matured from female f1o~rers 

HIGH DENSITY 

1985 1986 

42a 34b 
22 33 

20 

68 59 

46 28 

36 19 34 31 17 

Per fruit 

Number of seeds 

X 
sd 
n 

31. 7b 

15.7 
56 

39.3a 
15.0 

96 

40.7a 
14.4 

65 

39.6a 
13.4 

88 

36.4a 
14.2 

10 

* - Data for mean number of female flowers in 1984 not included 
in analyses. 
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Table 13. Reproductive consequences of plant size and gender 
allocation for female success of cosexes. 

Only significant effects are shown (p < 0.05). Results of multiple 
linear regressions with plant size and prospective femaleness as the 
only dependent variables. If both variables are included in the 
equation, the variables are given in the order they are entered. 
Partial correlation values are given below the independent variable. 
Female. = prospective femaleness. Sample sizes as in Table 6. 

Seeds Fruits Fruits Percent Percent 
matured matured set matured set 

LOW DENSITY 

1984 ns size ns ns ns 
n = 22 +.445 

1985 ns ns size ns female. 
n = 27 +.459 -.570 

1986 size size size female. ns 
n = 26 +.526 +.611 +.671 -.393 

HIGH DENSITY 

1985 size size size . ns ns 
n = 27 +.521 +.651 +.594 

female. female. female. 
+.328 +.375 +.326 

1986 no data size size ns ns 
n = 21 +.479 +.544 

female. 
+.460 
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and number of female flowers in the HD population are positively 

correlated ~able 10) and this results in positive correlations between 

number of set or mature fruits or number of mature seeds and femaleness 

~able 13)ft These are not necessary correlations. For example, 

femaleness is positively correlated with number of female flowers but 

not with number of mature fruits in the to population in any year. 

Finally, femaleness is negatively correlated with percent fruit set in 

1985 and percent fruit matured in 1986 in the to population ~able 13). 

Seed set per fruit was significantly lower in 1984 than in any 

other year, with no between-population difference in 1985 or 1986 

~able 12). Still, the number of mature seeds per plant did not vary 

significantly in the to population, but was greater in the HD 

population in 1985 (Table 12). The population percentages of fruits not 

matured because of fruit abortion, predation or lack of time are shown 

in Figure 11. Yearly factors are important in determining why fruits did 

not mature with some variation between populations (population x year x 

cause interaction is significant, x2 [2 df] = 15.98, p < 0.001). All 

two-way interactions and main effects were significant (Figure 11). 

Fruit predation was the main reason for failure to mature fruits in 

1985. In 1986, 40% of all fruits did not mature in the to population 

because they were set too late in the season; femaleness was weakly 

positively correlated with the percentage of fruit not matured because 

of lack of time (r = 0.368, p = 0.10, df = 20) but not with percent 

frui t abortion (r = 0.105) or predation (r = -0.070). 

, 



Figure 11. Causes of fruit 'non-maturation' in the two populations in 
all years of study. 
-- Predation accounted for most fruit disappearance in the 
HD population in both years (71% and 53%) and in the LD 
population in 1985 (60%). Lack of time was most important in 
the LD population in 1986 (40%). Abortion was the second 
important factor in both populations in 1986 (LD: 34%, HD: 
41%). Factors that were more important than expected in each 
year were: LD 1984: abortion, 1985: predation, 1986: lack of 
time and abortion; HD 1985: predation, 1986: abortion. 
Significant differences determined from hierarchical 
loglinear analyses. 
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Male success 

Number of seeds sired. All estimates of male success (number 

of fruits set or mature fruits sired, number of mature seeds sired) 

varied between populations and years (Table 14). The number of fruits 

set sired per plant was highest in 1985, and higher in population HD 

than in population LO, and lowest in 1984 and 1986. The number of 

mature fruits sired did not vary in the LD population, but varied 

threefold in the HD population, being higher in 1985 than in 1986. 

Based on the number of mature fruits, male success was higher in 

population HD than LD in 1985 and vice-versa in 1986. Finally, the 

number of mature seeds sired was greater in the HD population in 1985, 

and differed between years in the LO population. 

When all plants are considered for both populations in all 

years, size was the most important variable determining male success. 

Femaleness was significantly related to male success only in the HD 

population in 1985. When the effect was significant, male success was 

positively correlated with size, while femaleness had a negative 

correlation ~able 15). When only cosexes are considered, both factors 

were usually included in the regressions. Femaleness was the most 

important factor in the LD population while size was in the HD 

population. For the estimates based on pollinator data, only size was 

important in determining male success in the HD population. 

Pollinator behavior. All the following results hold whether I 

used all observation periods or an average for each plant observed. 

Plants in the HD population had higher rates of pollinator visitation 
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Table 14. Summary of male success data {estimate I) for all flowering 
plants. 

Values given are for non-transformed data and based on only 
daily male and female flower production information. Information on 
pollinator behavior was not incorporated in male success estimates. 
Sample sizes as in Table 6. 

LOW DENSITY HIGH DENSITY 

1984 1985 1986 1985 1986 

Per plant 

Number of set fruits sired 

X 4.5c 9.0b 5.6c 11.9a 6.5c 
sd 4.7 12.2 8.9 11.2 7.7 

Number of mature fruits sired 

X 2.4b 2.6b 2.9b 5.4a 1.8c 
sd 2.3 3.1 4.1 505 1.8 

Number of mature seeds sired 

X 7602c 99.3b 115.0b 211.4a no data 
sd 72.6 119.6 162.0 214.6 
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Table 15. Reproductive consequences of plant size and gender 
allocation for male success. 

73 

Only significant effects are shown (p < 0.05). Results of multiple 
linear regressions with plant size and prospective femaleness as the 
only dependent variables. If both variables are included in the 
equation, the variables are given in the order they are entered. 
Partial correlation values are given below the independent variable. 
Male success estimates are based on daily number of male flowers and 
female success only (I) or with pollinator information incorporated in 
estimate (II) (see text). See Table 6 for sample sizes. 

All plants Cosexes 

Fruits set Mature seeds Fruits set Mature seeds 

----------------------------------------
LOW DENSITY 

1984 I size size femaleness femaleness 
0.63 0.65 -0.52 -0.54 

1985 I size size femaleness femaleness 
0.72 0.73 -0.69 -0.76 

size size 
0.36 0.34 

II size size fe:naleness femaleness 
0.81 0.81 -0.59 -0.66 

size size 
0.40 0.41 

1986 I size size fe:naleness fe:naleness 
0.59 0.67 -0.61 -0.65 

size size 
0.51 0.60 



Table 15. Continued 

All plants Cosexes 

Fruits set Mature seeds Fruits set Mature seeds 

HIGH DENSITY 

1985 I size 
0.62 

size 
0.57 

femaleness femaleness 
-0.31 -0.38 

II size 

1986 I 

0.76 

size 
0.78 

size 
0.73 

femaleness 
-0.28 

size 
0.79 

size 
0.59 

size 
0.56 

femaleness femaleness 
-0.32 -0.34 

size 
0.72 

size 
0.50 

size 
0.71 

size 
0.62 

femaleness femaleness 
-0.55 -0.52 
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per observation (6.1.:!:. 6.6 versus 3.9.:!:. 4.7, z = -1.69, P = 0.045) and 

more flowers visited per visi t (17.1 + 11.5 versus 10.7 .:!:. 7.5, z = -

1.83, P = 0m034; Mann-Whi tney U test, n,m = 15,25) than those in the LO 

population. 

The number of pollinator visits was positively correlated with 

plant size in the HO population (r = 0.608, n = 25, P < 0.01), but 

with daily number of open flowers in the LD population (r = 0.548, n = 

15, P < 0.05). Only one independent variable was ever included. The 

number of flowers visited per visit was positively correlated with 

number of open flowers in both habi tats (HO: r = 0.860, P < 0.01; LO: r 

= 0.574, P < 0.05), with plant size having no effect. Number of open 

flowers was more important than plant size in determining total number 

of flowers visited per observation period in the LD population (r = 

0.602; p < 0.05), while both factors were important in the HD 

population (partial r for number of open flower = 0.725, P < 0.01; for 

plant si ze = 0.510, P < 0.05). 

Relationship between male and female success 

Measures of male and female success \'lere usually positively 

correlated, except in those cases where percent fruit matured was 

lowest (Table 16). This association results partly from the positive 

correlations between male and female flower production (For cosexes; LD 

1984: r = 0.467; 1985: 0.659; 1986: 0.770; HO 1985: 0.727; 1986: 0.677; 

all p < 0.05). 



Table 16. Correlations between female and male success for cosexes. 

Female success was estimated by the number of mature fruits produced 
in the high density habitat in 1986 and by the number of mature seeds 
produced in all other cases. Male success was estimated by daily 
flower production only (I) or by daily flower production and 
pollinator behavior data (II) (for 1985 only) and based on number of 
fruits set or number of mature seeds. 

Low density 1984 

1985 

1986 

High density 1985 

1986 

*** = p < 0.001 
** = P < 0.01 
* = P < 0.05 

I 

I 

II 

I 

I 

II 

I 

ns = not significant 

MALE SUCCESS BASED ON 

Fruits set Mature seeds 

0.392 * 0.394 

0.274 ns 0.277 

0.349 * 0.350 

0.760 *** 0.728 

0.495 * 0.425 

0.582 ** 0.543 

-0.007 ns 0.072 
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Discussion 

Flowering phenology and gender allocation 

Plant size was a good predictor of flower production in 

Apodanthera undulata and probably a good measure of resources available 

for flowering. Fifty-three to 71% of the variation in total flower 

production was explained by this variable. Both staminate and 

pistillate flower production were usually correlated with plant size 

(Table 8). Plants below a certain threshold size did not produce any 

female flowers and even smaller plants did not flower at all (Figures 5 

and 6; Table 7). Taken together these data suggest that a minimum 

amount of resources is necessary to expect fitness returns from male 

and female flower production with more resources being necessary for 

the latter. 

My preliminary data on sex expression patterns along branches 

suggest that these thresholds are a consequence of reproductive status 

rather than of developmental constraint. Based on population sex 

expression patterns, one would expect the smaller flowering plants to 

produce female flowers; they did not do so except for one plant. 

Similarly, the gender of the first open flowers could not be predicted 

from these patterns; more plants opened female flowers first than would 

be expected given either floral or bud ratios (Table 11). 

As reviewed by Scherrens (1985), branches of cultivated 

c~curbits usually produce male flowers at ealy nodes, then go through a 

cosexual phase before producing female buds only. Though my data 

support this general scenario, there are some major differences: 
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1) There is no abrupt or gradual change from an all male to an all 

female phase. It is remotely possible that this female phase was not 

expressed because branches never grew long enough in any of the years 

of the study, but it is more likely that cultivated cucurbits have been 

artificially selected to switch from a male or cosexual phase to a 

female phase as soon as possible. 

2) Female buds can and are produced at all node numbers. Fruit set is 

known to affect sex expression of future nodes (Scherrens, 1985). The 

consequences of fruiting on gender in ~podanthera undulata will be 

described elsewhere (unpubl. data). 

The larger threshold size for female function in A. undulata 

suggests that this function is more resource-limited than male 

function. Beyond the threshold effect, femaleness and plant size were 

not correlated. Thus, more female flowers in absolute number~ does not 

imply being more "female" since numbers of male and female flowers 

increased together in all years. Either the plants are not behaving in 

an 'optimal' way or the fitness gains through both functions increase 

equally or in unpredictable ways with increasing plant size and/or 

total flower production. This could be the case if: 1) both functions 

benefit from increased pollinator visits to larger plants and/or larger 

floral displays (e.g., Schaffer and Schaffer, 1977, 1979; Schemske, 

198~a; Sutherland and Delph, 1984; Stephenson, 1981; Waser, 1983; Waser 

and Price, 1984); 2) the consequences of pollinator visits on pollen 

dispersal, seed set and seed quality are unpredictable (e.g., Campbell 

and Waser, 1987; Geber, 1985; Handel, 1983; Schemske, 1977, 198~; 

Thomson and Plowright, 198~; Waser, 1983; Wyatt, 1982; Zimmerman, 198~) 
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or 3) the factors determining seed maturation are not affected by plant 

size or flower production once the plant has reached a threshold size. 

The populations studied showed both similarities and 

differences in flowering phenology and gender allocation. The 

thresholds for male and female flower production were smaller in the 

high density population. Besides this, there were no differences in 

flowering phenology with increasing plant size between populations 

within years but strong differences between years (Table 9). Gender 

history has an important short-term effect on current gender allocation 

since femaleness in successive years was positively correlated 

independent of plant size (Chapter 1). The two populations seem to 

differ in gender allocation strategy when femaleness was correlated 

with total flower production (Table 10 and Figure 9). This difference 

can have important reproductive consequenceso I suggest that 

differences in pollinator behavior between habitats may explain this 

difference in flowering phenology or, at the very least, its 

reproductive consequences (see below). 

Plant size and total flower production affect gender 

allocation. The factors that may influence plant size have not been 

investigated. Mean plant size varies between years, but not between the 

populations studied. Available rainfall data suggest that past 

precipitation may be important; plants were largest in 1985 after two 

good years of rain. Annual precipitation in 1983 (7~9 em) and 1984 

(60.6 em) was the highest on record since 1968. Tuber reserves, plant 

age, current and past rainfall could affect plant size, while daily 

rainfall patterns during the flowering season may affect flower 
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production as well as fruit maturation. For example, the number of days 

without rain may determine whether flower buds die or mature. 

Male flower production was more affected by between-year 

conditions ~able 9). This was reflected in greater changes in number 

of male rather than female flowers between years. Though probably due 

to too few censuses, the lack of a significant correlation between 

female flower production and plant size in 1984 suggests caution in 

generalizing this conclusion. 

r will advance two hypotheses to explain the possibly greater 

change in male flower production between years: 

a) Sex allocation strategy differs between good and bad flowering 

years. If female success is mostly resource-limited and plants produce 

enough female flowers to set fruits and male flowers to attract 

pollinators, then both male and female success can be increased through 

the production of more male flowers. Greater floral displays should 

increase both pollen donation and receipt, the latter possibly 

resulting in higher fruit quality (see next section). Consequently, 

monoecious plants should produce more flowers and relatively more male 

flowers in good flowering years especially if the factors limiting 

flower production and fruit maturation are different. 

b) Differential effects of male and female flower architecture. Plants 

commit to certain gender strategies through the production of male and 

female flower buds. Male buds are mostly produced at early nodes with 

male flowers in racemes, while solitary female flowers are produced 

through the flowering season. Adverse conditions early in the flowering 

season may affect male more than female flower production by killing 
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early buds which were going to produce many, if not most, of the 

plants' male flowers. This latter possibility suggests an important 

consequence of plant architecture in this species and possibly other 

cucurbits. Environmental conditions may affect flowering phenologies 

and gender allocation differently for species where male and female 

flowers are produced at the same node or are segregated, or for species 

where male flowers are solitary or produced in racemes (Jeffreys, 

1978). 

For the following discussion and as suggested by my data, I 

will assume that female function (number of fruits maturing on a plant) 

is limited primarily by resources and possibly secondarily by 

pollinators (through quality of pollen received and of resulting 

seeds). In contrast, I assume male success was mostly limited by 

pollinators (affecting pollen dispersal) and possibly secondarily by 

resources (through nectar and pollen production). The resources that 

limit both functions need not be the same. 

Pollinator behavior, gender allocation and possible reproductive 

consequences 

If the size of the floral neighborhood affects the pollen loads 

flowers receive, the number and/or quality of offpsring per flower 

could be affected through differential fruit set, fruit abortion, seed 

set per fruit, or seed quality (Campbell, 1985a McDade, 1983; McDade 

and Davidar, 1984; Mulcahy, 1983; Rathcke, 1983; Schemske and Pau1ter, 

1984; Stephenson, 1981; Stephenson and Winsor, 1986; Sutherland and 

Delph, 1984; Willson, 1983; Winsor et a1., 1987). Similarly, size of 
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the floral neighborhood and of the floral display can affect the amount 

and distance of pollen dispersal (campbell, 1985b; Handel, 1983; Waser, 

1983; Willson, 1983 and references therein). 

Data on pollinator behavior in 1985 suggest that pollinators 

perceive the high density population as one big patch and visit each 

plant more or less randomly depending on their size and area occupied. 

In the low density population, the daily number of open flowers is more 

important in attracting pollinators to individual plants. I suggest 

that these between-habitat differences in pollinator behavior hold in 

most years and are due to differences in plant density between 

populations. 

If this is true, then differences between populations in gender 

with increasing flower production could be adaptive. In the low density 

population, a plant's fitness may increase by opening more male 

flowers, causing more pollinators to visit the plant. I suggest that 

plants may perceive pollinator levels through pollen removal rates or 

pollen loads on stigmatic surfaces, and adjust their gender allocation 

accordingly, by opening more male flowers per raceme or producing male 

rather than female buds. For example, fruits developing with few 

zygotes because of low pollination visitation would create weaker 

resource sinks and affect hormonal balances differently from fruits 

with many seeds. 

Because of their smaller size, staminate flowers may be cheaper 

to open than pistillate flowers. They are also produced in racemes, so 

only 1 to 3 nodes are necessary to produce 10 male flowers, whereas 10 

nodes are necessary to produce that many solitary pistillate flowers. 
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Thus, plant architecture can have important consequences for floral 

ratios. For example, I would expect cucurbit species where male flowers 

are produced in racemes to have more male-biased ratios. It would be 

interesting to determine whether floral architecture is a consraint or 

an adaptation to pollinator syndromes by comparing among populations 

with different pollinator guilds or species with different plant 

architectures. 

Alternative hypotheses could also account for these differences 

in floral' ratios. Different factors may limit male and female flower 

production and these factors may differ in availability between 

populations. This argument is similar to those for niche separation in 

dioecious species (e.g., Freeman et al., 1976; Meagher, 1984). 

Differences in allocation to male function could be related to 

differences in outcrossing levels between populations (Schoen, 1982; 

Sutherland, 1986). It is also possible that the differences between the 

two populations are not adaptive. Increased inbreeding could also be a 

negative consequence of increased floral displays. This species is 

self-compatible and seed set does not differ between selfed and 

outcrossed fruits (Delesalle, unpublished data). Whether selfed versus 

outcrossed seeds are of equal quality has not been determined. These 

hypotheses still need to be tested. 

Reproductive success through each gender 

I have assumed that measures of male success are linearly 

positively correlated to the actual number of ovules fertilized by 

pollen of individual plants and that seeds of different sizes have 



similar fitnesses. Reproductive success measures incorporated temporal 

variation in fitness retuirns through each gender, though if I did not 

explicitly test for significance of these effects. 

Female success is determined mostly by the number of female 

flowers produced and the number of fruits matured. Percent fruit set 

did not vary between years and populations suggesting that ability to 

set fruits was essentially constant. This result is surprising in view 

of the differences in flower numbers between years (which could 

possibly affect pollinator numbers and behavior) and in pollinator 

behavior between habitats. Pollinators may behave in such a way that 

most female flowers receive enough pollen to set fruit (Geber, 1985). 

Given unpredictable predation rates and unpredictable length of the 

growing season, A.undulata plants may have been selected to set any 

fruit with enough fertilized ovules and to postpone abortion decisions 

depending on future fruit set and predation. Sutherland (1986) 

suggested similar arguments to explain fruit set for self-compatible 

species with expensive fruits. Differences in fruit set might then be 

more readily noticed on a finer time scale. For example, fruit set may 

decrease after a certain number of fruits are set but increase after 

fruit predation. 
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The factors that determine female success do not stay constant 

between years and populations: percent fruit matured was greater in the 

high density than in the low density population in 1985, but the 

opposite was true in 1986. Fruit abortion and predation also varied 

between years and populations (Figure 11). Predation was more important 

in 1985; abortion and predation were equally important in 1984 and 
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1986, and lack of time to mature fruits was important in the low 

density population in 1986. The factors determining fruit abortion or 

predation were not investigated. Predation intensity may be related to 

rainfall patterns, particularly onset of summer monsoons, and growth of 

other summer annuals. Predation rates may lower female success below 

resource-limited levels; i.e., female function may have been resource

limited before predation occurred. 

Female sucess was indirectly correlated with plant size through 

the increased production of female flowers in larger plants. In the 

low density population, femaleness was negatively correlated with 

percent fruit set in 1985 and with percent fruit matured in 1986. This 

suggests that plants make abortion decisions earlier and are more 

selective in good flowering years. 

In contrast, the factors that determine male success differed 

between populations but remained constant within a population between 

years. To some extent, these results are a necessary consequence of the 

assumptions used to calculate male success: male success was primarily 

determined by the number of male flowers opened. Thus, I expected the 

correlation between male success and plant size, since male flower 

production was positively correlated with plant size. The difference 

between populations can be linked to pollinator behavior: number of 

pollinators visiting plants was more strongly determined by plant size 

in the high density habitat and by daily number of open flowers in the 

low density habitat, at least in 1~85. These data suggest that male 

success in the low density population may be more poll inato:c-lim i ted 



and show that pollinator behavior has important reproductive 

consequences. 
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Male but not female success differed between years in the low 

density population suggesting that temporal differences in fruit set 

and maturation may affect male more than female success. Obviously, 

factors that affect female success can drastically affect male success 

(compare the estimates of male success based on fruits set sired versus 

mature fruits sired). 

Of course, these estimates of male success are at best 

approximations of true male success. Population structure and numerous 

post-pollen dispersal factors affect male success and were not 

controlled for mandel, 1983; Waser, 1983, Rathcke, 1983; Meagher, 

1986). In particular, matings between close and distant neighbors in 

the low density population were considered as likely. Still, unless 

there are negative effects to male success with increased pollen 

production, such as decreased pollen dispersal between-plants, male 

success should increase with both number of male flowers and number of 

pollinator visits. 

The consequences of gender allocation for success through 

female function are unpredictable. This affects female success and male 

success indirectly through female function. Female function is probably 

more resource-limited than male function, but the conditions when 

resource limitations determine final seed set may be rare, 

unpredictable between years and populations, and vary between 

individuals because of random factors such as predation and onset of 



rain. Thus, past reproductive success does not affect current 

reproductive status and gender allocation in every year (Chapter I). 

All plants of A. undulata may follow the same gender history: 

young, small plants only produce male flowers and older, larger plants 

produce both types of flowers (Chapter 1). Gender allocation over one 

flowering season is determined by short-term gender history (Chapter 

1), possibly by within-season temporal gender adjustments and probably 

other undetermined factors. The populations studied differ in gender 

allocation strategies and I suggest that these differences are 

adaptive. It may be impossible to determine an optimal gender strategy 

given fluctuations in population floral ratios, and in female and male 

success between years ~ierzychudek, 1982, 1984b). 
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Both male and female success were positively correlated and 

increased with plant size, unless success was especially low as in the 

high density population in 1986. These correlations suggest that 

factors favoring success through one gender do not negatively affect 

success through the other gender, either because these factors are 

unrelated or have positive effects on both functions. Thus, cosexuality 

would be favored and gender specialization should not be selected for 

and is not observed (Chapter 1). Why A. undulata is monoecious rather 

ti1an hermaphroditic has not been investigated and may be due to 

phylogeny. All but one cucurbit species produce only unisexual flowers 

(Yampolsky and Yampolsky, 1922). The usual arguments for the evolution 

of monoecy from hermaphroditism (i.e., gender specialization, avoidance 

of selfing or morphological segregation of both genders - willson, 

1983) do not seem to apply in this species. 



CHAPl'ER 3 

SEX ALLOCATION THEORY AND GENDER IN THE MONOECIOUS 
LOCO-MELON, APODANTHERA UNDULATA 

Introduction 

Sex allocation theory predicts that cosexual plants in which 

individuals produce both types of gametes should optimize their 

allocation to each gender so as to maximize their fitness (Charnov, 

1982). If optimal, the patterns of allocation should be driven by the 

fitness-gain curves with increasing allocation to each sexual function. 

This theory assumes that allocation to each gender is limited by some 

common factor(s) such as, in perennials, resources that could be stored 

for future reproduction. If the two sexes are limited by different 

resources that cannot be stored, then plants should allocate maximally 

to both sexual functions, regardless of the shape of the fitness-gain 

curves, as long as they benefitted from this increased allocation. 

We may assume that a common resource limits allocation to both 

sexes in some, but not all long-lived perennials. Allocation to female 

function has often been demonstrated to be limited by resources required 

to produce mature seeds (e.g., Willson and Burley, 1983; Stephenson, 

1981) or by pollen (e.g., Campbell, 1987; Rathcke, 1983; Bierzychudek, 

1981). Allocation to male function has often been suggested to be 

pollinator-limited (e.g., Willson and Rathcke, 1974; Sutherland, 1982; 

Sutherland and Delph, 1984) and more rarely resource-limited (e.g., 
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Lovett Doust and Harper, 1980; Southwick, 1985). If pollinator-limited, 

then either function may be limited by resources involved in flower 

production and pollinator attraction that could otherwise be used for 

producing seeds. Male and female functions have not yet been shown to be 

limited by common resources (e.g., Lovett Doust and Harper, 1980; 

Willson and Ruppel, 1984; Cruden and Lyon, 1985); but it is easy to 

imagine cases where the same factors, such as nectar production in 

animal-pollinated species, could affect both functions. Documenting the 

factors that limit fitness through each gender and the exact shape of 

the fitness-gain curves is a complex and difficult task. Still, some 

predictions can be tested without this detailed knowledge. For example, 

allocation to male function was predicted and found to increase with 

outcrossing rates (Charnov, 1982; Schoen, 1982; McKone, 1987; but see 

Cruden and Lyon, 1985). 

Considerable attention has been paid to theoretical models 

predicting gender changes or adjustments (Charnov, 1982; Lloyd 1984; 

Lloyd and Bawa, 1984), however little data exists relative to gender 

adjustment or on how paternal and maternal investments translate into 

paternal and maternal success for plants. with this in mind, I started a 

long-term investigation of gender allocation in a monoecious, self

compatible herbaceous perennial, Apodanthera undu1ata (CUcurbitaceae). 

Cucurbits provide excellent systems to test sex allocation theory by 

observation and experimentation. First, nearly all cucurbit species are 

monoecious or dioecious; and monoecy is believed to be the primitive 

condition while dioecy is assumed to have evolved many times (Jeffreys, 

1978; and references therein). This suggests that the fitness-gain 



curves have also changed repeatedly in the history of the family. 

Second, sex expression in cucurbits is not very canaliz~~ and is knO\~ 

to be modified by environmental factors such as resources, previous 

fruit set, or photoperiod through hormonal control (Scherrens, 1985; and 

references therein). I have documented the between-year component of 

variation in gender expression and some reproductive consequences of 

flowering phenologies and gender allocation in different years (Chapters 

1 and 2). In this paper I explore gender patterns within two Apodanthera 

populations with respect to sex allocation theory. I examine the 

following questions: 

(1) How does one of several possible measures of allocation to each 

gender translate into success through that gender? 

(2) How does relative gamete production translate into total success, 

i.e., success through both gender? 

(3) Are there differences between populations and years in gender 

allocation that could be predicted from the theory? 

(4) How do phenotypic and functional femaleness correlate? 

Materials and methods 

Apodanthera undulata ranges from Mexico to the Southwestern 

United States. The populations studied, at the National Audubon 

Society's Research Sanctuary near Elgin, Santa Cruz County, Arizona, 

flowered from June to August. Detailed descriptions of the species, 

populations and study site can be found in previous chapters. 

In 1985 and 1986, tagged plants in the two populations were 

censused three times weekly throughout the flowering season, for number 



91 

of open male and female flowers, and number of fruits. The two 

populations differed in plant density and associated vegetation (Chapter 

2). For each flowering plant (41 plants in 1985 and 37 in 1986 for the 

low density (LD) population, and 31 in 1985 and 28 in 1986 for ~le high 

density (HO) population), I determined the following measures of gender 

(Lloyd and Bawa, 1984; Chapter 1): 

(1) Prospective femaleness (P) (phenotypic femaleness, sensu Lloyd and 

Bawa, 1984) which measures the relative production of female gametes, 

given population floral ratio. It is defined as 

d 

P = -------------
d + E*l 

where d and I are respectively the pistillate and staminate flower 

production of an individual plant over the whole season and E = ~L 
d/ L I for all . sampled plants in a population and year. Given flower 

production patterns, prospective femaleness is the expected proportion 

of gametes contributed to offspring through ovules if all other 

factors affecting fitness are either random or constant. 

(2) Morphological femaleness (M) which is determined by the proportion 

of pistillate flowers produced by a plant, 

d 
M = ------------. 

d + I 

This measures only a plant's female gametic production, independent of 

the population floral ratio. This second measure was used because I 

found greater consistency between years in morphological rather than 

prospective femaleness (Chapter 1). Both of these are estimates of 

phenotypic femaleness (Chapter 1). 
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(3) Functional femaleness (F) which measures the proportion of a plant's 

fitness achieved through female function and is defined as, 

m 
F = ---------, 

m+p 

where m is the seed set and p the number of seeds (selfed and 

outcrossed) 'sired' by a plant. Thus, m and p measure reproductive 

success through maternal and paternal functions and are assumed to be 

accurate approximations of fitness through each gender. 

Plants with femaleness of 0.00 are called males; those with 

femaleness greater than 0.00 are termed cosexes. No plant was strictly 

female (P, M or F = 1.00) in ei ther year of the study. 

Seed set was determined by collecting all, or a representative 

sample of, mature fruits for each plant bearing fruits. All female 

flowers and fruits were marked on the census day they respectively 

opened or set, or on the the following census day. The presence and 

disappearance of marked fruits were recorded throughout the flowering 

season. Fruits were considered to be mature if they remained on a plant 

for 4 weeks (Chapter 2). At the end of the season, remaining mature 

fruits were collected and number of seeds per fruit counted. If all 

fruits on a plant were collected, seed set was determined by summing 

seed set for all fruits. If only a sample of fruits was collected, then 

average seed set per fruit was determined and multiplied by the 

estimated number of mature fruits. If all mature fruits on a plant 

disappeared before they could be collected, then the average population 

seed set was estimated and multiplied by the number of mature fruits on 

that plant. For the HD population in 1986, few fruits were collected and 



the number of mature fruits was the only estimate of female success. 

This was appropriate since the number of mature seeds and fruits were 

highly positively correlated (Chapter 2). 
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Determining exact male success is a difficult task for so many 

plants and seeds (Average seed set per fruit was 39.6 and average number 

of mature fruits per cosexual plant was ~3 for an estimated total of 

10,267 mature seeds for marked plants in both populations and years), 

and impossible without genetic markers or some other means of 

attributing paternity to individual plants. Consequently, p was 

estimated by using daily male flower production and female success. I 

calculated male success as the number of mature seeds or fruits sired on 

a given census-day by a plant (i.e., the proportion of male flowers 

produced by that plant on a given census-day times the number of seeds 

or fruits set on that day that reached maturity), summed over all 

census-days. I ignored all post-pollen production effects and assumed 

that all pollen grains were of equal quality and that all male flowers 

produced equal amounts of pollen (Chapter 2). 

A crude measure of allocation to female function was obtained by 

assuming that number of female flowers and fruits counted on each 

census-day measured female allocation for the period between censuses 

and summing over all censuses. Fruits on a plant for 4 weeks were 

assumed to be fully mature and with viable seeds (i.e., plants do not 

allocate more resources to these fruits) and were not included in the 

counts. Similarly, male allocation was determined by totalling the 

number of male flowers counted per census over all censuses. 
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These measures are approximations of actual allocation to each 

function and of fitness achieved through each sex. Only if these 

measures of allocation and success are linearly related to the real 

values will plots of allocation versus reproductive success reveal the 

precise shape of the fitness-gain curves. The measures of allocation 

should usually explain a large proportion of the yearly and populational 

variation in success unless pollination or fruit predation were highly 

random. 

Statistical analyses 

To determine the shape of the relationships between reproductive 

success and allocation (in census-days) or femaleness (both prospective 

and morphological), linear and quadratic equations were fitted to the 

data (Norusis, 1986a). Data were not transformed since this would 

linearize the relationship between the two variables. Linear fits 

suggest that plants allocate more to that function with increasing 

availability of resources and in proportion determined by the slope of 

the 'true' equations. Quadratic equations suggest either accelerating 

fitness gains with increasing resources (positive slope for the 

quadratic term) or decelerating gains (negative slope). Analyses were 

run for all flowering plants (male and cosexes) and for cosexes only. 

Given the shape of these relationships, predictions were made about 

gender allocation in the two populations studied. These predictions were 

tested by comparing morphological or prospective femaleness by repeated 

measures analyses of variance, with population as a between-subjects 



effect and year as the within-subject effect, and using arcsine

transformed data. 

Results 

Success through each gender 
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Female success was moderately to strongly positively correlated 

wi th my measures of allocation to female function (Table 17; Adjusted R2 

= 0.56-(096). For the HD population, the best fit was a linear 

regression in 1985 (F [1,25] = 589.9, p < 0.001; partial correlation for 

quadratic term, r = -0.202, t = -1.01, P = 0.322) and a quadratic 

regression in 1986 with no linear term (F [1,19] = 101.7, P < 0.001; 

partial correlation for linear term, r = 0.153, t = 0.657, P = 0.519) 

(Figure 12). This quadratic regression suggests accelerating fitness 

gains with increased allocation (slope of the quadratic term was 

positive). One plant (# 66) had a high femaleness and high female 

success in both years; it matured 25.4% of the seeds and 35.3% of the 

fruits counted in the HD population in 1985 and 1986 respectively. When 

this plant was removed, the best fit was a linear equation both in 1985 

(Table 17; F [1,24] = 132.8, p < 0.0(1) in 1986 (F [1,18] = 25.0, p < 

0.(01). For the LD population, the relationship was also linear in both 

years (1985: F [1,25] = 56.1; 1986: F [1,24] = 260.9; both P < 0.0(1) 

with no hint of a quadratic term (Figure 13; partial correlation for 

quadratic term: 1985, r = 0.054; 1986, r = 0.048; both p > 0.75). In 

1986, one plant H~ 22) matured 27.4% of the seeds counted in this 

population. Removing this plant did change the shape of the relationship 
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Table 17. Regression equations for measures.of allocation ~) and success 
through each gender (Y). 

Equations were derived for 1) all plants that produced flowers and 2) 
when appropriate, by removing outliers, plants that accounted for more 
than 25% of the success through one function in a population. If there 
were no outliers, only one equation is given. 

Female function. 

High density 

1985 

1986 

1985 

1986 

1) Y = 1.8 + 2.06 X 
2) Y = -12.3 + 2.23 X 

. 1) Y = 0.79 + 0.0001 x2 
2) Y = -0.09 + 0.028 X 

Y = -1.0 + 1.47 X 

1) Y = -9.9 + 2.20 X 2 
2) Y = -35.7 + 3.67 X - 0.0063 X 

Male function. 

High density 

1985 Y = 5.32 + 1.23 X + 0.0008 x2 

1986 Y = 0.08 + 0.04 X + 0.00004 X 2 

1985 Y = 2.84 + 0.79 X - 0.0003 x2 

1986 Y = 5.08 + 1.55 X 

Adjusted R2 

0.96 
0.84 

0.83 
0.56 

0.68 

0.91 
0.85 

0.95 

0.89 

0.86 

0.95 



Figure 12. Female success as a function of allocation 
to female function for the high density population. 
-- Equations plotted are for all flowering plants (----) 
and with the outlier removed ( •••• ). Formulas for 
the equations are in Table 17. 

A. High density population in 1985. 
Female success was measured by number of mature seeds. 

B. High density population in 1986. 
Female success was measured by number of mature fruits. 
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Figure 13. Female success as a function of allocation 
to female function in the low density population. 
-- Female success was measured by number of mature seeds. 
Equations plotted are for all flowering plants (----) and 
with the outlier removed ( •••• ). Formulas for 
the equations are in Table 17. 

A. Low density population in 1985. No outlier was observed. 
B. Low density population in 1986. 
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to a decelerating fitness-gain curve (F [2,22] = 70.7, p < 0.001; Table 

17 and Figure 13B). 

The relationship between allocation to and estimated SllCcess 

through male function differed between populations and, in the LD 

population, between years. In all cases, allocation and success were 

strongly positively correlated (Table 12; Adjusted R2 = 0.86-0.95). The 

strength of these correlations may partly result from the assumptions 

made to calculate male success (see Methods and Chapter 2). In both 

years in the HD population, quadratic regressions with positive slope 

for the quadratic factor fitted the data best, suggesting accelerating 

gains for male function with increased allocation (1985: F [2,28] = 
356.7; 1986 [2,25] = 107.7; bothp< 0.001; Figure 14). In contrast in 

the LD population, a quadratic equation with a negative slope for the 

quadratic term best fitted the 1985 data (F [2,38] = 142.2, p < 0.(01), 

while a linear equation fitted the 1986 data (F [1,35] = 655~0, p < 

0.001; partial correlation for the quadratic factor, r = -0.211, t = -
1.26, P = 0.217; Figure 15). 

In conclusion, female fitness-gain functions were mostly linear, 

while male functions showed accelerating gains in the HD population. 

Some caution about the exact shape of these curves is warranted, 

however, because of the small sample sizes (n < 50). The shape of the 

fitness-gain curves can be significantly affected by the behavior of one 

plant. 



Figure 14. Male success as a function of allocation 
to male function for the high density population. 
-- Equations plotted are for all flowering plants (----). 
Formulas for the equations are ih Table 17. 

A. High density population in 1985. 
Male success was measured by number of mature seeds sired. 

B. High density population in 1986. 
Male success was measured by number of mature fruits sired. 
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Figure 15. Male success as a function of allocation 
to male function in the low density population. 
-- Male success was measured by number of mature 
seeds sired. Equations plotted are for all flowering 
plants (----). Formulas for the equations are in Table 17. 

A. Low density population in 1985. 
B. Low density population in 1986. 
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Total success as a function of relative allocation to female function 

and femaleness 

102 

The following analyses assumed that some common but unknown 

factor (or combination of factors) limited both male and female success 

and that relative allocation to female function (female allocation/total 

allocation in census-days) was linearly related to the relative 

allocation of this limiting factor. The shape of the relationship should 

indicate if there is an optimal range of allocation for cosexes or 

whether cosexes should specia~ize. Analyses were done for all flowering 

plants and for cosexes only. The equations are summarized in Table 18. 

When all flowering plants are included, relative allocation to 

female function explained a small but significant proportion of the 

variation in success in all cases (R 2 = 0.10-0.26). In the HD 

population, a quadratic regression with no linear term best fitted the 

1985 data, whereas a linear regression fitted the 1986 data (Table 18 and 

Figure 16). When plant 66 was removed for both years, there was no 

significant regression for b;e 1985 data while a quadratic regression 

with a negative quadratic term explained 16% of the variation in 1986. 

In contrast, a quadratic equation with a linear term and a negative 

slope for the quadratic term best fitted the LD popUlation data in both 

years, especially when plant 22 was removed from the analysis in 1986 

(Table 18 and Figure 17). When only cosexes are considered, no significant 

regression was found between these variables (All ANOVA P > 0.100). For 

the decelerating functions, the female allocation values maximizing 

total success were: HD 1986: 0.55, LD 1985: 0.48; LD 1986: 0.44. These 



Table 18. Total success (female plus male) as a function of relative 
allocation to female function. 
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Equations are given for 1) all flowering plants, 2) all flowering 
plants excluding the outlier (see Table 1 and text). If the regression 
ANOVA was not signifibant, the equation is not given. 

'" High density Adjusted R~ 

1985 1) Y = 260.7 + 985.2 x2 0.10 

1986 

F [1,29] = 4.32 p = 0.047 

2) F [2,27] = 1.22 

1) Y = 0.94 + 7.43 X 
F [1,26] = 8.65 

p = 0.312 

p = 0.007 
0.22 

2) Y = 0.79 + 14.04 X - 12.71 x2 0.16 
F [2,24] = 3.41 p = 0.050 

Low density 

1985 

1986 

1) Y = 59.6 + 1291.7 X - 1354.1 X2 
F [2,38] = 8.06 p = 0.001 

1) Y = 41.9 + 702.9 X 
F [1,35] = 10.29 p = 0.003 

0.26 

0.21 

2) Y = -7.0 + 17i0.5 X - 1931.2 X2 0.21 
F [2,33] = 5.67 p = 0.008 



Figure 16. Total success (male plus female) as a 
function of relative allocation to female function. 
-- Relative female allocation = female allocation/female 
+ male allocation in census-days. Equations plotted 
are for all flowering plants (---) and with the outlier 
removed ( •••• ). Formulas for the equations are in Table 18. 

A. High density population in 1985. 
B. High density population in 1986. 



Figure 17. Total success (male plus female) as 
function of relative female function 
-- Equations plotted are for all flowering plants (----) 
and with the outlier removed (_ •• ). Formulas for 
the equations are in Table 18. 

A. Low density population in 1985. No outlier was observed. 
Be Low density population in 1986. 
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data suggest that cosexuality, with no gender specialization, should be 

maintained in these populations. 

Similar results where obtained when prospective femaleness was 

used as the independent variable (Table 19; R2 = 0.10-0.35), except that 

in 1985 for the HD population (once plant 66 was removed), a quadratic 

regression with a negative slope for the quadratic term accounted for 

13% of the variation (p = 0.056). For the decelerating functions, the 

values of prospective femaleness which maximized total success were: HD 

1985: 0.41, LD 1985: 0.49, LD 1986: 0.42-0.47. Again, when only cosexes 

are considered, all significant effects disappeared (p > 0.100). There 

were usually no significant regressions when morphological femaleness 

was used, except for a linear regression in the HD population in 1986 

which was similar to the one found for prospective femaleness. In 

contrast to the measures of relative female allocation, both of my 

measures of phenotypic femaleness are robust. 

Especially when outliers were removed, parabolic equations 

usually fitted the data better, suggesting that plants with average 

prospective femaleness (0.40-0.55) had higher success. The disappearance 

of these significant regressions when only cosexes were considered 

suggest that either there was too much variability and sample sizes were 

too small, or that there was no optimal femaleness value or range. 

Predictions for phenotypic femaleness 

Taken together, these data suggest that plants in the LD 

population would benefit most,by allocating relatively more resources to 

male function in 1986 compared to 1985 (Figures 13 and 15), while the 



Table 19. Total success as a function of prospective femaleness. 

See Table 18 for legend. 

High density 

1985 1) No equation for prospective femaleness 

2) Y = 99.5 + 1988.0 X - 2434.5 X2 

1986 

F [2,27] = 3.21 p = 0.056 

1) Y = 1.03 + 7.26 X 
F [1,26] = 7.70 

2) Y = 1.55 + 4.45 X 
F [1,25] = 4.04 

p = 0.010 

p = 0.055 

[.011 density 

1985 1) Y = 42.5 + 1345.2 X - 1366.1 X2 
F [2,38] = 11.54 p < 0.001 

1986 1) Y = 26.7 + 1727.5 X - 1837.8 X2 
F [2,34] = 4.27 P = 0.022 

2) Y = 18.8 + 2023.6 X - 2411.6 X2 
F [2,33] = 9.73 P < 0.001 

0.13 

0.20 

0.10 

0.35 

0.15 

0.33 

107 



108 

opposite should be true in the HD population (Figure 12 and 14). within 

years, plants in the HD population should allocate relatively more to 

male function than plants in the to population. These predictions were 

tested by comparing both prospective and morphological femaleness. These 

predictions only aSSUlne that both functions are limited by some 

factor (s), not necessarily the same one (s). 

Average prospective femaleness did not vary between populations 

and years (LD 1985: 0.39 + 0.33, 1986: 0.38 + 0.32, HD 1985: 0.44 + 

0.29, 1986: 0.37.:!:. 0.31; Repeated measured ANOVA, all p > 0.100). In 

contrast, morphological femaleness did not vary between years within a 

population (LD 1985: 0.12 + 0.19, 1986: 0.13 + 0.12, HD 1985: 0.05±. 

0.04, 1986: 0.08 + 0.10) but did differ between populations (Repeated 

measures ANOVA; population by year interaction, p = 0.122; year effect, 

p = 0D385; population effect, p = 0.048). One of the above predictions 

was thus supported by these tests. 

Patterns of functional femaleness 

The distributions of functional femaleness values in both 

populations did not exhibit significant bimodality (Figure 18), and were 

similar to those found for phenotypic femaleness (Chapter 1). Some 

plants which achieved no success through either function were ~robably 

included and artificially increased the number of plants with functional 

femaleness of 0.00. Functional femaleness values for individual plants 

were usually positively correlated in successive years (For all plants, 

HD: r = 0.551, LD: 0.375; for cosexes, HD: 00448, all p < 0.05; LD: 

0.162, ns), though the amount of variation explained by previous 



Figure 18. Distributions of functional femaleness. 
- Data are for low densi ty (ll) and high density (HD) 
populations in 1985 and 1986. 
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functional femaleness was low (R2 = 0.03-0.30). Similarly, correlations 

between prospective and functional femaleness were usually positive (For 

all plants, LD 1985: r = 0.678, LD 1986: 0.392, HD 1985: 0.730, HD 1986: 

0.698; For cosexes, LD 1985: 0.443, HD 1985: 0.709, HD 1986: 0.575; all 

p < 0.05; ); For cosexes, LD 1986: 0.021, ns), but explained at best 53% 

of the variation in functional femaleness. These data also suggest that .. 
allocation to either gender is positively corelated with success through 

that function. 

Discussion 

The relationship between allocation and success for each gender 

My data demonstrate clearly that the relationship between 

allocation to and success through each sexual function for Apodanthera 

undulata can be strongly affected by the behavior of one plant (see 

Table 17 and also Schoen and Stewart, 1986). Assuming that these changes 

are not just a consequence of the assumptions made to calculate the 

complex variables, they suggest the following: 

1) More plants than were sampled here (n > 50) are needed to determine 

the shape of the fitness-gain functions. 

2) In small populations the shape of these functions may vary greatly 

between years because of population composition, but they will be 

difficult to define because of small sample sizes. 

3) Possibly more complicated functions (e.g., sigmoidal) may fit the 

data better. 
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These points and the assumptions I made above should be kept in mind for 

the following discussion. 

The shape of ,,:he fi tness-gain functions for female function was 

linear in both populations in the good flowering year (1985) and in the 

high density population in tha poorer flowering year (1986), but showed 

decelerating gains in the low density population in 1986 Wigures 12 and 

13). These results are interesting ~ince I expected either linear or 

accelerating functions if female success was tightly tied to allocation, 

and plants could optimize their allocation patterns (i.e., rather than 

experience decelerating gains, plants should allocate to other functions 

or store resources). The decelerating gains experienced in the low 

density population in 1986 result from delayed fruit set in that 

population (due to early drought and predation) and an abrupt end to A. 

undulata's growing season. Thus, 26% of the fruits did not mature 

because of time constraints, since fruits mature in about one month 

(Chapter 2). Unpredictable and severe environmental conditions can cause 

decelerating gains. 

Of course, the shape of the fitness-gain curves for female 

function may be greatly affected by events occurring after seed 

matu~ation and dispersal. Non-linearity can result from increased 

competi tion amorlg larger seedling progeny for restricted number of 

growing sites (local resource competition) or increased seed dispersal 

of larger fruit crops (Charnov, 1982; Lloyd, 1984). 

The curves for male function showed differences between 

populations. Male function always had accelerating gains in the high 

density population but not in the low density population (Figures 14 and 
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15). These differences were predicted from differences in gender 

allocation with increasing flower production and in pollinator behavior 

between the two populations (Chapter 2). with increasing flower 

production, plants in the low density population were hypothesized to 

open more of the cheaper male flowers. Larger floral displays would 

attract more pollinators and this could benefit both male function 
• 

(through increased pollen dispersal) and female function (through 

increased pollen loads on stigmatic surfaces allowing greater 

selectivity in fruit maturation; Winsor et al., 1987). Such benefits of 

increased maleness would not be observed in the high density population 

since larger floral displays do not disproportionately attract 

pollinators (though more flowers are visited per visit) (Chapter 2). 

These observations suggested that the fitness-gain functions should 

differ between the two populations and should show greater gains with 

increasing allocation in the high density population, as was observed. I 

would also expect smaller plants to have more flowers open on a daily 

basis in the low density population. 

However, the following assumptions could affect these patterns: 

1) Measures of male success may be more inaccurate in the LD population 

since matings between distant and close neighbors were considered 

equally IH::ely (Chapter 2). This assumption would not affect measures of 

male success as much (if at all) in the lID populat i or:, given the close 

proximity of plants. On the other hand, local mate competition (due to 

local dispersal of pollen) may be stronger in the latter population 

(Charnov, 1982). If pollen dispersal could have been monitored, these 

plants may have experienced decelerating gains. 
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2) Female success may be affected by allocation to male function to a 

greater extent in the LD population than in the HD population. In this 

case, male flower production should be considered a shared cost in the 

LD population. 

3) The LD population may grow in a marginal habitat while the HD 

population may experience a density greater than "typical" densities for 
• 

this species. 

Other factors, such as pollen competition through pollen tube 

growth and selective abortion in multiply-sired progeny, can affect the 

relationship between investment and success through male (Charnov 1982; 

Lloyd, 1984; Schoen and Stewart, 1981) and were ignored here. 

If these patterns are robust, they reveal the following: 

1) Allocation and success thr.ough female function are usually linearly 

related as would be expected if plants can monitor their resources. 

Factors that cause decelerating gains are expected to be ones that the 

plant cannot assess or modify such as rainfall patterns or timing of 

predation. 

2) Allocation and success through male function is crucially 

dependent on pollinator behavior. Accurate assignment of paternity and 

analysis of its correlates and causes is thus crucial to rigorously 

testing much of sex allocation theory. 

To understand how various species (or populations) respond to 

changes in the factors affecting fitness, it is important to know the 

shape of the actual fitness-gain curves. For example, if plants usually 

experience linear or accelerating gains with increased allocation to 

female function, then experimentally increasing resources should result 
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in even greater allocation to female function. In contrast, in species 

which usually experience decelerating gains, artificially enhanced 

resources should be allocated not to female function, but to other 

functions (i.e., why experience diminishing returns?). The changes 

between years in the shapes of the functions for female and male success 

in the low density populations and the differences in the shape of the .. 
male success curves between the two populations suggest that long-term 

data from many populations may be necessary to document whether there 

are "typical' fitness-gain functions for any species. Likewise, if 

factors affecting fruit maturation differ between years and populations, 

it will be necessary to determine if patterns of fruit maturation are 

ever typical. 

Total success and allocation to female function 

As suggested by the data in Tables 18 and 19, there is' either no 

optimal allocation to femaleness which maximizes success or there is an 

optimal prospective femaleness range around P = 0~50. Either condition 

would maintain cosexuality (and monoecy) and would not favor dioecy (or 

gender specialization). This interpretation is also supported by the 

functional femaleness data. Distributions of functional femaleness are 

not bimodal and the amount of variation explained by the correlation 

between functional and phenotypic femaleness suggest that the outcome of 

gender allocation is somewhat unpredictable. 

Dioecy would be favored if total reproductive success was higher 

for plants with low and/or high femaleness values as opposed to plants 

with intermediate femaleness values (whether in terms of allocation to 
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female function or of female gamete production). For example, total 

success increased with femaleness in the high density population in 

1986. If this was the usual pattern, some plants should be selected to 

specialize as female parents. This in turn could favor the 

specialization of plants with lower functional femaleness for male 

function (through frequency-dependent selection) and possibly lead 
• 

eventually to the evolution of dioecy., This correlation is not expected 

to be important for Apodanthera undulata since it was found only once, 

in the year the high density population had its lowest seed set (Chapter 

2). 

The relationships between total success and phenotypic 

femaleness were only found when using prospective femaleness, though the 

correlations between prospective and morphological femaleness were 

always high (r > 0.94; Chapter 1). Population floral ratios are 

important in determining individual success; thus, prospective but not 

morphological femaleness is a good predictor of success. In contrast, 

differences in allocation were only found using morphological femaleness 

values. I believe the way prospective femaleness values are calculated 

can hide gender adjustments between years (Chapter 1). 

These data do not suggest that Apodanthera plants are incapable 

of adjusting their gender or that gender allocation patterns are not 

adaptive. Plants may still adjust their gender on a shorter time scale, 

responding to rainfall, pollination levels, fruit set or predation 

during the course of the flowering season (e.g. Hendrix and Trapp, 1981; 

Hendrix, 1984). If these factors are temporally variable and 

unpredictable, then an optimal gender value for the entire season may 
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not be predictable, even if gender adjustments are adaptive. Determining 

the actual fitness-gain functions for any species will probably 

necessitate determining which factors limit fitness through both sexual 

functions, and sampling large number of plants since the behavior of one 

plant can change the shape of the function and variability in success 

(and fitness) in a year can be quite large • 
• 
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