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ABSTRACT 

Little is known of the genetics of multipurpose trees in the 

genus Prosopis. These studies, which examined mating systems and 

pollination biology of P. velutina Wooten, improved our understanding 

of genetic structure and gene flow in natural and artificial 

populations. 

There was no evidence for either male or female sterility, but 

early and later flowering trees could be functionally male and 

female, respectively. Pollen loads on stigmas of mature flowers were 

adequate for pod production, so low fruit:flower ratios in P. 

velutina were not attributed to inadequate pollination. Flowers were 

receptive to pollen prior to complete anthesis when only stigmas were 

exserted, a trait that will facilitate controlled pollination. 

Hand pollinations demonstrated that P. velutina was self

fertile. Lower pod production in selfs compared to outcrosses was 

attributed to genetic load. Multilocus estimates of mating systems 

parameters derived from data for 3 isozyme sytems of 30 open

pollinated families revealed 20.7% selfing and 7.1% biparental 

inbreeding in mating in three natural populations. Implications of 

self-fertility and inbreeding were discussed in relation to breeding 

programs, and natural and artificial populations. Genetic 

subdivision was found within these populations, but not among them. 

This genetic structure was attributed to initial long-distance seed 

dispersal into grasslands by livestock, followed by short-distance 

seed dispersal from "nucleus" trees by livestock and wildlife. 

Twenty-six genera of insects foraged on the flowers. Small 

insects were effective pollinators of P. velutina, but nocturnal 

insects were not. The most efficient pollinators, based on pod 

production after single visits to inflorescences, were native 

leafcutter bees (Megachilidae), followed by Perdita spp., Apis 
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mellifera, and Volucella spp. Insect behavior can affect plant 

mating systems by altering the relative amounts of selfing and 

outcrossing, and as pollinator guilds change through the flowering 

season. It was also found that individual trees can bear up to three 

cohorts of flowers during a growing season. These factors combine to 

make the mating systems of P. velutina more complicated than 

previously thought. Approaches for using insects in breeding and 

seed orchards were discussed. 
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INTRODUCTION 

Deforestation is a major problem in many of the arid and 

semiarid regions of the world. Deforestation has resulted from many 

factors, including the demands placed on woody resources by 

increasing human and livestock populations, inappropriate 

governmental policies regarding land tenure and land use, recurrent 

droughts, and interactions among all of these factors (Eckholm and 

Brown, 1977; National Academy of Sciences, 1991). Direct impacts of 

deforestation are the disruption of hydrological processes, increased 

soil erosion and fuelwood shortages; indirect impacts include the 

loss of habitat for wildlife, decreased agricultural productivity 

leading to economic losses, and increased use of agricultural wastes 

and manure for fuel rather than fertilizer, resulting in further land 

degradation (FAO, 1989). The potential and actual loss of important 

genetic resources of native plant species is also a concern (National 

Academy of Sciences, 1991). 

Tree planting, whether in the form of plantations, 

protection plantings or agroforestry, is considered one approach to 

slowing or halting deforestation (Weber, 1985). Multipurpose tree 

and shrub species are especially desirable for planting in arid and 

semiarid environments, because they provide wood for fuel and 

construction, and protection and food for humans, livestock and 

wildlife (Ahmed, 1986). These species also provide erosion control, 

improve soil structure and water-holding capacity through the 

addition of organic matter (FAO, 1989; Tiedemann and Klemmedson, 

1973a), and, in some cases, fix nitrogen (Tiedemann and Klemmedson, 

1973b; Virginia, 1986). Because of the value of multipurpose tree 

species, there is increasing interest in the improved utilization and 

conservation of their genetic resources. 

One genus of interest in this regard is Prosopis 
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(Leguminosae)(Ahmed, 1986; Bach, 1992; Felker, 1984). This genus 

consists of 44 species worldwide, many of which are important in 

forestry and agricultural production systems (Burkart, 1976; 

Marmillon, 1986; National Academy of Sciences, 1979). Information on 

the genetics of Prosopis is scant, making the development of 

effective breeding and genetic resource conservation programs 

difficult. Solbrig et al.(1977) summarized the literature concerning 

variation in the genus in morphology, flavonoid composition, and 

isozyme variation. They reported that of the 28 species that have 

been studied cytologically, almost all have had a diploid chromosome 

number of 2n=28. The only exception was a few tetraploid sources of 

P. juliflora (2n=56). Species and provenance trials of Prosopis have 

shown much variability in biomass production, form and trunk 

straightness within the genus (Bach, 1992; Burley et al., 1986; 

Felker et al., 1983; Palmberg, 1986). 

To properly design genetic resource conservation and breeding 

programs for Prosopis, knowledge of genetic variation, mating systems 

and population structure is essential (Burley et al., 1986; National 

Academy of Sciences, 1991; Palmberg, 1986). Since Prosopis species 

are insect-pollinated (Simpson et al., 1977), an understanding of 

their floral and pollination biology is critical to predict gene flow 

within and among species or populations. The purpose of this 

research was to provide some of this basic information for P. 

velutina, which is native to southeastern Arizona and southwestern 

New Mexico, U.S.A., and northern Sonora, Mexico. 

This dissertation is comprised of three major chapters, each 

dealing with a separate aspect of the research. The first chapter 

deals with aspects of floral biology of P. velutina. Flowers were 

examined microscopically for evidence of either male or female 

sterility and to ascertain the extent of pollination in open

pollinated flowers. Hand pollinations were made to determine the 



stage at which stigmas are receptive to pollen and to test for the 

presence of self-fertility in P. velutina. Hypotheses tested were 

that all flowers on an inflorescence are equally likely to produce 

fruit and that P. velutina is self-sterile. 
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The second chapter discusses results of isozyme analyses of 

seedling leaf tissue extracts from 30 open-pollinated families of P. 

velutina. The purpose of this study was to sample the products of 

mating under natural conditions to estimate parameters of the mating 

system, including rates of outcrossing, selfing, and biparental 

inbreeding. A maximum-likelihood multilocus estimation procedure 

(Ritland, 1990) was used to generate these estimates, as well as 

estimates of pollen and ovule allele frequencies. This information 

also allowed analysis of the populations' genetic structure. The 

hypotheses tested were that pollen and ovule allele frequencies are 

equal, there is no interpopulation genetic differentiation or 

intrapopulation genetic subdivision, mating in P. velutina is random, 

the rates of selfing and biparental inbreeding equal zero, and 

Wright's fixation index (Wright, 1965) is equal to zero. 

The third chapter involves a set of studies of the insects that 

forage on P. velutina flowers. The purposes of these studies were to 

quantify the pollination effectiveness and pollination efficiency of 

the different insect taxa. Insects were collected from 

inflorescences for identification, and their foraging behavior was 

observed. Studies were conducted to determine the pollination 

effectiveness of small insects and nocturnal insects as groups, and 

to measure the pollination efficiency of individual taxa based upon 

pod production after a single visit. The hypotheses tested were that 

the measures of pollination effectiveness of small and nocturnal 

insects were equal to zero, and that all taxa were equally efficient 

as pollinators. 

A final chapter is a general conclusion whose purpose is to 



emphasize some of the more important findings, as well as to tie 

results from the different studies together into a more cohesive 

picture of mating and pollination biology of P. velutina. Finally, 

future research needs are discussed in relation to P. velutina and 

the genus Prosopis in general. 
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FLORAL MORPHOLOGY, POLLEN DISTRIBUTION, FLORAL RECEPTIVITY 
AND SELF-FERTILITY IN PROSOPIS VELUTINA 

Introduction 
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Trees and shrubs are important components of arid and semiarid 

ecosystems. They reduce soil erosion, maintain soil nutrient and 

structural properties, and provide food, fuel and shelter for humans, 

livestock and wildlife (FAO, 1989). Many tree species are now being 

planted in such regions, especially members of the Leguminosae 

(Fabaceae) such as Acacia and prosopis (Hughes and styles, 1989). As 

reforestation programs become more common, there is a concurrent 

increase in the importance of genetic improvement and conservation of 

genetic resources of the species involved (Bach, 1992). 

Recent reports (Bach, 1992; Burley et al., 1986; National 

Academy of Sciences, 1991; Palmberg, 1986) reveal the limited state 

of our knowledge about the genetics of these tree species. Burley et 

ale (1986) addressed the need for studies of their mating systems to 

develop genetic conservation and breeding programs. Plant mating 

systems have often been described using hand pollinations and studies 

of floral and pollination biology. This approach has been used for 

several tropical tree species (Bawa, 1974; Zapata and Kalin Arroyo, 

1978), and also for the dominant species in two subtropical desert 

ecosystems (Simpson, 1977). 

Some plants possess self-incompatibility systems that restrict 

the development of pollen tubes of autogamous (originating from the 

same flower) or geitonogamous (originating from another flower on the 

same plant) pollen (de Nettancourt, 1977). These self-

incompatibility systems serve to essentially eliminate selfing 

(fertilization resulting from either geitonogamy or autogamy) and 

ensure outcrossing (fertilization resulting from xenogamy), by 

preventing pollen germination or pollen tube growth in the stigma, 

style or ovary (de Nettancourt, 1977). 
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Plants also possess other mechanisms to eliminate or minimize 

the production of self progeny. Some of these mechanisms act post

fertilization, through the abortion of embryos (Wiens et al., 1987), 

or entire fruits (Stephenson, 1981). Seavey and Bawa (1986) referred 

to these systems as "late-acting self-incompatibility." The term 

"self-incompatibility" is often used in the literature to refer to a 

general inability to produce viable selfed seed, although the exact 

mechanism involved is unknown. Self-infertility would probably be a 

more appropriate term for these systems, because they may not involve 

specific loci that control pollen germination, pollen tube growth, or 

fertilization. In presenting existing literature in this paper, the 

terminology used by the respective authors will be maintained. But 

it should be kept in mind that true self-incompatibility systems, in 

the sense of de Nettancourt (1977), have seldom been demonstrated in 

woody species, and that self-infertility would be a preferred term in 

most cases. 

A review of mating system studies in the Leguminosae by Kalin 

Arroyo (1978) revealed a range of mating systems in the family from 

completely self-incompatible to obligate outcrossing, with a 

predominance of self-incompatibility in woody species. In the 

Mimosoideae, about two-thirds of the species that have been studied 

were self-incompatible. Simpson (1977) reported that the mimosoids 

Prosopis velutina, P. chilensis, P. flexuosa and P. torquata were 

self-incompatible. But this conclusion for P. velutina was based 

upon a limited experiment with an unspecified number of trees in only 

two populations. Mating system parameters were found to vary widely 

among populations of Eucalyptus obliqua (Brown et al., 1975) and E. 

pauciflora (Phillips and Brown, 1977), and even among individual 

trees within populations of six Acacia species (Kenrick and Knox, 

1989b) • 

Simpson et al. (1977) described the basic floral biology of P. 
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velutina. The inflorescence consists of a spike averaging 7.8 cm in 

length, bearing an average of 263 hermaphroditic flowers that develop 

acropetally. The flowers bear ten stamens and a single, multi-ovular 

pistil. The calyx is reduced, and the petals are a pale greenish

white (Simpson et al., 1977). The non-sticky pollen is produced as 

monads (Guinet, 1987). 

The flowers of P. velutina are protogynous, the styles being 

exserted a day or two before the flowers open completely (Simpson et 

al., 1977). Simpson et al. (1977) observed that the stigmas at this 

stage of development seem to be receptive, but provided no supporting 

data. The structure and pattern of development of the flowers of P. 

velutina are similar to that of the Australian mimosoid, Acacia 

retinodes. Major differences between the two species are that the 

flowers in A. retinodes are born on a head rather than a spike, the 

stigma is saucer-shaped rather than in the form of a deep cup, and 

the pollen is borne in polyads. Kenrick and Knox (1989a) described 

the stage of development for A. retinodes in which only the style is 

exserted as the "early female phase" (Stage 6 according to their 

classification scheme). These authors considered the stigmas to be 

receptive at this stage, based upon the presence of a sub-cuticular 

exudate and the appearance of wall ingrowths, thought to provide 

surfaces across which secretions can move, in the surface cells of 

the saucer-shaped stigma. Such morphological and physiological 

changes have not been reported for Prosopis flowers at this stage of 

development. 

The purpose of this study was threefold: to examine the floral 

characteristics of open-pollinated flowers of P. velutina to 

determine possible causes of low fruit:flower ratios; to determine 

the stage of development at which the flowers are receptive to 

pollen; and to determine the capacity for self-fertility of two 

popUlations of P. velutina using hand pollinations. 
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In designing this study, several questions were asked. Are 

individual flowers of P. velutina either male or female sterile? Is 

pollen dispersal among flowers on an inflorescence uniform? 

Answering these questions could, at least partially, explain the low 

fruit:flower ratio of this species. At what stage of development are 

stigmas receptive to pollen? Is this species completely self

sterile? Answers to these questions would enable the development of 

methods for making controlled pollinations in breeding programs, and 

would contribute to an understanding of gene flow in natural 

populations. 

Materials and Methods 

Site descriptions 

These studies were conducted during 1991 at two sites, both at 

an elevation of approximately 850 m. The first site was located at 

the Arthropod Discovery center of the Sonoran Arthropod Studies, Inc. 

(SASI), on the west side of the Tucson Mountains, 18 km west of 

Tucson, Arizona. This site consists of typical Upland Sonoran Desert 

vegetation, with a mixture of P. velutina, Cercidium microphyllum, 

Olneya tesota, Simmondsia chinensis, Larrea tridentata, Baccharis 

sarothroides, Acacia greggii, Opuntia spp., Carnegia gigantea, 

Encelia farinosa, Ambrosia deltoidea, Aristida spp., Sphaeralcea 

coulteri and Zinnia acerosa (Turner and Brown, 1982). The four 

Prosopis trees used at this site were approximately 3 to 7 m tall, 

and were of unknown ages. 

Four trees were located 5 km further west, at the Arizona 

Sonora Desert Museum (ASDM). These trees, ranging in height from 

approximately 4 to 8 m, were planted in 1972. They originated 60 km 

to the south, near Green Valley, Arizona. Trees at ASDM received 

periodic irrigation, while trees at SASI were growing under natural 

conditions. 
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Climatic data were recorded at SASI from April, 1987 through 

October, 1992. Temperatures from March to June, 1991 were below 

average (Fig. 1). Precipitation from June, 1990 through February, 

1991, the period of the year that would affect flower production and 

development, was generally above average (Fig. 2). The study period 

was from 23 March to 15 June. 

Floral morphology and pollen load 

Spikes in different stages of development were collected from 

four trees at SASI and one tree at ASDM for microscopic examination. 

The stages of floral development were classified as follows: 

Stage 1. Buds are tightly closed. 

Stage 2. The style is exserted, but none of the anthers are yet 
visible. 

Stage 3. The flower is completely open and the filaments have 
elongated to present the anthers. 

stage 4. Anther dehiscence and pollen shedding. 

Stage 5. The flowers are beginning to senesce. Abscission of 
some of the flowers begins to occur. 

The spikes were placed in ethanol:acetic acid (3:1 v/v) in 

15 ml centrifuge,tubes, and stored at 5° C. In the laboratory, 

flowers were removed from the pedicels in 1 cm-wide groups along the 

length of each spike, and the number of flowers in each group 

recorded. Each group of flowers was placed in 8 M NaOH in 1.5 ml 

microcentrifuge tubes for 24 hr to clear and soften the tissue, then 

transferred to 0.1% (w/v) aniline blue in 0.1 M KP04 buffer (Martin, 

1959). After 24 hr, the pistils of two randomly-selected flowers per 

group were dissected out, placed on microscope slides in a drop of 

the aniline blue solution, and gently covered with a cover slip. 

Aniline blue causes callose, which is present in pollen tubes, to 

fluoresce at 356 nm, making pollen tubes visible in stylar tissue. 
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January through June for the period 1987-1992, and for the 1991 
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studies, Inc., near Tucson AZ. 
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Figure 2. Average monthly precipitation for the period 1987-1992, 
the 1990 period of flower bud initiation in prosopis velutina from 
July through December, and the 1991 flowering season from January 
through June, at Sonoran Arthropod Studies, Inc., near Tucson, AZ. 

21 

D 



22 

For stage 1 flowers, only the number of ovules per ovary and 

number of pollen grains per stigma were recorded. For flowers that 

were beyond stage 1, measurements were made of the diameter and depth 

of the stigmatic cup at 100X magnification, and these values used to 

calculate the stigma volume according to the formula for the volume 

of a paraboloid [(n/8) X d2 X h, where d=diameter of the stigmatic 

opening and h=depth of stigmatic cup]. After squashing the ovaries, 

the number of ovules, the number of pollen grains in the stigma, and 

the number of pollen grai~s that had germinated were counted using 

either white or fluorescent (356 nm) transmitted light. 

The statistical design was a randomized complete block with 

subsampling, with trees as blocks (Lentner and Bishop, 1986). Data 

were analyzed using the General Linear Models and CORR procedures of 

the Statistical Analysis System (SAS Institute, Inc., 1988), and mean 

separations were accomplished using Duncan Multiple Range Tests. All 

tests were conducted with a=O.OS. 

stage of stigmatic receptivity 

Ten spikes, which bore only Stage 1 or stage 2 flowers, were 

selected on each of the four trees at ASDM. Five of these spikes 

were covered with isolation bags to prevent any subsequent 

insect-mediated pollination, and the other five spikes were cross

pollinated by hand during the period of 18-29 May 1991. The 

isolation bags were 12 X 21 cm cotton mailing bags with draw strings 

that enabled sealing at the bottom. These were supported with a wire 

frame, the base of which was wrapped over strips of foam rubber that 

encircled the branches near the base of the spikes. Another strip of 

foam rubber was wrapped around the frame and the base of the 

treatment spike to provide a tight seal when the bag was tied on. 

Cross pollination was accomplished by gently rubbing detached 

pollen-source spikes over the flowers of the treatment spike. This 
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procedure was followed with two different pollen-source spikes for 

each treatment spike to ensure adequate pollination, and each pollen

source spike was used only once. The pollen-source spikes were 

collected ~rom trees at SASI, prior to 0800 on the morning of the day 

on which pollinations would be done. All pollinations were made 

prior to 1200. The spikes were immediately re-bagged after 

pollination to prevent any insect-mediated pollination. 

The number of pods initiated per spike was recorded three weeks 

after the treatments were applied, and the data were analyzed using a 

Student's t-test, with a=O.OS. 

self-fertility 

Spikes that could be reached either from the ground or from a 

3-m ladder were selected, beginning on 23 March 1991, on each of two 

trees at SASI and four trees at ASDM. A paper string tag bearing the 

tree number and spike number was attached to the branch at the base 

of each spike. Treatments were randomly assigned to these spikes, 

according to a generalized randomized block design (Lentner and 

Bishop, 1986). In some cases, spikes had to be replaced because of 

damage prior to treatment or maturation before the treatment could be 

applied. When this occurred, a nearby spike was used as a 

replacement. Four treatments were replicated five times on each 

tree. The treatments were: unmanipulated and exposed to natural 

pollination throughout the flowering period, bagged throughout the 

flowering period to prevent pollination, hand cross-pollinated, and 

hand self-pollinated. Isolation bags were placed on the spikes 

before any flowers had developed beyond stage 1, commencing on 3 

April and ending on 23 May. 

Pollen-source spikes were collected when the majority of the 

flowers were at stage 3 and 4. Pollen-source spikes used for making 

cross-pollinations at SASI were collected from trees at ASDM, and 
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vice versa. Pollen-source spikes used for self-pollinations were 

collected from the same tree on which the self-pollination treatment 

spike was located; and, to prevent pollen contamination, they were 

selected from groups of spikes that had been covered with isolation 

bags when all of the flowers were at stage 1. All pollen-source 

spikes were collected prior to 0800 of the day on which pollinations 

were to be made. 

When the majority of the flowers on the treatment spike were 

beyond stage 2, pollinations were made as described above. All 

pollinations were made prior to 1200, from 15-28 May 1991. The 

isolation bags were replaced immediately following pollination to 

prevent any insect-mediated pollination. 

The number of pods initiated per spike was recorded one to 

three weeks after hand pollinations. Most pods aborted prior to seed 

maturity as a result of infestations of a weevil (Aspion sp.) in the 

isolation bags. While these insects were never observed feeding on 

exposed flowers, they are small and easily could have been 

overlooked. Their nearly ubiquitous presence in the isolation bags 

could have resulted from the eggs being laid on the flowers prior to 

bagging, with subsequent hatching, inability (or lack of necessity) 

to leave the bags, and heavy feeding on the developing pods. As a 

result, only the number of pods that were initiated per spike could 

be recorded. The data were analyzed using the GLM procedure of the 

statistical Analysis system (SAS Institute, Inc., 1988). Mean 

separations were accomplished by using Duncan's Multiple Range Test, 

with a=0.05. 



Results and Discussion 

Floral morphology and pollen load 

There was an average of 378 flowers per spike (std. dev.=92), 

with counts ranging from 278 to 588. The average value is higher 
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than that of 263 reported by simpson et al. (1977), whose values were 

derived by estimating the average number of flowers per centimeter of 

spike, and multiplying this estimate by the length of the sample 

spikes. The estimates in my study were obtained by direct counts of 

the number of flowers per spike, and, therefore, should be more 

accurate. The difference in the values between the two studies could 

be attributed to errors in estimation, but it could also be 

attributed to differences between populations. 

With the exception of percent of pollen grains germinated, 

there were differences (P<0.05) among trees for all of the floral 

variables examined (Tables 1-5 in Appendix A). The position of 

flowers on the spike, however, had no significant effect on any of 

the variables (Tables 1-5 in Appendix A). Therefore, there was no 

indication, based on these data and the general lack of any obvious 

abnormal morphology, that flowers within an individual spike are 

either functionally male or functionally female. 

The number of ovules per ovary ranged from a low of 16 for Tree 

1 to a high of 30 for Tree 3, which had more ovules per flower on 

average than the other trees (Table 1). Stigma volume was positively 

correlated with the number of pollen grains per stigma and 

pollen:ovule ratio (Table 2). Therefore, it is possible that plants 

with larger stigmas would have a selective advantage as female 

parents, if larger pollen loads also produce higher seed set. But 

there was some indication that stigma volume was negatively 

correlated (according to Spearman rank correlations) with the number 

of ovules per ovary (Table 2), which would limit the maximum number 



Table 1. Floral characteristics for individual Prosopis velutina trees at Sonoran 
Arthropod Studies, Inc. and the Arizona Sonora Desert Museum, near Tucson, AZ. 

Tree 

1 

2 

3 

4 

12 

Overall 

No. of 
flowers 
sampled 

20 

38 

24 

24 

48 

154 

Mean 
no. of 
ovules/ 
flower 

20.2c l 

(0.42)2 

22.2b 
(0.22) 

26.6a 
(0.31) 

19.9c 
(0.25) 

19.9c 
(0.19) 

21.6 
(0.20) 

No. of 
mature 
flowers 
sampled 

20 

163 

24 

103 

22 

92 

Mean 
stigma 
volume 
(mm3 X 103

) 

1.99a 
(0.22) 

0.93c 
(0.08) 

1.53a 
(0.07) 

1.54b 
(0.07) 

1.9la 
(0.08) 

1.56 
(0.05) 

Mean no. 
pollen 
grains/ 
stigma 

22.4a 
(3.95) 

6.9b 
(2.48) 

27.0a 
(3.44) 

7.9b 
(3.16) 

27.2a 
(5.61) 

20.5 
(2.07) 

Percent 
pollen 
grains 
germinated 

20.0a 
(4.71) 

19.5a 
(6.97) 

39.5a 
(2.75) 

25.4a 
(12.08) 

30.7a 
(3.86) 

29.8 
(2.32) 

IMeans within columns with the same letter are not different (P<0.05). 

2Values in parentheses are standard errors. 

3These flowers were from spikes that also bore immature flowers. 

Mean 
pollen: 
ovule 
ratio 

1.08a 
(0.19) 

0.32b 
(0.12) 

LOla 
(0.13) 

0.40b 
(0.16) 

1.33a 
(0.27) 

0.92 
(0.09) 

I\] 

en 



Table 2. Pearson and Spearman rank correlations for morphological 
variables of flowers of Prosopis velutina. 

No. ovules 
per ovary 

Stigma 
volume 

No. pollen 
grains per 
stigma 

Stigma 
volume 

No. pollen 
grains per stigma 

Pollen:ovule 
ratio 

Pearson correlation coefficients 
Spearman rank correlation coefficients 
N 

NSI 
-0.27 
86 

NS 
NS 
89 

0.28 
0.31 
86 

NS 
NS 
89 

0.30 
0.32 
86 

0.98 
0.99 
89 

IIndicates a nonsignificant correlation (P<O.OS). 
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of seed per pod that could be produced even if pollen loads are 

larger. 
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The number of pollen grains per stigma ranged from 0 to 74, 

with a mean of 20.5 (Table 1). The flowers of Trees 2 and 4, 

although mature, were from spikes that were not completely developed. 

These flowers would, therefore, probably have received more pollen as 

the spike continued to develop. For the completely mature spikes of 

the other three trees, mean pollen:ovule ratios were greater than 1 

and the stigmas contained an average of 25.5 pollen grains (Table 1). 

An average of 29.7% of the pollen grains were scored as germinated 

(Table 1). This value might be an underestimate, because it was 

difficult to distinguish individual pollen tubes in the style. But, 

even using the recorded values, an average of eight ovules per ovary 

could be expected to be fertilized. Pods bearing fewer than eight 

seeds are not uncommon, so this amount of fertilization should be 

adequate for pod development. These results substantiate the 

observations of Solbrig and Cantino (1975) that low fruit:flower 

ratios in prosopis cannot be attributed to inadequate pollination. 

The lower values for stigma volume, pollen grains per stigma 

and pollen:ovule ratio for Tree 2 (Table 1) is the result of a 

predominance of flowers that had stigmas with sharply curved tips and 

constricted stigmatic apertures. This morphology probably prevented 

efficient capture of pollen, implying that some P. velutina spikes 

contain functionally male flowers. sampling more trees and spikes 

would be necessary, however, to confirm this. Pollen had germinated 

on these stigmas, and pollen tubes could be seen entering the ovules 

in one of the flowers. So any functional maleness in the case of 

this tree might simply be the result of inadequate pollination of 

some flowers. 

Out of 60 stage 2 flowers, only 2 had any pollen in the 

stigmas. The two flowers that did contain pollen were immediately 
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adjacent to or within a region on the spike which bore stage 3 and 4 

flowers that were attracting pollinators. Stage 2 flowers located 

more terminally on this spike contained no pollen in their stigmas. 

These results confirm observations made in the field. Throughout 

these experiments, pollinators were never observed visiting spikes 

bearing only stage 1 or 2 flowers. Even on spikes with flowers that 

had reached stage 3, pollinators never visited the portion of the 

spike bearing only Stage 2 flowers. In this way, only flowers 

proximal to or at the leading edge of anthesis stage on a spike would 

be receiving pollen. 

The two stage 2 flowers that contained pollen had only 10 and 

12 grains, much lower than the average pollen load of mature flowers. 

Over half of those grains had germinated in each flower, and pollen 

tubes were observed penetrating two ovules in one of the flowers. 

Considering that a flower only remains in Stage 2 for approximately 

one day, pollen germination and tube entry into ovules can apparently 

occur fairly rapidly in P. velutina flowers. 

It was observed during the course of these experiments that 

there was tree-to-tree variation in the time of flowering, often 

between neighboring trees. Therefore, trees in full flower could be 

serving as the main pollen parents for trees whose flowers are just 

reaching maturity. In this way, early-flowering trees may be serving 

mostly as male parents and late-flowering trees may be serving mostly 

as female parents within a population, a phenomenon Lloyd (1979) 

described as "sequential gender". This study did not address this 

hypothesis, since data on pod production per tree was not gathered. 

It was also observed that there were spikes in all stages of 

development on a tree at any given time during the flowering period. 

Therefore, the functional gender among individual spikes could vary, 

a situation that Lloyd (1979) referred to as "labile gender." Both 

of these gender conditions would serve to reduce the number of plants 
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within a population participating in sexual reproduction at any time 

within the flowering period. As a consequence, the effective 

population size would be reduced, and inbreeding would be expected to 

increase (Falconer, 1981). 

stage of stigmatic receptivity 

The mean number of pods initiated on cross-pollinated spikes 

was significantly greater (tdr_ 36=16.640, p<0.01) than on the control 

spikes, showing that flowers of P. velutina are receptive to pollen 

at Stage 2 (Table 3). This result indicates that there would be no 

need to emasculate flowers when making controlled pollinations in a 

breeding program with this species. If emasculation were necessary 

for Prosopis breeding, the task would be prohibitively difficult 

because of the size and arrangement of the flowers. When considering 

that no pollen was observed in stigmas of flowers from spikes which 

bore only Stage 1 or 2 flowers, the need for prior isolation of 

flowers might not be necessary because the likelihood of 

contamination prior to hand pollination is low. Isolation of the 

flowers after pollination would be necessary, however, to prevent any 

subsequent insect-mediated contamination of stigmas that had not 

received full pollen loads while making crosses. 

Self-fertility 

There were no significant differences in pod production between 

the two sites (Table 6 in Appendix A). Apparently, the irrigation of 

trees at ASDM did not improve pod set, on a per spike basis, over 

that of trees growing under natural conditions. But precipitation in 

the area had been above average between 1990 and 1991 (Fig. 2). 

During drier years, the results could be different. If considered on 

a whole-tree basis, which this study did not address, irrigation 

might have had a beneficial effect. Felker et al. (1983), however, 



Table 3. Proportion of spikes initiating at least one pod and 
mean number of pods initiated per spike following hand 
pollination of female phase flowers of Prosopis velutina. 

Proportion of Mean number of 
spikes pods initiated 

Treatment N initiating pods per spike 

Pollinated 19 0.75 2.41 

(0.57)2 

Control 19 0.05 0.11 

(0.023) 

IMeans in this column are significantly different (tdr~36=16. 640, 
p<O.Ol). 

2Values in parentheses are standard errors of the mean. 
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reported that pod production was higher on non-irrigated than on 

irrigated Prosopis trees in a species trial in California. 
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Differences among treatment means for the number of pods 

initiated per spike were significant (Table 6 in Appendix A). 

Cross-pollination resulted in the highest percentage of spikes 

initiating at least one pod, and more pods per spike, than either 

open-pollination, self-pollination or no pollination (Table 4). 

cross-pollination more than doubled pod production over open

pollination. Hand pollination also increased pod production two- to 

four-fold in R. torguata (Solbrig and Cantino, 1975). These results 

indicate that, if trees are capable of maturing the additional pods, 

hand pollination could be a cultural means of increasing pod 

production. As a result, seed production could be ~ncreased in 

breeding programs, or in the production of seeds for gum or pods for 

food (Figueirido, 1990). 

The proportion of spikes initiating pods and the number of pods 

per spike for self-pollinations were intermediate between 

open-pollinations and unpollinated controls, but were lower than for 

cross-pollinations (Table 4). Thus, while there is a certain 

capacity for self-fertility in P. velutina, some mechanism is 

operating that either reduces the ability of self-pollen to fertilize 

ovules, or results in post-fertilization abortion. These results 

could be attributed to genetic load being carried in the population 

(Wiens et al., 1987). If such is the case, selfed zygotes would be 

expected to have a greater proportion of loci with homozygous lethal 

alleles, and higher rates of post-fertilization abortion, than cross

pollinated zygotes. Open-pollinationed spikes would be expected to 

have intermediate levels of pod production because a mixture of 

cross-pollinations and self-pollinations would occur among the 

flowers. Open-pollinations were also the result of outcrosses within 

the same population of trees in this experiment, whereas the 
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Table 4. Proportion of spikes initiating at least one pod and 
mean number of pod initiated per spike following hand pollination 
of mature flowers of Prosopis velutina. 

Proportion of Mean number of 
spikes initiating pods initiated per 

Treatment N pods spike 

Cross-pollinated 30 0.73 2.57a l 

(0.47)2 

Open-pollinated 28 0.57 1.25b 
(0.30) 

Self-pollinated 28 0.15 0.37bc 
(0.21) 

Unpollinated 27 0.07 0.15c 
(0.12) 

IMeans with the same letter are not different (P<0.05). 

2Values in parentheses are standard errors of the mean. 
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cross-pollinations in this experiment involved parents from widely 

separated populations. Therefore, greater heterozygosity and fewer 

post-fertilization abortions would be expected in cross-pollinated 

zygotes. 
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The increased pod production resulting from cross-pollinations 

could also be attributed to more efficient po.llination by hand than 

by insects. But there were no data to support this hypothesis in 

this study, because examinations of the flowers were not made after 

hand pollination to determine the distribution of pollen in the 

stigmas. The results of microscopic examination of open-pollinated 

flowers also indicated that insect pollination was adequate for pod 

initiation. 

Kenrick and Knox (1989b), studying pollination in Acacia 

species, used an Index of Self-Incompatibility (lSI): 

lSI 

Number of selfs 
initiating pods 

Total number of 
self-pollinations 

x 

Total number of 
cross-pollinations 

Number of outcrosses 
initiating pods 

A species was classified as self-incompatible with lSI 

values less than 0.2, partially self-compatible with values 

of 0.2-1.0, and fully self-compatible with values greater than 1.0. 

Table 5 shows the lSI values for this study, based on both the 

number of inflorescences initiating pods and the number of pods 

produced. Using the mean lSI as a criterion, P. velutina would be 

considered self-incompatible, according to the classification of 

Kenrick and Knox (1989b). But looking at individual tree values for 

lSI, and depending on the type of data used to calculate lSI, from 17 

to 50 % of the trees would be considered partially self-compatible. 

The occurrence of trees with lSI values of zero is not 

necessarily evidence for a self-incompatibility system. If those 

trees are highly inbred, self-fertilization would reBult in even more 



Table 5. Indices of self-incompatibility (ISI)I for Prosopis 
velutina trees based on the proportion of spikes initiating 
at least one pod and the number of pods initiated per spike. 

Tree 
number 

2 

3 

7 

10 

11 

12 

Overall 

IISI 

lSI based on 
no. of spikes 
initiating pods 

0.40 

0.0 

0.33 

0.0 

0.0 

0.20 

0.19 

Number of selfs 
initiating fruit 

Total number of 
self-pollinations 

(Kenrick and Knox, 1989b). 

Mean no. of 
pods initiated 

ISI based on no. after cross-
of pods and open-
intitiated pollinations 

x 

0.18 3.5 

0.0 1.2 

0.04 1.1 

0.0 1.1 

0.0 1.7 

0.22 2.7 

0.13 

Total number of 
cross-pollinations 

Number of out crosses 
initiating fruit 

35 



homozygosity and exposure of lethal alleles in zygotes, leading to 

complete or almost complete embryo abortion (Krebs and Hancock, 

1988). Evidence that tends to substantiate this hypothesis is the 

positive correlation (r=O.88, P~O.OS), between lSI (based on the 

number of pods produced) and the average number of pods produced by 
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each tree on those spikes that were either cross- or open-pollinated 

(Table 5). In other words, trees that produced fewer pods on average 

also had lower lSI values. Inherently low pod production could be an 

indication that these trees are highly inbred. These results also 

support the hypothesis that reduced pod production in selfs is the 

result of genetic load, as discussed earlier. 

The initiation of pods on control spikes is not necessarily 

evidence for wind-pollination in this species. The same method of 

isolating spikes was also used on a greater number of spikes in a 

separate study, with no pods being formed in the unpollinated 

controls. Likewise, Simpson (1977), using isolation bags with a 

larger pore size, reported that wind did not appear to be an 

effective agent of pollination for this species. The structure of 

the stigma, with a deep cup in the tip of the style, makes it 

unlikely that wind-carried pollen would be deposited in sufficient 

quantities for pod production. It apparently acts more as a scoop, 

picking up pollen as insects pass over it. It is possible that 

flowers rubbed against the isolation bags during windy days, causing 

pollen to be transferred from anthers to stigmas as they were brought 

into contact with each other. Thus, the pods would have resulted 

from accidental self-pollination, and not from wind-pollination. 
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conclusions 

With the exception of abnormal stigma morphology of some of the 

flowers of one tree, there is nothing in the microscopic examination 

of P. velutina flowers to indicate either male or female sterility. 

However, certain trees may serve mostly as either male or female 

parents as a result of the timing of flowering in relation to 

surrounding trees. Pollination was generally adequate to produce 

pods in the majority of flowers, so this was not the cause of the low 

fruit:flower ratio common to this species. 

The flowers of P. velutina are receptive to pollen when only 

the styles are exserted from the buds (stage 2). stigmas of flowers 

in this stage never contained pollen unless they were close to or 

among flowers that were at anthesis. Unpollinated spikes that were 

bagged prior to anthesis only produced a few spikes, attributed to 

incidental self-pollination as a result of physical contact with the 

bags. This characteristic of the flowers means that controlled 

pollinations in breeding programs can be made on spikes containing 

only Stage 2 flowers, thus eliminating the need for emasculation. 

The trees sampled in this study showed a capacity for self-

fertility, although pod production was less than for either cross-

pollinated or open-pollinated spikes. The most likely explanation 

for the low pod set upon selfing is the effect of genetic load, with 

lethal alleles being exposed as homozygotes. This argument is 

strengthened by the result that cross-pollinations between widely

separated populations produced more pods than open-pollinations. The 

likelihood of two lethal alleles occurring in trees of two widely-

separated populations is less than for trees of the same population. 

Trees that, on average, produced fewer pods also failed to produce 

pods when selfed. This finding is an indication that these trees are 

highly inbred, and is additional evidence supporting the hypothesis 



that failure to produce pods upon selfing is the result of genetic 

load in this species. 
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POPULATION GENETIC STRUCTURE AND MULTI LOCUS ESTIMATION 
OF MATING SYSTEM PARAMETERS IN PROSOPIS VELUTINA 

Introduction 

Plant mating systems have often been evaluated using hand 

pollinations and studies of floral and pollination biology (Bawa, 

1974; Kalin Arroyo, 1978). Hand pollinations give a direct measure 

of the ability of normally outcrossing species to self-fertilize. 
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Floral and pollination biology studies provide information essential 

to understanding gene flow and genetic structure in populations; and, 

indirectly, they can provide approximate estimates of the extent of 

matings occurring among specific plants. 

Simpson (1977) used these approaches to analyze the mating 

systems of four species in the genus prosopis, including P. velutina, 

P. chilensis, P. flexuosa and P. torquata. Her results indicate that 

these species, with the exception of P. torquata, are obligate 

outcrossers. But this conclusion for P. velutina was based on 

results in two populations. However, hand self-pollinations in two 

additional populations of P. velutina has shown that the species is 

somewhat self-fertile (see Chapter 2). Studies with other genera 

have shown that mating system parameters can vary among populations 

of individual species (Brown et al., 1975; Phillips and Brown, 1977). 

The methods of studying plant mating systems described above 

provide no information on the genetic structure of natural 

populations, and no measure of the extent of inbreeding that can 

occur in natural populations either through selfing or biparental 

inbreeding (Levin, 1978; Schoen and Clegg, 1984). Protein 

electrophoresis, however, enables the use of enzymes as genetic 

markers for determining genetic structure and estimating mating 

system parameters in plant populations (Brown, 1989). Enzyme 

electrophoresis is the differentiation of enzymes as they are pulled 

through a gel medium by means of an electric current acting on the 



surface charges of the enzymes. Isozymes are enzymes with the same 

function but different configurations or amino acid constitutions, 

usually determined by mutations in the genes encoding them. 

Differences in composition, configuration, size, and electrical 

charge of the isozymes cause them to migrate through gels at 

different rates during electrophoresis, resulting in separation of 

the isozymes into distinct bands. The isozymes can be stained for 

viewing, revealing the molecular phenotypes (the pattern of banding) 

produced by specific isozyme genotypes (Pasteur et al., 1988; 

Tanksley and Orton, 1983). The positive attributes of isozymes as 

genetic markers are that 1) most plant isozymes are codominantly 

expressed in Mendelian ratios, 2) isozymes are not likely to be 

subject to strong selection, and 3) many isozyme loci in plants are 

highly polymorphic (Brown, 1989). 

40 

The first reported use of electrophoretic analysis in the genus 

Prosopis was for determination of genetic variability and genetic 

structures of 15 species from North and South America (Solbrig and 

Bawa, 1975). The enzyme systems of a-esterase (EST), leucine 

aminopeptidase (LAP), alcohol dehydrogenase (ADH), and malate 

dehydrogenase (MDH) were assayed and found to be controlled in 

cotyledons by a total of more than ten loci. A Shanon-Weiner 

information measure (H=-~Pllog2Pt>, which measures evenness of 

distribution of bands in the population, was calculated for each 

enzyme. This measure, which increases with increasing variability, 

ranged from a low of 0.693 for MDH in P. tamarugo and P. velutina to 

a high of 2.353 for a-esterase in P. flexuosa. All of the enzyme 

systems were polymorphic in P. velutina (H~ 2.047 for a-esterase, 

H~1.355 for LAP, H~1.782 for ADH, and H=0.693 for MDH). 

Most of the research utilizing isozymes in the genus Prosopis, 

however, has focused on clarification of taxonomy. saidman (1986) 
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studied four South American species (P. alba, P. hassleri, P. 

ruscifolia and P. vinalillo), and their hybrids. One ADH locus and 

three glutamate oxaloacetate transaminase (GOT) loci were 

polymorphic. All of these loci were diallelic, with dimeric, 

codominantly expressed phenotypes. Saidman and Vilardi (1987) 

examined 25 loci in seven enzyme systems of seven South American 

Prosopis species. Five EST loci and three peroxidase (PRX) loci were 

identified, all of which were diallelic except for one triallelic EST 

locus. The percentage of polymorphic loci varied among the species, 

from 38 to 50%, with an average of 45%, and the average 

heterozygosity per locus and individual was 0.18. 

Whitmore and Bragg (1979) tested isozymes as diagnostic tools 

for differentiating between two North American species, P. glandulosa 

var. glandulosa and P. pallida. They identified three ADH, six acid 

phosphatase (AcP), twelve EST, seven PRX, and eight MDH loci. Of 

these, loci designated ADH-1, ADH-3, AcP-6, PRX-1, PRX-6, MDH-5, EST-

2, EST-3, EST-4, and EST-5 provided the best basis for separation of 

the species. 

Several models have been developed that use isozyme or other 

molecular marker data to describe plant mating systems, including the 

levels of outcrossing, se1fing, and consanguineous matings occurring 

in plant populations (Schoen and Clegg, 1984). The starting point of 

all of these models is the Hardy-Weinberg model for gene frequency 

and parental genotype distributions in populations. This model is 

based on the assumptions of random mating among plants, an infinitely 

large breeding population, and no selection, mutation, or migration 

acting at any time during the production and maturation of 

generations (Falconer, 1981). However, deviations from this "ideal" 

population are common in natural populations. The evolution of 

mating system models has occurred through efforts to describe and 

account for these deviations. 



The most widely used recent model is the mixed mating model, 

which considers deviations from random mating attributable to some 

form of inbreeding. Clegg (1980) listed the assumptions of this 

model as: 

1) mating events are due either to random outcrossing 
with probability t, or self-fertilization with 
probability s=t-l; 

2) gene frequency distribution in the pollen pool is the 
same for all maternal plants; and 

3) the outcrossing rate is independent of maternal 
genotype. 

These assumptions allow testing of allele frequencies against the 

conditional probabilities of the model to determine if there is 

genetic differentiation in populations (violation of Assumption 2), 

and variation in outcrossing rate among parent plants (violation of 

Assumption 3). 

Estimate of mating system parameters using isozyme data has 

never been reported in Prosopis. An assay of open-pollinated 
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families would provide a "snapshot" of gene flow after a round of 

mating under natural conditions, and a measure of population genetic 

structure in a natural population. The purposes of this study were 

to utilize isozymes as genetic markers to estimate 1) pollen and 

ovule allele frequencies, 2) the multilocus outcrossing rate, 3) the 

level of biparental inbreeding, and 4) the maternal fixation index 

(Wright, 1965), within thirty open-pollinated families of P. 

velutina. 

The hypotheses tested were that: 

1) Pollen and ovule allele frequencies are equal. 

2) There is no interpopulation genetic differentiation. 

3) There is no intrapopulation genetic subdivision, defined here as 
the presence of distinct random breeding units (neighborhoods) 
resulting from restricted pollen and seed dispersal within larger 
populations, as described by Wright (1943). 

4) Mating in P. velutina is random. 
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5) The rate of selfing is equal to zero. 

6) The amount of biparental inbreeding is equal to zero. 

7) Wright's fixation index (F) is equal to zero. 

Materials and Methods 

Site and population descriptions 

The study site was located on the University of Arizona, Santa 

Rita Experimental Range, located 50 km south of Tucson and 12 km east 

of continental (Fig. 3). The site is a semi-desert grassland, 

consisting of a mixture of grasses (Aristida spp., Bouteloua spp., 

Eragrostis lehmannii, Muhlenbergia porteri and Tricachne spp.), cacti 

(Opuntia spp. and Ferocactus wislizenii), and shrubs and trees 

(Acacia greggii, A. augustissima, Calliandra eriophylla, Fouqieria 

splendens, Haplopappus tenuisectus, Mimosa biunciEera, M. dysocarpa 

and Prosopis velutina) (Martin and Reynolds, 1973). Invasion of the 

grassland by shrubs and cacti was reported in 1904, and the spread of 

P. velutina continued so that it now dominates many sites (Martin and 

Reynolds, 1973). 

Three populations were sampled, with at least 1.5 km between 

any two populations (Fig. 3). The approximate land areas represented 

by the sampled trees were 0.41, 0.31, and 0.05 km2 for populations 1, 

2, and 3, respectively. Mean elevations of the populations are 1190, 

1225 and 1390 m, respectively. Rainfall averages from 250 to 500 mm, 

increasing with increasing elevation (Martin and Reynolds, 1973). 

The gently sloping topography is cut by several small and large 

intermittent streams (Fig. 3). 

Trees in Populations 1 and 2 were located either along 

streambeds or on intervening flats. The streambeds were shallower at 
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the site of Population 2. The average distance from trees used in 

the study to the nearest flowering tree was 7.5 m in Population 1 and 

7.8 m in Population 2. Four of the maternal parents in Population 2 

were somewhat isolated on intervening flats, being up to 80 m from 

the nearest tree of similar size (and, presumably, similar age) as 

itself. Most isolated trees, however, were surrounded by small tree~ 

«2m height) which could be their progeny, some of which were 

flowering. Trees in these two populations ranged in height from 3.0 

to 6.1 m, with an average of 4.4 m. Population 3 consisted of 

closely spaced trees surrounding a manmade water pond. Average 

distance to the nearest flowering tree in this population was 2.2 m, 

and tree heights ranged from 1.8 to 4.6 m, with an average of 2.9 m. 

While these populations were not selected for testing hypotheses 

regarding the effects of tree distribution on genetic structure and 

mating systems, differences in tree distribution were noted as 

possible explanations of research results. 

Ten maternal parent trees were selected in each population, 

providing a total of 30 half-sib families. Trees were selected on 

the basis of the presence of an adequate seed crop, with the 

additional criterion that maternal trees were separated from each 

other by at least 100 m (with the exception of Population 3, where 

trees were closely spaced). Pods were collected from August through 

September, 1990. All pods within reach from the ground were 

collected from each tree, resulting in sample sizes ranging from 42 

to 380 pods per tree. 

Greenhouse and laboratorv procedures 

All seeds were extracted from 10 randomly selected pods per 

tree, and seedlots were kept separate by tree and pod. All seeds 

that appeared viable in each seedlot (based on size, coloration and 

lack of insect infestation) were assigned a number. Two of these 
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seeds were randomly selected from each pod, scarified with sandpaper 

until abrasions were obvious on the seedcoat, and sown at a depth of 

1 cm in a 4 X 1S-cm tapered container filled with a soil mix 

consisting of a commercial potting mix (Promix), sand, perlite, and 

peat moss (4:3:3:1 by volume). The containers were placed in a 

greenhouse in December, 1990 for germination and subsequent growth of 

the seedlings. When weather conditions permitted in the spring, the 

containers were moved into a shadehouse at the University of Arizona 

Campus Agricultural Center in Tucson. 

If both seeds in a tube germinated, one was transplanted to 

serve as a backup in case the first seedling died. sampling only one 

seedling per pod minimized the chance of sampling correlated matings 

(i.e., progeny having the same pollen parent), since the likelihood 

of such matings is probably greater within than among pods. Sampling 

correlated matings would cause underestimates of the frequency of 

outcrossing (Schoen and Clegg, 1984). This sample size (30 families 

and 10 progeny per family for a total sample size of 300) was 

determined to be sufficient for indirect estimation of maternal 

genotypes from the progeny arrays using the method of Brown and 

Allard (1970). 

Sampling of the seedlings began in August, 1991 and continued 

to April, 1992. Fully developed, healthy leaves were collected from 

the seedlings on the morning of the day that electrophoresis was to 

be performed. The leaves were placed in plastic bags, and placed on 

ice for transport to the laboratory. Excised leaflets (80-90 mg 

fresh weight) were ground in a chilled mortar and pestle in 300 ~l 

buffer solution (Appendix B). The samples were centrifuged in a 

microcentrifuge, and the supernatant was used as the enzyme extract. 

Electrophoresis was performed on the enzyme extracts using 4-

30% density gradient polyacrylamide gels in Tris-glycine running 

buffer (Appendix B). Electrophoresis was conducted using a Pharmacia 
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Electrophoresis Apparatus GE-2/4 at 300 V for 20 min, followed by 125 

V for 24 hr, at 5° c. At least one lane in each gel contained a 

control consisting of leaf extract obtained from the northern-most P. 

velutina tree, of unknown origin, growing in the Joseph Wood Krutch 

Garden on the University of Arizona campus. Gels were stained for 

PRX, LAP, and EST (both a and B forms) (Pasteur et al., 1988; 

Tanksley and Orton, 1983). 

All progenies were evaluated for the three enzyme systems by 

recording the migration distances for each band in relation to 

selected reference bands in the control lanes on each gel. There was 

no information available on the inheritance of isozymes in P. 

velutina, so a genetic interpretation of isozyme data was constructed 

for this study based on 1) the presence of banding patterns typical 

for isozymes (i.e., one or two bands for codominant, monomeric 

enzymes, or either one or three bands for codominant, dimeric 

enzymes); 2) the possibility of a maternal parent genotype that could 

generate the progeny array; and 3) the fit of the progeny array data 

to expected Mendelian segregation ratios. Loci were numbered 

consecutively, with the most anodal (i.e. fastest migrating) being 

designated locus 1 (e.g. Prx-l, Prx-2, etc.). 

Analysis of data 

Data were analyzed using a multilocus estimation program (MLT) 

developed by Ritland (1990), and based on the procedure of Ritland 

and Jain (1981). This program uses the Expectation-Maximization 

method for determining maternal and pollen allele frequencies, and 

the Newton-Raphson method for joint maximum-likelihood estimation of 

tm (the multilocus outcrossing rate), t, (the single-locus outcrossing 

rate averaged over loci), and F (the fixation index of the maternal 

parents). Standard errors for these parameters were generated using 

100 bootstrap estimates, with resampling among families. MLT uses 
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the method of Brown and Allard (1970) to infer maternal genotypes for 

each family. 

Differences between estimates of pollen and ovule allele 

frequencies, both within and among populations, were tested using the 

method of Zar (1974). Three tests were used to detect 

intrapopulation genetic subdivision, that is, the presence of 

distinct random breeding subunits (neighborhoods) within populations 

(Wright, 1943). The first was a X2 test for heterogeneity to 

determine variation in proportions of detectable outcrosses in 

progeny arrays of homozygous parents (Brown et al., 1975; Snedecor 

and Cochran, 1967). A significant X2 would indicate intrapopulation 

genetic subdivision. The second test was a Spearman rank correlation 

of the outcrossing rate of parents homozygous for the most common 

allele with the frequency of the alternate allele (Fu et al., 1992). 

Lack of a significant correlation would also indicate intrapopulation 

genetic subdivision. The third test was a regression of pollen 

allele frequencies on ovule allele frequencies (Ritland and El

Kassaby, 1985), for which a significant regression would indicate 

intrapopulation genetic subdivision. 

Goodness-of-fit of observed to expected progeny distributions, 

based on the mixed mating model, was tested for each locus using a X2 

test, which was generated by MLT. Violation of the assumptions of 

the mixed mating model would result in significant X2 values. Only 

loci showing a good fit to the mixed mating model were included for 

the multilocus estimates of the mating system parameters. The 

difference between tm and t, provided a measure of the amount of 

biparental inbreeding. This value, along with values for t m , t" and 

F, were tested for equality to zero based on 9S% confidence 

intervals. All tests of hypotheses were made at a=O.OS. 
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Results and Discussion 

Determination of informative isozyme loci 

Two major zones of activity were obtained for PRX. The fastest 

migrating zone contained from one to 10 well-defined bands (Fig. 4). 

The slowest migrating zone contained from one to seven bands, 

possibly controlled by two to three loci. Background staining and 

inadequate separation rendered bands in the slowest migrating zone 

unsuitable for accurate analysis; therefore, only bands in the most 

anodal region were analyzed. Banding patterns in this zone displayed 

patterns that fit those expected for codominantly expressed, 

monomeric enzymes (i.e., having either one or two bands) (Pasteur et 

ai, 1988). Five diallelic loci were identified. At least half of 

the gels possessed no bands for the Prx-3 and Prx-5 loci, so these 

two loci were not included in any analysis. The fastest migrating 

band of Prx-4 appeared in all but six of the 300 progeny assayed. 

This potential number of loci controlling PRX is in accordance with 

the results of Whitmore and Bragg (1979) in P. pallida and P. 

glandulosa. Using starch gel electrophoresis, which generally has 

less resolving power than density gradient polyacrylamide gels 

(Pasteur et al., 1988), they reported six PRX loci for P. glandulosa 

and seven loci for P. pallida. 

There were from three to 12 bands for EST, the patterns of 

which were compatible with those expected for monomeric, codominantly 

expressed enzymes (Fig. 4). Seven loci appear to affect this enzyme 

system in P. velutina. Est-l, Est-2, and Est-7 were not included in 

the analysis. Est-l had one band in 86% of the progeny, which was 

infrequently paired with a lightly-staining, faster band. This locus 

could be monomorphic, with the extra band being an artifact of 

technique. Bands for Est-2 were inconsistently present, so that 

adequate scoring was not possible. Est-7 was a lightly staining 
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region with indistinct bands that was also difficult to score 

accurately. Est-3, Est-4, Est-5, and Est-6 stained well, with 

apparently diallelic banding patterns. The fast band of Est-4 was 

almost fixed in the populations, being present in 93% of the progeny. 

This interpretation with P. velutina is in good agreement with 

earlier research by Whitmore and Bragg (1979). Using 8% vertical 

polyacrylamide gels, and staining for both Q- and B-esterases as I 

did, they reported 11 EST loci in P. pallida and 12 EST loci in P. 

glandulosa. Est-4 and Est-5 enabled the best identification of those 

two species. 

The banding patterns for LAP indicated the presence of two loci 

(Fig. 4). There were at least three bands for Lap-I, present either 

as a single band or in a pair, which correspond to three alleles 

expressed as monomeric, codominant isozymes. The fastest band was 

found in 98% of the progeny, so it was considered fixed in the 

populations. The slowest band of Lap-I overlapped with the fast, 

densely staining band of Lap-2, creating difficulty in scoring Lap-I 

with certainty. Therefore, Lap-I was not used in any analyses. Lap-

2 had either one or two darkly staining bands, exhibiting patterns 

typical of a monomeric, diallelic enzyme (Pasteur et al., 1988). 

Interpopulation genetic differentiation 

Ovule allele frequencies were generally uniform among the three 

populations. Prx-4 (between Population 3 and the other two 

populations) and Lap-2 (between population 2 and Population 3) were 

the only loci showing significant differences (Table 6). Therefore, 

no significant interpopulation genetic differentiation has occurred 

at this site, at least for the isozyme loci sampled, and it could be 

considered one continuous population. Although variation in soil 

type, average moisture content, and depth would be expected among 

these three sites, isozymes are considered to be selectively neutral 



Table 6. Estimates of pollen and ovule allele frequencies I in three populations of Prosopis velutina 
at the santa Rita EXEerimental Ran2e. 

POEulation 1 POEulation 2 pOEulation 3 Overall 

Locus Pollen Ovule Pollen Ovule Pollen Ovule Pollen Ovule 

Prx-l 0.333 0.450 0.423 0.500 0.316 0.300 0.376 0.417 
(0.131)2 (0.118) (0.074) (0.111) (0.144) (0.128) (0.070) (0.075) 

Prx-2 0.373 0.250 0.347 0.300 0.296 0.350 0.292 0.317 
(0.087) (0.079) (0.065) (0.103) (0.113) (0.102) (0.037) (0.060) 

Prx-4 0.370 1.000*3 0.724 0.900 0.968 0.500* 0.703 0.867 
(0.156) (0.000) (0.044) (0.065) (0.019) (0.102) (0.106) (0.094) 

Est-3 0.794 0.500* 0.351 0.400 0.263 0.400 0.332 0.533 
(0.141) (0.067) (0.118) (0.050) (0.131) (0.105) (0.063) (0.057) 

Est-4 0.823 0.550* 0.554 0.650 0.945 0.800* 0.944 0.533* 
(0.085) (0.119) (0.170) (0.154) (0.021) (0.068) (0.016) (0.057) 

Est-5 0.405 0.400 0.339 0.450 0.773 0.600 0.437 0.517 
(0.125) (0.110) (0.101) (0.139) (0.128) (0.121) (0.086) (0.071) 

Est-6 0.787 0.450* 0.667 0.650 0.825 0.650 0.763 0.550* 
(0.100) (0.090) (0.104) (0.081) (0.071) (0.110) (0.058) (0.066) 

Lap-2 0.353 0.400 0.641 0.650 0.583 0.250* 0.629 0.400* 
(0.072 ) (0.095) (0.085) (0.119) (0.134) (0.148) (0.042) (0.075) 

IUsing only the most anodal allele, with all loci being dia1lelic. 

2Values in parentheses are standard errors. 

3Indicates differences between pollen and ovule allele frequencies (P<0.05). 
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unless they are closely linked to loci that are subject to 

environmental selection (Brown, 1989). The lack of significant 
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variation among isozyme loci in this study would support this 

assumption. Similar results were also found for three elevationally 

defined populations of Eucalyptus pauciflora (Phillips and Brown, 

1977), and for two populations of Pinus banksiana (Fu et al., 1992). 

Prosopis velutina is considered to have been restricted to 

areas along intermittent streams in the study area, having invaded 

the intervening grasslands only within the last 90 years (Martin and 

Reynolds, 1973). Essentially linear plant populations, such as those 

occupying areas along watercourses, could theoretically experience 

restricted gene flow if pollen and seed dispersal are limited. Most 

mating under such conditions would be among near neighbors, so that 

there would be a high frequency of consanguineous (sibling-sibling 

and parent-offspring) matings. Trees separated by a certain critical 

distance would never, or very rarely, mate. Therefore, the effective 

breeding populations would be comprised of a "neighborhood" of highly 

related plants, resulting in inbreeding and intrapopulation genetic 

subdivision (Wright, 1943). Such a situation could have been the 

case in P. velutina populations in the study area prior to spread 

into· surrounding grasslands. 

If seed dispersal during the period of grassland invasion by P. 

velutina was strictly by short-distance, lateral dispersal events, 

extensive mixing of genotypes from different neighborhoods would not 

have occurred, and most of the original population genetic structure 

would have been maintained. The time since establishment of these 

relatively new populations of trees (approximately 50-90 years) 

(Martin and Reynolds, 1973) probably would have been too short for 

gene migration to have had an equalizing effect on local gene 

frequencies. We would, therefore, expect to see more large-scale 

(interpopulation) differentiation of isozyme allele frequencies today 
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than the data shows. 

However, if a substantial portion of the initial seed dispersal 

events from streambeds into the grasslands were long-distance and in 

random directions, there would have been more mixing of genotypes 

from different neighborhoods. Subsequent expansion from the initial 

"nucleus trees" by short-distance dispersal of seeds that were 

products of matings among the genetically heterogeneous colonizing 

trees would further randomize allele frequencies over the entire 

study area. It has been suggested that spread of P. velutina on the 

study area was via livestock and larger wildlife (Martin and 

Reynolds, 1973; Reynolds, 1954). Brown and Archer (1987), studying 

dispersal of P. glandulosa var. glandulosa seeds by cattle in a 

savanna woodland in Texas, found that 75% of the dung pats contained 

Prosopis seedlings, with an average of 4.2 seedlings per pat. Where 

cattle were excluded, no Prosopis seedlings became established in 

areas between trees. Hafez (1962) stated that cattle will travel an 

average of 4 km per day while grazing, twice as far if the range is 

degraded. The Santa Rita range was quite degraded by 1900 (Martin 

and Reynolds, 1973), so it is quite possible that cattle would have 

moved up to 8 km per day at this site, randomly dispersing seeds in 

their dung along the way (E. L. Smith, personal communication). 

Reynolds (1954) showed that a predominant short-distance seed 

disperser, the Merriam kangaroo rat (Dipodomys merriami) , became 

abundant on the study site only after the establishment of P. 

velutina and other shrubs. He suggested a mixture of initial and 

continuing long-term seed dispersal by livestock and larger wildlife, 

followed by increasing amounts of short-distance seed dispersal by 

kangaroo rats, had occurred on this site. such dispersal patterns 

could have broken down any initial population structure, explaining 

the large-scale genetically homogeneous population that appears to 

exist today, based on ovule allele frequencies. The hypothesis could 



be tested by comparing genetic structures in populations occurring 

along streambeds and populations occurring on intervening flats. 

Intrapopulation genetic subdivision 
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Seven of the 24 intrapopulation tests for differences between 

pollen and ovule allele frequencies were significant, all of which 

were in Populations 1 and 3 (Table 6). Therefore, assuming that the 

genotypes of the maternal trees were representative of the adult gene 

pool, the progeny arrays were not a totally random sample of the 

potential pollen pools in those two populations • 

. A possible cause of differences in pollen and ovule allele 

frequencies is intrapopulation genetic subdivision (Hamrick, 1989; 

Muona, 1989). Limited pollen and seed dispersal would create family 

structures within populations, as described in the previous section, 

the consequence of which would be a predominance of consanguineous 

mating (Levin, 1988). Under such conditions, apparently nonrandom 

sampling of the pollen pool would be expected in progeny arrays, 

relative to the pollen pool of the entire population. 

Neither pollen dispersal distances nor the relative frequencies 

of long- and short-distance seed dispersal are known for P. velutina. 

But pollen dispersal is leptokurtic in other insect-pollinated 

species (Levin, 1978). The results of a study of seed dispersal by 

Merriam kangaroo rats suggest that short-distance seed dispersal has 

been a major factor in the spread of P. velutina in this area 

(Reynolds, 1954). Rat populations were high, with 99% of the trees 

having nests beneath their crowns. Most seed caches of kangaroo rats 

contained several P. velutina seeds, and the average seed dispersal 

distance was 15 m. Reynolds (1954) estimated a maximum dispersal 

distance of SO m by kangaroo rats, compared to potential maximum 

dispersal distances of 4 to 6 km by livestock and other larger 

wildlife. Therefore, it is possible that short-distance seed and 
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pollen dispersal events occurred in high frequencies at the study 

area, the conditions necessary for the development of intrapopulation 

genetic subdivision. 

All three tests used in this study to detect intrapopulation 

genetic subdivision indicate the presence of a certain level of 

subdivision. In the X2 analysis for heterogeneity in outcross pollen, 

four out of 21 values were significant, meaning that the mating 

events were not a random sample of the pollen pool (Table 7). All of 

these were again in populations 1 and 3, reflecting the same trend as 

differences in pollen and ovule allele frequencies. There was a lack 

of homozygous parents to calculate a X2 for Est-3 in populations 1 and 

2, and for Est-4 in Population 1, so it could not be determined if 

there was heterogeneity of outcross pollen allele frequencies in 

these cases. 

Heterogeneity in outcrossing pollen can also be caused by 

variation in individual maternal outcrossing rate (Brown et al., 

1975). While the X2 test for heterogeneity of outcross pollen assumes 

homogeneity of outcrossing rate, the Spearman rank correlations 

between alternative allele frequencies and individual tree 

outcrossing rate (Fu et al., 1992) allows testing of pollen pool 

heterogeneity while outcrossing rate varies. Without heterogeneity 

of the pollen pool, the frequency of the alternate allele should be 

significantly correlated with maternal outcrossing rate. None of the 

correlations were significant in this study (Table 7), again 

indicating heterogeneity of the pollen pool and genetic subdivision 

in these populations. 

Regressions of pollen allele frequencies on ovule allele 

frequencies yielded R-square values that were significant for three 

of the loci (Table 8). A significant regression indicates the 

presence of intrapopulation genetic subdivision. This test also 



Table 7. Tests for genetic subdivision within three populations 
of Prosopis velutina at the santa Rita Experimental Range. 

X2 test for heterogeneity Spearman 
rank 

Population Population Population correlationl 

Locus 1 2 3 Overall 

Prx-l NS2 NS 18.99 NS 0.35 (12 )3 

Prx-2 NS NS NS NS -0.25 (14) 

Prx-4 20.44 NS NS NS -0.24 (22) 

Est-3 
__ 4 __ 4 

NS NS 0.65 (4) 

Est-4 
__ 4 

NS NS NS 0.62 (7) 

Est-5 NS NS 22.46 29.89 0.31 (9) 

Est-6 8.57 NS NS NS 0.20 (5) 

Lap-2 NS NS NS NS 0.30 (5) 

Irs of the multilocus outcrossing rate of parents homozygous for 
the most common allele and the frequency of the alternate allele. 

2X2 value was not significant (P<0.05). 

3Number of homozygous parents used in calculating rs· 

4rnsufficient homozygous parents to calculate X2. 
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Table 8. Regression of pollen allele frequency on ovule 
allele frequency in three populations of Prosopis velutina at 
the Santa Rita Experimental Range. 

Population 
Locus Overall 

1 2 3 

Prx-l 0.92 NS 1 0.49 0.57 

Prx-2 NS NS NS NS 

Prx-4 NS NS NS NS 

Est-3 NS NS NS NS 

Est-4 NS NS NS NS 

Est-5 0.85 0.71 NS 0.65 

Est-6 NS NS NS NS 

Lap-2 NS 0.75 NS 0.19 

Ir2 was not significant (P<0.05). 
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provided some evidence for intrapopulation subdivision in Population 

2, which the X2 test for heterogeneity failed to detect. The 

difference in the ability of these two tests to detect 

intrapopulation genetic subdivision in one population could be 

attributed to the larger sample size used in the regression analysis. 

It uses data from all families, whereas the X2 test for heterogeneity 

only uses data from families of homozygous maternal parents. 

Although the evidence presented above indicates the presence of 

intrapopulation subdivision, there are two other possible causes for 

such nonrandom pollen dispersal that could be acting in conjunction 

with family structuring in the populations. The first is intertree 

variation in flowering phenology (El-Kassaby et al., 1988). The 

phenology of P. velutina is asynchronous, both among inflorescences 

on a single tree and among trees within a population (see Chapter 2). 

While mating could be random at any period of time within the 

flowering season, random sampling of pods produced at unknown times 

within that season could result in "apparent" nonrandom sampling of 

the potential pollen pool. El-Kassaby et al. (1988) reported 

differences in pollen and ovule allele frequencies among, but not 

within, early, intermediate and late phenological classes of 

Pseudotsuga menziesii. It is not known if correlations exist between 

isozyme loci and loci controlling flower phenology in P. velutina. 

But individuals within neighborhoods consisting of family groups, 

which apparently exist in these study populations, would probably 

tend to have similar flowering phenologies and allele frequencies. 

The second alternative explanation for variation between pollen 

and ovule allele frequencies could be non-random movement of pollen 

by pollinators (Handel, 1983; Levin, 1978). Pollen dispersal could 

be occurring more frequently than expected among flowers within a 

plant, between near neighbors or among a limited number of trees 
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being utilized by pollinators during any particular period in the 

flowering season. Many different insects utilize P. velutina flowers 

(Simpson et al., 1977), but the patterns of intra- and inter-tree 

movement by pollinators are not known in detail. Although it is 

difficult to study patterns of insect movement on trees, such an 

investigation could yield interesting information from the standpoint 

of understanding gene flow within natural populations, and from the 

more practical standpoint of utilizing insect pollinators in breeding 

programs. 

Mating system parameters 

X2 tests for goodness-of-fit of single-locus estimates to the 

expected progeny arrays under the assumptions of the mixed mating 

model were significant in most cases (Table 9). Prx-4 and Est-4 

probably did not fit the model well because both were essentially 

monomorphic (allele frequencies of 0.966 and 0.949, respectively) 

when allele freguencies were estimated using single-locus data. Such 

loci would provide inadequate information for estimation of mating 

system parameters. There were excess homozygous progenies over the 

expected frequencies for Est-3 and Est-5, and excess heterozygous 

progenies for Est-6. Therefore, the cause of the poor fit could not 

clearly be attributed to either assortative or disassortative mating 

for these three loci. 

X2 tests for goodness-of-fit of multilocus estimates were also 

mostly significant (Table 9). Of the 17 significant values, 10 could 

be attributed to excess progeny in homozygote classes. Such 

segregation of the progeny could be the result high levels of 

inbreeding, which would be expected if there is family structure to 

the breeding neighborhoods within populations (Wright, 1943). This 

situation appears to be the case in these populations. 
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Table 9. X2 values for goodness-of-fit of eight isozyme loci to a 
mixed mating model in three populations of Prosopis velutina at the 
Santa Rita Experimental Range. 

Overall Multilocus (based on eight loci) 
(based on 

Locus single population Population Population Overall 
locus) 1 2 3 

Prx-l NSI 17.27 NS 26.24 48.14 

Prx-2 NS NS 4.89 32.82 7.08 

Prx-4 22.47 NS 4.96 7.18 34.17 

Est-3 6.37 14.02 5.54 29.88 20.20 

Est-4 8.74 27.00 24.64 26.87 9.25 

Est-5 18.21 14.37 21.65 20.29 80.96 

Est-6 4.24 NS NS 13.06 9.92 

Lap-2 NS NS 7.14 NS 4.25 

IX2 was not significant (P<0.05). 



62 

Intrapopulation estimates of t. varied from 0.001-1.999 (Table 

10). Estimates derived from the mostly monomorphic loci, Prx-4 and 

Est-4, uniformly indicated total outcrossing. Excluding these loci, 

estimates still range from complete inbreeding to complete 

outcrossing. But only one case, Lap-2 in population 3, was not 

significantly lower than 1.0. When data from the three populations 

are combined (excluding Prx-4 and Est-4) , estimates of t. ranged from 

0.067-0.712, all of which are significantly less than 1.0. Since 

there was no evidence for genetic differentiation among the three 

populations, combining the data to improve the estimates can be 

justified. 

Estimations of t m , the average single-locus outcrossing rate 

(t), and Wright's fixation index of the maternal parents, were based 

on the three best loci (Prx-2, Est-6 and Lap-2) in regard to their 

goodness-of-fit to the assumptions of the mixed mating model. The 

estimates for tm and t were not statistically equal to 1.0, except in 

Population 3 (Table 10). The overall tm revealed that more than a 

fourth of the matings were the result of apparent selfing (1-

t m=27.8%). The difference between single- and multilocus estimates 

of outcrossing rate gives an estimate of the proportion of inbreeding 

that was the result of consanguineous mating, or biparental 

inbreeding. Estimates of t were consistently lower than those for 

t m , and the differences were statistically significant in Population 

2 and for the bulked data (Table 10). Therefore, consanguineous 

matings made up 7.1% of all matings in these populations. 

The high level of inbreeding detected in these populations of 

P. velutina demonstrates the usefulness of isozyme electrophoresis in 

studying plant mating systems. Simpson (1977) had reported that P. 

velutina was an obligate outcrosser, based on hand pollination 



Table 10. Single-locus (t,) and multilocus (tm) estimates of 
outcrossing rate and Wright's fixation index (F) of maternal 
parents for three populations of prosopis velutina at the Santa 
Rita Experimental Range. 

Locus 

Prx-l 

Prx-2 

Prx-4 

Est-3 

Est-4 

Est-S 

Est-6 

Lap-2 

t 3 
m 

1 

0.145 
(0.069)1 

0.722 
(0.202) 

1.999 
(0.003) 

0.637 
(0.181) 

1.141 
(0.098) 

0.001 
(0.000) 

0.419 
(0.112) 

0.478 
(0.231) 

0.609 
(0.256) 

0.591 
(0.238) 

0.018 
(0.042) 

-0.300 
(0.009) 

Population 

2 

0.656 
(0.155) 

0.698 
(0.159) 

1.999 
(0.091) 

0.001 
(0.235) 

1.978 
( __ )2 

0.293 
(0.094) 

0.457 
(0.178) 

0.555 
(0.119) 

0.660 
(0.113) 

0.600 
(0.123) 

0.060 
(0.038) 

-0.049 
(0.157) 

IValues in parentheses are standard errors. 

3 

0.500 
(0.170) 

0.252 
(0.110) 

1.999 
(0.003) 

0.592 
(0.161) 

0.794 
(0.318) 

0.198 
(0.088) 

0.283 
(0.194) 

1.092 
(0.147) 

1.004 
(0.92) 

0.912 
(0.102) 

0.092 
(0.035) 

0.001 
(0.173) 

Overall 

0.269 
(0.085) 

0.552 
(0.080) 

1.999 
(0.003) 

0.382 
(0.210) 

0.968 
(0.053) 

0.067 
(0.073) 

0.275 
(0.226) 

0.712 
(0.113) 

0.722 
(0.123) 

0.651 
(0.111) 

0.071 
(0.031) 

-0.168 
(0.125) 

~he MLT program would generate error messages for this locus in 
this population when bootstr.3pS were run, indicating weakness in 
the data. 

3Based on three loci, Prx2, Est-6 and Lap-2. 
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studies. Using isozymes as genetic markers, the results of actual 

mating events could be assayed to determine that mating in these 

populations of P. velutina was not random, but was a mixture of 

outcrossing between unrelated trees (72.2%), selfing (20.7%) and 

consanguineous matings (7.1%). These results, sUbstantiated by the 

capacity for self-fertility reported in Chapter 2 of this 

dissertation, establish that selfing and biparental inbreeding make 

up a substantial portion of matings in P. velutina. 
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The level of selfing found in this study is similar to those 

recently reported in other tree and shrub species. In Robinia 

pseudoacacia, another entomophilous leguminous tree species, 

outcrossing estimates ranged from 0.46-1.12 in samples from widely

separated populations (Surles et al., 1990). outcrossing estimates 

averaged 0.807 for Lathyrus latifolius (Godt and Hamrick, 1991), 0.76 

for Eucalyptus obliqua (Brown et al., 1975), and 0.63 for E. 

pauciflora (Phillips and Brown, 1977). 

Mating in Population 3 was not significantly different from 

random mating (i.e. tm=1.0) (Table 10). This result is reasonable 

when considering the composition of this population. It surrounds a 

water pond frequented by livestock and wildlife. Assuming that many 

of the trees originated from seeds passed through the digestive 

tracts of these animals, the genotypes are likely to be a random 

sample of the genotypes in the surrounding area. There would, 

therefore, be less likelihood of family structure existing at this 

site. The density of plants here also tends to be high relative to 

less disturbed areas. These two factors would contribute to cross

pollination, and little or no consanguineous matings. Knapp et al. 

(1991) found that outcrossing rate increased with increasing plant 

density in experimental populations of Cuphea lanceolata. 

Wright's fixation index (F) is a measure of the amount of 



inbreeding in the maternal trees relative to the entire population 

(Wright, 1965). This index can vary between -1 and 1. A negative 

value indicates that there are a greater proportion of heterozygous 

plants than would be expected under random mating, which can result 
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from selection against homo zygotes at any time after formation of the 

zygote. In Population 1 and in the bulked analysis, F was negative 

and significantly less than zero. Therefore, there is selection 

against homozygotes occurring in this population. This phenomenon 

was also reported for Pinus sylvestris (Muona et al., 1987) and 

Pseudotsuga menziesii (Shaw and Allard, 1982). 

Conclusions 

Three enzyme systems were assayed for P. velutina and were 

found to be controlled by at least 16 loci. Data obtained for the 

majority of these loci did not fit the assumptions of the mixed 

mating model. The most obvious violation of the assumptions was 

excess homozygosity in the progeny arrays, an indication of 

assortative mating in family-structured breeding neighborhoods. 

Eight loci were used for analysis of the genetic structure of the 

populations. Only three loci (Prx-2, Est-S and Lap-2) proved useful 

in estimation of mating system parameters. 

There was no evidence for interpopulation genetic 

differentiation, but evidence from three different tests indicates 

that intrapopulation genetic subdivision has occurred. The 

historical record of this site reveals that P. velutina, once 

restricted to areas bordering streambeds, began invading the adjacent 

grasslands within the last 90 years. It is possible that the 

original populations were genetically differentiated, both along and 

among streambeds. Long-distance dispersal of seeds through the 

digestive tract of livestock and wildlife, however, would have mixed 

the original genotypes so that there would be no apparent 
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differentiation over large areas at the present time. From the 

colonizing trees, subsequent short-distance dispersal by livestock, 

Merriam kangaroo rats, and other wildlife would have resulted in the 

development of neighborhoods of related individuals. Such a bimodal 

pattern of seed dispersal could explain the genetic structure present 

today in these populations. 

A significant level of apparent selfing (27.8%) occurred in 

these populations, which contradicts earlier reports by Simpson 

(1977) that P. velutina is an obligate outcrosser. These results are 

substantiated by hand pollinations which demonstrated a capacity for 

self-fertility in this species (Chapter 2 of this dissertation). A 

significant percentage (7.1%) of apparent selfing was the result of 

biparental inbreeding. Population 3 exhibited no significant level 

of selfing, which was attributed to the nature of the population. 

This population was comprised of trees surrounding a man-made pond 

frequented by livestock and wildlife. If most of the trees 

originated from seeds transported by animals, there would be a 

mixture of genotypes. This mixture of genotypes, combined with the 

relatively high density of plants at this site, would favor 

outcrossing and reduce the amount of inbreeding caused by 

consanguineous matings. 

There was evidence that selection against homo zygotes has 

occurred in the life history of these populations. The mature 

population contains an excess of heterozygotes in comparison to the 

progeny population. If increased levels of homozygosity resulting 

from inbreeding confers reduced fitness in progeny, then homozygous 

individuals would not survive as well as heterozygous individuals and 

this result would be expected. In this way, most of the adverse 

effects of inbreeding are eliminated from the population by the time 

the plants reach sexual maturity. Maintenance of high levels of 

heterozygosity in the population would enhance overall survival in 
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the variable, and often harsh environment, of this area. 

Although these results should not be extrapolated to other 

Prosopis species, or even to P. velutina in general, they have 

certain implications for plant improvement. The relatively high 

level of inbreeding in P. velutina must be considered and controlled 

in some way. If seed orchards are designed for insect pollination, a 

certain amount of inbreeding must be expected. It remains to be 

determined how much of a detrimental impact this will have on overall 

performance of progeny. Mixture of a large number of genotypes in 

relatively high densities could potentially enhance outcrossing. An 

alternative approach, although more costly, would be producing 

populations using controlled pollination with pollen mixes, followed 

by progeny testing to identify plants with high general combining 

ability and low self-fertility. These plants could then be 

incorporated into seed orchards for production of open-pollinated 

seed. 

Several questions are raised by this study. What was the 

nature of the original populations of P. velutina on this site, and 

how does it compare to the structure of the recently expanded 

populations? Is there further evidence for a bimodal (long-distance 

followed by short-distance) dispersal of pollen and seed that results 

in large-scale uniformity of populations, but small-scale 

neighborhood structure? Is this population structure common to other 

populations of P. velutina, or even other species of prosopis? What 

affect does inbreeding have on progeny performance? How does 

variation in flowering phenology affect the mating system of this 

species? And how is the mating system affected by different insect 

pollinators? 



POLLINATOR EFFECTIVENESS, POLLINATION EFFICIENCY AND 
FORAGING BEHAVIOR OF INSECTS ON FLOWERS OF PROSOPIS VELUTINA 

Introduction 
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Flowers of Prosopis velutina are ecologically important, being 

utilized by a wide variety of insects. Members of the Hymenoptera 

(bees, wasps and Pepsis sp.), Coleoptera (Bruchidae, Tenebrionidae, 

and scarabaeidae), Diptera, and Lepidoptera (Noctuidae, Geometridae, 

and various butterflies) have all been listed as floral visitors 

(Simpson et al., 1977). Conclusions about which of these insects are 

the pollen vectors for P. velutina have been based solely on 

observations of movement patterns, behavior and population levels 

(Simpson et al., 1977; Simpson and Neff, 1987). Honey bees (Apis 

mellifera) also commonly utilize Prosopis flowers. Schmidt and 

Buchmann (1986) found that Prosopis pollen comprised up to 90% of the 

pollen collected by honey bees during its blooming period, the 

proportion varying among colonies and with time of the year. 

Most of these insects use Prosopis flowers as a food source, 

obtaining carbohydrates from floral nectar and protein from pollen. 

Simpson et ale (1977) estimated that an "average" tree produces 6000 

inflorescences per year, each bearing an average of 263 flowers. 

Flowers produce an average of 0.07 ~l of nectar, with a sugar 

concentration of 66%, and 0.095 mg of pollen. Therefore, average 

yield per spike is 12.15 mg of sugar and 24.99 mg of pollen (Simpson 

et ale 1977). The anthers also possess a rounded gland at the apex 

that, in P. juliflora, produce an exudate rich in carbohydrates and 

proteins that could serve as a food source (Chaudhry and 

Vijayaraghavan, 1992). Several predatory arthropods benefit 

indirectly by preying on insects attracted to the flowers, and some 

insects use the flowers as mating sites (Simpson et al., 1977). 

Simpson and Neff (1987) found that over 160 species of solitary 

bees have been associated with Prosopis in the southwestern united 
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states, 64 of which were collected in just one season at a site 48 km 

west of Tucson, AZ. The most common species on P. velutina were 

Dialictus microlepoides, Evylaeus amicus and Nomia tetrazonata 

(Halictidae), Perdita ashmeadi vierecki, P. luciae luciae, P. 

stathamae stathamae, P. punctosignata and P. obliqua (Andrenidae), 

Megachile newberryae, M. sidalaceae, and Chalicodoma odontostoma 

(Megachilidae), and Centris rhodopus and Melissodes paroselae 

(Anthophoridae) (Simpson et al., 1977). The five Perdita species, 

whose flight seasons overlap, were considered pollen specialists on 

P. velutina (Simpson and Neff, 1987; Simpson et al., 1977). Colletes 

perileucus and C. prosopidis were also pollen specialists, but their 

populations on the flowers were lower than for the Perdita species. 

Simpson and Neff (1987) considered the major pollinators of P. 

velutina to be medium- to large-size bees in the genera Xylocopa, 

Melissodes, Centris, Protoxaea and Megachile. This judgment was 

based on patterns of movement and dependable population sizes. 

Members of these genera tended to move among flowers more rapidly, 

and with greater frequency, than the smaller Perdita and Colletes. 

However, there have been no reports in the literature of attempts to 

quantify amounts of pollen each taxon carries, or the effectiveness 

of these different genera as pollinators of P. velutina. 

My studies were designed to quantify the pollination 

effectiveness of small insects and nocturnal insects as categories, 

and quantify the pollination efficiency of individual taxa. I define 

pollination effectiveness as a measure of an insect's potential as a 

pollen vector as reflected in its ability to effect a significant 

level of fruit production. Pollination efficiency is defined as the 

relative ability of an insect to pollinate flowers as measured by 

fruit production relative to various units of measure. Three indices 

of pollination efficiency (IPE) were used in this study, for which 

the units of measure were per visit (Spears' IPE)(Spears, 1983), per 



minute on the spike (IPE I ) and per unit of spike surface traversed 

while on the spike (IPEd ). The hypotheses tested in these studies 

were that the pollination effectiveness of small and nocturnal 

insects were equal to zero, and, for each index of pollination 

efficiency, all taxa were equally efficient as pollinators. 

Materials and Methods 
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These experiments were conducted at the Arthropod Discovery 

Center of the Sonoran Arthropod Studies, Inc. (SASI) and the Arizona 

Sonora Desert Museum (ASDM) (see Chapter 2 for an ecological 

description of the sites). The study period was from 25 March to 29 

June 1991. Temperature and precipitation conditions at SASI for the 

study period are given in Figures 1 and 2. 

Pollinator effectiveness of small and nocturnal insects 

This experiment was designed to determine the effectiveness of 

two groups of insects as pollinators, small insects and nocturnal 

insects. Paper string tags bearing tree and spike numbers were 

attached to the branches at the base of developing spike whorls, and 

treatments were assigned randomly to these. In some cases, whorls 

had to be replaced because of damage prior to treatment. When this 

occurred, a nearby whorl was used as a replacement. Four treatments 

were replicated 20 times on each of four trees at the SASI site. The 

treatments were: exposed to unlimited visitation throughout the 

flowering period (Open-pollinated), covered with an isolation bag 

(see Chapter 2 for a detailed description of the bag) throughout the 

flowering period to prevent visitation by insects (Unpollinated), 

covered with an 11 X 19 cm fiberglass mesh bag with a 3 mm square 

mesh size to prevent visitation by insects with body diameters larger 

than approximately 3 mm (Mesh), and exposed to visitation by 

nocturnal insects for one night by removing the isolation bag at 



approximately 1900 and replacing it at approximately 0600 the 

following day (Night). Because of the nature of the isolation and 

mesh bags used in this experiment, the number of spikes for each 

experimental unit varied. Only one spike per whorl was used in the 

Isolated and Night treatments. In the Open-pollinated and Mesh 

treatments, the entire whorl was used. Therefore, values of each 

variable were averaged over the number of spikes used per whorl to 

yield a mean value for each experimental unit. 
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The treatments were begun on 4 April 1991. The flowers began 

to bloom on 23 April, and the first indication of pod development was 

observed on 2 May. The number of pods produced was recorded 

beginning on 20 May. In the Mesh treatment, pods that were 

developing on portions of spikes touching the mesh bag were excluded 

from the count, because these could have resulted from pollinations 

by insects outside of the bag. When pods were large enough to 

determine the presence of filled seeds, the number of seeds was 

recorded. This portion of the study was terminated when pods were 

collected on 22 July. 

The statistical design was a generalized randomized block, with 

trees as blocks (Lentner and Bishop, 1986). Data were analyzed using 

the General Linear Models procedure of the Statistical Analysis 

System (SAS Institute, Inc., 1988), and mean separation was 

accomplished using Duncan Multiple Range Tests. All tests were 

evaluated at a=O.OS. 

Pollination efficiency of various insect visitors 

This experiment was designed to estimate the pollination 

efficiency of different insect visitor taxa. It was conducted on 

four trees at SASI and three trees at ASDM. Individual spikes were 

covered with isolation bags prior to floral anthesis. When at least 

7S% of the flowers on a spike were at stages 3 and 4 (see Chapter 2 



for a description of the developmental stages), the bag was removed 

to allow one insect to visit the spike. Upon removal of the 

isolation bag, the length of the spike, the length of the flower

bearing portion of the spike, the location of the first stage 3 

flowers, and the date and time were recorded. The taxon and time 

spent on the spike were recorded for each insect, and an 

approximation of its movements on the spike were recorded on a 

diagram. Immediately after the insect left, the spike was rebagged 

to prevent any further pollinations. A total of 102 spikes were 
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exposed in this way to single insect visits between 2 May and 5 June. 

Three of these, two visited by honey ants (Myrmecocystus sp.) and one 

visited by an unidentified wasp, were not included in the analysis 

because of the small sample sizes for these species. Representatives 

of the insects were trapped using a hand aerial net, killed and 

pinned for later identification. The number of pods produced per 

spike was recorded between 6 June and 22 June. In the laboratory, 

the distance in mm traversed by the insects was measured on the spike 

diagrams using a planimeter. 

These data were used to derive three indices of pollinator 

efficiency for each taxon. The first was the index of pollinator 

efficiency (IPE) developed by Spears (1983): 

P -z Spears' IPE= _1 __ u-z 

where U is an estimate of the upper limit of the number of pods 

produced per spike, Z is an estimate of the lower limit of the number 

of pods produced per spike, and Pi is the mean number of pods per 

spike produced by a single visit of taxon i. 

Since the trees used in this study were also used for 

experiments described in Chapter 2 of this dissertation and for 
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measurement of pollination effectiveness, values for U and Z were the 

Open-pollinated and Unpollinated treatments of those experiments. A 

total of 126 spikes were used in these treatments, yielding a total 

sample size for this experiment of 225 spikes, including the single

visit spikes. U and Z estimates were calculated for each tree to 

account for tree-to-tree variation in female fertility. The second 

index of pollination efficiency (IPE t ) was the number of pods produced 

per minute that an observed insect spent on the spike. The third 

index of pollination efficiency (IPEd ) was the number of pods produced 

per unit of surface distance the insect traversed while on the spike. 

The data were subjected to analysis of variance using the 

General Linear Models procedure of the Statistical Analysis System 

(SAS Institute, Inc., 1988). The statistical design for the indices 

of pollination efficiency was a generalized randomized block, with 

trees as blocks (Lentner and Bishop, 1986). The statistical design 

for time and distance was a completely randomized design, since it 

was assumed that there would be no tree effect for these variables. 

Mean separations were accomplished using Duncan's Multiple Range 

Test. All tests were evaluated at a=O.05. 

Results and Discussion 

Insects that foraged on prosopis velutina flowers 

Insects in six orders, 18 families and 26 genera were either 

observed on or collected from P. velutina spikes at the two study 

sites (Table 11). The orders represented agree with those listed by 

Simpson et al. (1977), but the present study provided a more complete 

listing of the non-Hymenopteran taxa. The bee genera Apis, 

Chalicodoma, Hylaeus and Perdita were also listed by Simpson et al. 

(1977), but Bombus was not. Megachile and the Anthoporid genera 

Centris and Melissodes were recorded by Simpson et al. (1977), but 



Table 11. Insects foraging on flowers of Prosopis velutina in 1991 at two locations near Tucson, AZ. 

Occurrence l 

Date first 
Taxon Order: Family observed ASDM1 SASI1 

Neurocolpus arizonae Hemiptera: Miridae 18 April C C 

Volucella isabellina Diptera: Syrphidae 19 April C 

Volucella nigra Diptera: Syrphidae 19 April C 

Apis mellifera Hymenoptera: Apidae 19 April A A 

Paravilla cf. cinerea Diptera: Bombyliidae 23 April C 

Myrmecocystus sp. Hymenoptera: Formicidae 25 April C 

Geron sp. Diptera: Bombyliidae 30 April R 

Largus cinctus Hemiptera: Largidae 2 May R 

Lucaina marginata Coleoptera: Lycidae 3 May C 

Bombus sonorus Hymenoptera: Apidae 4 May C R 

Mimosestes protractus Coleoptera: Bruchidae 6 May R 

Perdita puntosignata group Hymenoptera: Andrenidae 6 May A A 

Trichochrous sp. Coleoptera: Melyridae 13 May C C 

Hylaeus sp. Hymenoptera: Colletidae 13 May R 

Leptodes marina Lepidoptera: Lyceanidae 14 May C C 

Chrysopa ap. Neuroptera: Chrysopidae 15 May R 

Bembix sp. Hymenoptera: Sphecidae 16 May R 

.....:l 
~ 



Table 11. (Cant. ) 

Taxon 

Chalicodoma nr. chilopsidis 

Volucella fornax 

Hylaeus sp. 

Lucaina discoidal is 

Danaus gilippus strigosus 

Asterocampa celtis 

Parnopes concinnus 

Pepsis chrysothemis 

Pachodynerus sp. 

Prionyx sp. 

Notocyphus sp. 

Eumenes sp. 

Colias cesonia 

l1inistrymon sp. 

Family 

Hymenoptera: Megachilidae 

Diptera: Syrphidae 

Hymenoptera: Colletidae 

Coleoptera: Lycidae 

Lepidoptera: Danaidae 

Lepidoptera: Nymphalidae 

Hymenoptera: Chrysididae 

Hymenoptera: Pompilidae 

Hymenoptera: Eumenidae 

Hymenoptera: Sphecidae 

Hymenoptera: Pompilidae 

Hymenoptera: vespidae 

Lepidoptera: Pieridae 

Lepidoptera: Lyceanidae 

I A=abundant, C=common, R=rare, based on subjective observation. 

Date first 
observed 

16 May 

18 May 

20 May 

21 May 

28 May 

29 May 

5 June 

5 June 

5 June 

6 June 

8 June 

8 June 

8 June 

8 June 

2 ASDM=Arizona Sonora Desert Museum, SASI=Sonoran Arthropod Studies, Inc. 

Occurrencel 

ASDM2 

A 

C 

C 

C 

R 

C 

R 

C 

C 

SASI2 

A 

R 

C 

C 

R 

C 

R 

R 

C 

C 

C 

C 

-..J 
UI 
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were not collected during this present study. These differences in 

occurrence of genera in the two studies could be attributed to 

differences in sites, which were 30 km apart, or annual variation in 

abundance. Temperatures during the 1991 flowering season were 

slightly below average (Fig. 1). 

The diversity of insects appeared to be greater at SASI than at 

AS OM (Table 11). Thirteen taxa were recorded at both sites, 16 were 

recorded only at SASI, and only two (Parnopes concinnus and 

Pachodynerus sp.) were recorded only at ASDM. The nature of the two 

sites could have contributed to this difference in diversity. The 

purpose of SASI, the grounds of which are reasonably representative 

of an Upland Sonoran Desert ecosystem (Turner and Brown, 1982), is to 

interpret and preserve the arthropod diversity of the Sonoran Desert. 

But a variety of necessarily somewhat artificial managed ecotypes and 

exotic vegetation are represented within the boundaries of ASDM, a 

public museum, whose purpose is to provide examples of a variety of 

Sonoran Desert flora and fauna. Some insects common to the study 

area may have found ASDM less attractive than surrounding areas. 

Based on purely subjective observations, the most common 

visitors at both sites appeared to be the leaf cutter bees (Megachile 

and Chalicodoma spp.), honey bees (Apis mellifera), flower flies 

(Volucella isabellina and V. nigra), a panurgine bee (Perdita spp.) 

and Miridae (Neurocolpus arizonae) (Table 11). But, these insects 

were also the most active and apparent. No effort was made in this 

study to quantify populations of the different taxa, so populations 

of less obvious insects could have been larger than they seemed. 

Simpson et al. (1977) described the behavior of some of the 

insects observed in the present study, but some interesting points 

need to be added. The only insects recorded on spikes with immature 

flowers were Neurocolpus arizonae and Geometrid larvae. Only after a 

noticeable portion of the flowers had entered Stages 3 and 4 



(anthesis and dehiscence, as described in Chapter 1) did other 

insects begin to visit the flowers. These late floral phenology 

insects were never observed \'isiti.ng flowers at stage 2, the female 

phase when only the stigma was exserted, even on spikes with more 

mature flowers. 

77 

Insects visiting the stage 3 region of the spike would likely 

spread the initial pollen to stigmas in that region. If they had 

just come from another tree, many of these initial pollinations would 

be outcrosses. stigmas in more mature regions of the spike, however, 

would probably already have received pollen. The stigmatic cup is 

small, averaging 1560 ~m3 in volume, and usually holds no more than 50 

pollen grains when full. Most stigmas in more basipetal regions of 

the spike were indeed found to contain pollen (see Chapter 2). 

Insects that make their initial visit to flowers in the more mature 

regions of spikes would, therefore, encounter fewer stigmas capable 

of receiving more pollen, and would effect fewer pollinations. 

From the above discussion, the profile of an "ideal pollen 

vector" for P. velutina would be an insect that tends to land in the 

stage 3 region of spikes, and moves frequently among trees, effecting 

cross-pollination. Having at least a medium-sized, hairy body would 

also facilitate pollen transport. Only one of the insects fit this 

description well. Volucella nigra invariably landed on the spike in 

the stage 3 region, then would slowly work basipetally on the spike. 

They seemed to prefer spikes with a majority of mature flowers, so 

that the region of active pollen shedding was near the apex. The 

pollen of P. velutina reflects ultraviolet light (Simpson et al., 

1977), which could be serving as a visual attractant for these 

insects. Judging from my field observations of these insects, V. 

nigra also appeared to move more frequently from tree-to-tree than 

most other insects. They were also among the earliest visitors 



78 

during the day, so that they would often have been the initial 

visitors to flowers that had just entered stage 3. Other Volucella 

did not display this behavior, with half of the landings recorded for 

V. isabellina occurring in more mature regions of the spikes. Unlike 

bees, Volucella do not use special external body parts for carrying 

pollen; but they do carry pollen incidentally picked up on body 

hairs. 

Of the honey bee visits, 57% landed on stage 3 regions of 

spikes. Therefore, honey bees tend to fit the first criterion of the 

ideal pollen vector, as well as being medium-sized hairy insects. 

But, they tended to visit several spikes on a tree before leaving, 

appearing to move infrequently among trees. Therefore, they probably 

spread a lot of self-pollen and visited many flowers incapable of 

receiving more pollen. Since self-pollinations have been shown to be 

less fertile than outcrosses (see Chapter 2), both of these 

characteristics would tend to reduce the effectiveness of honey bees 

as a pollinator of P. velutina. 

Leafcutter bees are also medium-sized hairy bees, but they did 

not completely fit the profile of the ideal pollen vector. Unlike V. 

nigra and honey bees, leafcutter bees landed at random locations and 

moved randomly over the spike. But, they were active and aggressive 

foragers, covering large portions of spikes while foraging, and 

moving rapidly among spikes on a tree. Tree-to-tree movements by 

leafcutter bees were probably more frequent than by most other bees 

observed in this study. Therefore, leafcutter bees would probably 

effect more cross-pollination. 

Behavior of the large Sonoran bumblebee, Bombus sonorus, was 

similar to leafcutter bees, except that they foraged only on easily 

accessible spikes at the tops of trees. Tree-to-tree movements of B. 

sonorus were the most frequent of all of the insects observed, and 

they foraged extremely rapidly on individual spikes, averaging only 2 
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seconds per spike. Such behavior would almost guarantee cross

pollination, if they passed over stigmas still capable of receiving 

pollen. But, B. sonorus did not seem to favor P. velutina as a food 

source, being infrequently observed on the trees (Table 11). 

The Perdita spp. did not fit the profile of the ideal pollen 

vector, even though many species are specialists on P. velutina 

pollen (Simpson et al., 1977). They are small-bodied and hairless. 

Like leafcutter bees, they landed at random on the spikes, but they 

foraged very slowly and moved only short distances on the spikes. 

The males tend to be territorial (S. L. Buchmann, personal 

communication), and so probably move among few trees. It might be 

expected from this behavior, that they would not be very effective as 

pollinators, as Simpson et ale (1977) concluded. 

other insects did not fit the profile of the ideal pollen 

vector. Another of the flies, Paravilla cf. cinerea, hovered near 

the flower while feeding, resting only its legs on the spike and 

extending its long proboscis to feed. It was, therefore, probably 

not very effective as a pollinator. The beetle Lucaina discoidalis 

would congregate on spikes, evidently for foraging and mating. These 

insects were only recorded at SASI, where they were observed on only 

two trees. Their populations on these two trees were high, often 

almost totally covering individual spikes, but spikes on trees only a 

few meters away would be devoid of them. Pollinations resulting from 

their activity on the flowers would almost certainly be selfs. 

Pollinator effectiveness of small and nocturnal insects 

There were significant differences among the treatments for 

both pod and seed production (see Tables 7 and 8 in Appendix A). The 

mesh treatment was different from the unpollinated treatment for 

number of seeds, and it grouped with the open-pollinated treatment 



Table 12. Pod and seed production by Prosopis velutina in 1991 
following foraging by various types of insects. 

Type of Number Average Average 
pollinating of number of number of 

Treatment insects spikes pods seeds 

Open-pollinated All 78 1. 26a l 11.24a 
(0.21)2 (2.17) 

Mesh bag Insects with 79 0.83ab 10.62a 
body diameter (0.23) (3.6S) 
< 3 rom 

Open-pollinated Nocturnal 6S O.OSb 0.06b 
for one night (0.03) (0.06) 

Isolation None 73 O.OOb O.OOb 

IMeans with the same letter are not different (P<O.OS). 

2Values in parentheses are standard errors. 
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for both number of pods and number of seeds (Table 12). Therefore, 

some small insect species (body diameter approximately 3 mm) were 

effective as pollinators of P. velutina flowers. These results 

should be interpreted cautiously, however, because the mesh bags 

created an artificial environment. Small insects could enter the bag 

and forage undisturbed by larger, more aggressive insects and 

predators. The pod and seed production observed in this treatment 

might, therefore, be an overestimate of the pollination effectiveness 

of these insects in nature. Nevertheless, the results demonstrated 

that small insects can be effective pollen vectors for this species. 

It is likely that significant self-pollination occurred in the 

mesh bag treatment. Insects would probably linger within the bags 

since they would be protected, and my observations were that small 

insects did not move frequently from tree-to-tree. It was shown, 

using hand pollinations on some of the same trees used in this study, 

that P. velutina is somewhat self-fertile, and results of isozyme 

analyses of open-pollinated families demonstrated a SUbstantial 

amount of self-fertilization occurring in natural populations (see 

Chapters 2 and 3). If much of the pod and seed production in the 

mesh treatment was, indeed, the result of self-pollination, then 

these results again substantiate that selfed seeds are commonly 

produced in nature. 

Close monitoring of the bags to determine which insects were 

entering them was precluded by other field activities, but honey ants 

(Myrmecocystus sp.), Neurocolpus sp., Geometrid larvae, thrips, and 

various Coleoptera (including Lucaina spp. and Mimosestes sp.) were 

observed on spikes in the mesh bags. Of these, the Myrmecocystus and 

Mimosestes were observed on spikes that eventually produced pods. 

But the pollinations that resulted in the pod production cannot be 

attributed with certainty to either of these insects. Perdita and 

Colletid bees, which should have been able to pass through the mesh, 



were never observed inside the mesh treatments. This observation 

does not prove that they were never inside the mesh bags, but it is 

possible that they were reluctant to pass through the mesh when 

nearby flowers were more easily accessible. 
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For both pod and seed production, the nocturnal treatment was 

not different from unpollinated spikes (Table 12). These results 

indicate that nocturnal insects are not effective pollinators of this 

species. No effort was made during this study to monitor the 

presence of nocturnal insects, so actual presence of them on the 

treatment spikes was never documented. Simpson et ale (1977) stated 

that moths (Noctuidae and Geometridae ) and beetles (Tenebrionidae 

and Scarabaeidae) visit the flowers at night, but did not speculate 

on their effectiveness as pollinators. Below-average nighttime 

temperatures during the study period (Fig. 1), might have inhibited 

foraging by nocturnal insects during the 1991 flowering season. The 

experiment would have to be repeated in subsequent seasons to confirm 

that nocturnal insects never serve as pollen vectors, but nocturnal 

insects were apparently unimportant as pollen vectors during the 

period of this study. 

Pollination efficiency of various insects 

There were significant differences among treatments for the 

number of pods produced and for all three indices of pollination 

efficiency (Tables 9, 10, 12 and 14 in Appendix A). For both spears' 

IPE and IPE l , the Megachilidae ranked highest, equally effective in 

pollination after a single visit as for open-pollinated spikes (Table 

13). These results demonstrate that leafcutter bees are effective 

and efficient pollinators of this species. No differences were 

detected among the other insects for any of the indices, all of which 

were statistically equal to pod production on unpollinated spikes 

(Table 13). This result does not necessarily mean that insects in 



Table 13. Indices of pollination efficiency (IPE) and foraging behavior for various insects on 
Prosopis velutina flowers (standard errors in parentheses). 

Treatment Mean Mean time pods/minute Mean distance pods/cm 
or number of Spears' on spike on spike traversed on spike traversed 
Insect N pods IPE1 (min) ( IPE,) (cm) ( IPEd ) 

Open- 64 1. 20a3 1.20a 1.20a 1.20a 
pollinated2 (0.20) (0.20) (0.20) (0.20) 

Megachilid 31 0.23b 0.62ab O.77b 1.l8a 7.60ab 0.03b 
bee (0.09) (0.36) (0.51) (0.58) (1. OS) (0.01) 

Perdita spp. 20 O.lOb 0.28b 1.0Sb 0.13b 2.42c 0.03b 
bee (0.07) (0.25) (0.27) (0.10) (0.52) (0.02) 

Syrphid fly 8 0.13b 0.16b 4.0la O.Olb 4.78bc O.Olb 
(0.03) (0.16) (1. 42) (0.01) (1. 49) (0.01) 

Honey bee 18 O.llb O.llb 2.20b 0.43b 1l.19a 0.03b 
(0.08) (0.09) (0.56) (0.42) (3.31) (0.03) 

Colletid bee 22 0.05b O.Olb 0.73b 0.04b 1. 79c O.Olb 
(0.05) (0.01) (0.14) (0.04) (0.34) (0.01) 

Un-pollinated2 62 0.06b 0.06b 0.06b 0.06b 
(0.05) (0.05) (0.05) _(0.05) 

lRatio of number of pods produced by a single visit of insect and number of pods produced by 
unlimited open-pollination. 

2All variables in these rows have been set equal to the mean number of pods produced on either 
open-pollinated or unpollinated treatment spikes as control treatments. 

3Means with the same letter are not different (P<O.OS). 
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the latter group were ineffective as pollinators. The indices were 

based on pod production after only one visit. In nature, P. velutina 

spikes are usually visited several times by insects while flowers are 

receptive, but even then produce an average of only 2.1 pods per 

spike (Simpson et al., 1977). Therefore, any amount of pod 

production after a single visit is biologically significant. 

Observations on the behavior and physical characteristics of 

the different insects helps explain these results. There were 

significant differences among the insects for both the amount of time 

spent and distance traversed on a spike (Tables 11 and 13 in Appendix 

A). Leafcutter bees were grouped among those insects that spent the 

least amount of time on a spike, and among those insects that 

traversed the greatest distance while on an inflorescence (Table 13). 

These values accurately reflected field observations of behavior 

discussed earlier. These insects pack pollen in a dry state into 

scopal hairs on their abdomen (Simpson et al., 1977), making it quite 

easy for the stigmatic cup located at the end of the pistil to scoop 

pollen off as they pass over the flowers. Thus, the behavior and 

physical characteristics of leaf cutter bees combine to make them 

highly effective and efficient pollen vectors for P. velutina. 

Honey bees had a moderate ranking for both Spears' IPE and time 

spent on a spike, but grouped with the Megachilidae for distance 

traversed (Table 13). The difference between honey bees and 

leaf cutter bees as pollen vectors could be a function of their manner 

of handling pollen. Honey bees agglutinate their pollen load with 

regurgitated nectar and place it wet into corbiculae on the hind 

tibia (Simpson et al., 1977). There is probably less chance of 

pollen being scooped into the stigmas from these structures than from 

the abdomens of leafcutter bees. 

Perdita spp. ranked second for Spears' IPE (Table 13). They 

spent more time on average on a spike than leafcutter bees, and moved 
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less than either leafcutter bees or honey bees (Table 13). As 

Simpson et al. (1977) observed, they are meticulous in pollen 

gathering, moving very slowly from flower to flower. Like honey 

bees, Perdita species carryon the hind legs (Simpson et al. 1977), 

but it is packed dry among scopal hairs. Pollen carried in this way 

may be more accessible to the stigmas, explaining the higher Spears' 

IPE for Perdita sp. than for honey bees. But IPE I for Perdita was 30% 

of that for honey bees, which is a reflection of the slow and 

meticulous behavior of the former. The restricted movement and 

territorial nature of male Perdita mean that they probably effect a 

higher proportion of self-pollinations than either leaf cutter bees or 

honey bees. This situation is not true for female Perdita that 

forage more widely (S. L. Buchmann, personal communication). 

Syrphid flies ranked above honey bees for Spears' IPE, but they 

had the lowest IPEI and very low IPEd (Table 13). These large flies 

also foraged meticulously. They spent the most time on average on a 

spike, but moved only moderate distances (Table 13). Although the 

only pollen carried on their bodies was incidentally picked up on 

body hairs, the results showed that they were still effective as 

pollinators. This finding could be attributed to the behavioral 

characteristics discussed earlier (i.e. being among the earliest 

foragers during the day, landing at the Stage 3 region of spikes, and 

more frequent tree-to-tree movements). 

Colletid bees were the poorest of the insects as pollen 

vectors, ranking lowest in all three indices (Table 13). Most of the 

Colletid bees observed on P. velutina were also relatively hairless, 

and, therefore, would not transport much pollen on external body 

parts. These insects lack structures for carrying pollen, and 

members of the genus Hylaeus swallow pollen for transport in their 

crops (O'Toole and Raw, 1991). 
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The results of indices of pollination efficiency seem to 

contradict expectations derived from the profile of the "ideal pollen 

vector," in that leaf cutter bees ranked better than Volucella spp. 

But part of the basis for defining the criteria for the ideal pollen 

vector is that stigmas of older flowers tend to be filled with pollen 

and are unable to benefit from additional visitations. Therefore, 

insects that land at random and spend a lot of time on older portions 

of spikes will tend to be less efficient as pollinators than those 

that land at the stage 3 region. The spikes that were used to 

measure IPE, however, had never been visited by an insect. 

Consequently, all of the flowers could receive pollen, regardless of 

where the insect tended to land. For this reason, leafcutter bees 

could rank higher for Spears' IPE than Volucella spp., the former 

moving over the spikes more quickly and carrying heavy loads of 

pollen that are easily accessible to the stigmas. This artificial 

aspect of flower treatment might be considered one weakness of using 

Spears' IPE in measuring actual pollination efficiency on 

inflorescences like the spikes of P. velutina. But, it still 

provides a measure of comparative pollination efficiency, if we 

assume that a proportion of flowers on open-pollinated spikes are 

capable of receiving some amount of pollen at the time an insect is 

foraging. 

IPEd was a poor index of pollination efficiency because all of 

the values were extremely low (Table 13). This result could be 

related to the sequential, acropetal development of flowers on the 

spikes. Flowers were shown to be receptive when at stage 2, prior to 

dehiscence (see Chapter 2). But the stage at which they cease to be 

receptive was not determined. If receptivity ceases shortly after 

pollen shedding, then pollinations by insects visiting flowers on the 

basal portion of a spike would be ineffective in producing pods. It 
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would be wasted movement from the standpoint of pollination 

efficiency. If this is the case, IPEd would not accurately reflect 

pollination efficiency of the insect. 
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The reciprocal of the mean Spears' IPE is an estimate of the 

number of visits a particular insect would have to make to a spike to 

effect the same amount of pod production as for open-pollinated 

spikes (Spears, 1983). These values were 1.6 for leafcutter bees, 

3.6 for Perdita spp., 6.2 for syrphid flies, 9.1 for honey bees, and 

100.0 for Colletid bees. These values show that the native species 

are more efficient as pollinators of P. velutina than the introduced 

honey bee. 

Spears (1983) stated that pollinator effectiveness also depends 

on time spent per visit. Multiplication of the reciprocal of spears' 

IPE by the average time spent per visit would provide an estimate of 

the time it would take an insect to effect a certain level of pod 

production, excluding time spent moving from spike-to-spike. I will 

designate this value IPErt , because it reflects the time required for 

a particular insect to effect pod production equal to a certain 

level. Values of IPErt were: leafcutter bees, 1.3; Perdita spp., 

3.6; honey bees, 20.0; Syrphid flies, 24.9; Colletid bees, 70.0. 

Rankings for this index were similar to those for the reciprocal of 

Spears' IPE, with the exception that honey bees were more efficient 

according to IPErt than Syrphid flies. The reduced efficiency of 

Syrphid flies using IPErt is again a reflection of their slow feeding 

habits and the time spent on flowers whose stigmas were already 

filled. Although Syrphid flies fit the criteria for the ideal pollen 

vector, they were inefficient at accomplishing that pollination. 

The population levels of the different insects must also be 

considered when discussing importance as a pollen vector. Based on 

I PErt , Syrphid fly populations would have to be about 24 times that of 



88 

leafcutter bees for pod production following pollination by Syrphid 

flies to equal that following pollination by leaf cutter bees during a 

given period of flowering. During the study period at both sites, 

however, leafcutter bees were more numerous than Syrphid flies. On 

the other hand, honey bee populations would only have to be 15 times 

that of leaf cutter bees for them to effect equal amounts of pod 

production. This relative population size for honey bees is 

conceivable because populations of this species were high, and they 

were actively foraging for a larger portion of the flowering season 

than the Megachilidae. 

Conclusions 

A wide variety of insects have been shown to forage on P. 

velutina flowers, most of them being generalists. These insects 

displayed variations in behavior that could hypothetically effect 

their role as pollen vectors for P. velutina. My studies have 

quantified the pollination effectiveness and pollination efficiency 

of some of these insects. Results showed that small insects were 

effective pollinators of the species. While never discounted as 

pollen vectors in earlier reports, small insects were never 

considered to play a significant role. But this observation may not 

be the case if populations of these insects are high during a 

flowering season. Perdita spp. proved to be effective as pollinators 

based on results from single visits. Nocturnal insects, on the other 

hand, were ineffective as pollen vectors during the 1991 flowering 

season. Nocturnal temperatures were lower than normal for that year, 

however, which could have restricted the activity of nocturnal 

insects. 

The most efficient of the insects, based on three different 

indices of pollination efficiency, were leafcutter bees. This 

efficiency was attributed to characteristics of their foraging 
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behavior. They foraged rapidly, covering large portions of the 

spikes. They appeared to move more frequently among trees than most 

of the other insects, thereby effecting more cross-pollination. And 

they also carried large pollen loads packed dry among scopal hairs on 

their abdomens, making it readily accessible to the stigmas of P. 

velutina flowers. It was determined that Perdita spp., Syrphid flies 

and honey bees would have to make 2, 4 and 5 times as many visits to 

a spike as leaf cutter bees to effect the same amount of pod 

production observed in nature on open-pollinated spikes. This level 

of pollination efficiency, together with the fact that leaf cutter 

bees probably produce more cross-pollinations than the other taxa 

studied, make it a likely candidate for use as a pollinator in 

Prosopis seed orchards. McGregor (1976) discussed the use of certain 

Megachilids as pollinators of legume crops, but research would have 

to be conducted with the species associated with Prosopis to 

determine its true potential. Honey bees could also be used, but 

they would probably effect a higher level of inbreeding than the 

Megachilidae. 

Of the three indices of pollination efficiency used in this 

study, Spears' IPE (spears, 1983) and IPEI (pods produced per minute 

on the spike) were able to detect differences among the insects. 

These indices were also easier to derive and more accurate than an 

index based on the distance an insect traversed while on a spike. 

The product of the inverse of Spears' IPE and IPE I provided a very 

good measure of the actual role an insect plays in pollination. 

Based on this product, the native Megachilid bees and Perdita spp. 

were more important as pollinators than the introduced honey bee. 

When the product is combined with population estimates, expected 

levels of pod production from the different taxa present at a site 

can be calculated. It could also be used to determine the 
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populations necessary to produce desired amounts of pods or seeds. 



91 

GENERAL CONCLUSIONS 

The works of Simpson (1977), Simpson et al. (1977) and Simpson 

and Neff (1987) were a foundation for a major portion of the research 

in this dissertation. These earlier studies were undertaken as part 

of the International Biological Program Structure of Ecosystems 

Project, which compared the structure of desert ecosystems in 

Andalgala, Catamarca, Argentina and Silver Bell, Arizona, USA 

(Simpson and Solbrig, 1977). As such, the literature that dealt with 

P. velutina was only part of a project with a large scope. There was 

neither the luxury nor the intent in that project of concentrating on 

a particular plant species as I was able to do in the present 

studies. Nevertheless, the earlier works contributed a substantial 

body of information on P. velutina. My studies have substantiated, 

clarified and expanded much of that information, added some new 

information and, at times, disagreed with some of the findings in the 

earlier reports. The more important points of my studies are 

summarized below. 

Pollination and Pod Production 

Solbrig and Cantino (1975) concluded that the typically low 

fruit:flower ratios of P. velutina could not be attributed to 

inadequate pollination. My results confirmed this conclusion. The 

majority of stigmas of Stage 3 and 4 flqwers contained ample pollen 

for pod production. Solbrig and Cantino (1975) suggested that the 

cause of the low ratio was some form of chemical control in which pod 

development is inhibited in flowers adjacent to fertilized flowers. 

I observed that the typical pattern of pod distribution on individual 

spikes was single pods or clumps of pods separated by pod-free 

regions. Simpson and Neff (1987) also observed this pattern of pod 

distribution. These authors suggested that such pod distribution 
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could be caused by chemical control coupled with the pollination of 

one to several receptive flowers during a single pollinator visit. 

The flowers that were fertilized first would initiate pod development 

while simultaneously inducing chemical inhibition of pod development 

in adjacent flowers. Even if inhibited flowers were later 

fertilized, pod production would be effectively blocked. My research 

provided no information that would either refute or substantiate this 

hypothesis. The presence of such an inhibitor, however, has never 

been demonstrated in P. velutina. 

The typical pattern of pod distribution could also be explained 

completely on the basis of floral phenology. Flowers of P. velutina 

were receptive to pollen at stage 2, when only the stigmas are 

exserted. But insects were never observed foraging on the flowers at 

this stage, and no pollen was observed in the stigmatic cup of such 

flowers. The point at which the flowers cease to be receptive was 

not determined. If they are receptive for only a short period after 

anthesis, perhaps with receptivity ending before or shortly after 

anther dehiscence, then pollination would have to occur during the 

short time period between anthesis and anther dehiscence (probably 

less than one day) in order to be effective. Under these 

circumstances, only a small region of a spike would have receptive 

flowers at any given time. Pod-free portions of the spike would 

result from a lack of pollination within the receptivity window. A 

limited number of insect taxa exhibited behavior that would improve 

their effectiveness as pollinators in such a system. These taxa were 

Volucella nigra and A. mellifera, that preferred to land in this 

receptive region of the spike, and Megachilid bees and Bombus 

sonorus, that moved over extensive portions of spikes that often 

included this region. The position of pods on some the control-

pollinated spikes in my study were such that the flowers that would 

have undergone dehiscence a considerable amount of time before 
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pollination, indicating that they were still receptive at that stage 

(stage 4). Phenological explanation for pod distribution may, 

therefore, be questionable. An accurate determination of the 

duration of the receptive period of stigmas would provide more 

definitive evidence. 

A third explanation for intermittent pod distribution would be 

resource limitation driven by a fertilization-induced physiological 

response. Resources are shunted into ovaries after fertilization so 

that flowers that are fertilized first would gain dominance over 

flowers that are fertilized later. Flowers receiving inadequate 

nutrient supplies, presumably those flowers fertilized later, would 

eventually abort if resources within a spike were limited. There is 

some evidence, on a whole-tree basis, that resource limitation can 

affect pod production. Irrigated and fertilized trees at ASDM bore 

more pods than trees at SASI that were growing under natural 

conditions. Felker et al. (1983), however, found that P. velutina 

trees grown without irrigation produced more pods than irrigated 

trees in a California planting. Therefore, further study of the 

effect of resource limitation on pod production is needed. How 

resource limitation at the whole-tree level translates into 

competition for resources within a spike is also unknown. 

Resource limitation acting through purely physical factors, 

however, seems an unlikely explanation for intermittent pod 

distribution. Under this hypothesis, pods located at points on the 

spike with more immediate access to resources would be favored. On a 

P. velutina spike, pods located basipetally would probably be 

favored, and a higher frequency of pods would be expected near the 

base of the spikes. This expectation is not the case in P. velutina, 

since pods are commonly located at all locations on spikes. 
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Self-fertility 

Hand pollinations showed that P. velutina is somewhat self

fertile. This contradicts the earlier report by Simpson (1977) that 

P. velutina was not self-fertile. The different results could be 

attributed to differences in technique or interpretation, or to 

inherent differences in the plant populations used in the two 

studies. There was tree-to-tree variation in self-fertility in my 

study, with some evidence that high levels of inbreeding reduced 

self-fertility. If the populations used by Simpson were highly 

inbred, self-fertility might not have been detected. 

Isozyme analysis of mating system parameters using open

pollinated progeny from trees in three natural populations of P. 

velutina located on the Santa Rita Experimental Range confirmed the 

results of the controlled pollinations. Selfing in those populations 

made up 20.7% of the matings during natural open-pollination. 

Results with tests of pollinator effectiveness also lend some support 

to the presence of self-fertility in P. velutina. There was a 

significant level of pod production in mesh bags that permitted only 

small insects to pollinate flowers. Small insects tend to move 

infrequently among trees, and so would effect little cross

pollination. The insects probably foraged for long periods in the 

protected environment of the mesh bag, spreading mostly self-pollen 

in the process. Most of the pod production in this treatment, 

therefore, would have been the result of selfing. These three 

separate lines of evidence have established the presence of self

fertility in P. velutina. 

Pod production after hand self-pollination was lower than that 

after cross-pollination. Trees that, on average, produced fewer pods 

also failed to produce pods after selfing. This result would be 

expected if reduced pod production after selfing is the result of 
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genetic load. Highly inbred trees would possess more developmental 

lethal alleles that would be expressed as homozygotes after selfing; 

therefore, such trees would be less likely to produce pods upon 

selfing. This mechanism was considered the cause of embryo abortion 

in both Vaccinium corymbosum (Krebs and Hancock, 1988) and Epilobium 

augustifolium (Wiens et al., 1987). 

Pod production on open-pollinated spikes was also less than on 

cross-pollinated spikes. The patterns of movement of most of the 

insects that visited P. velutina spikes were such that a lot of self 

pollen would have been spread. Pollinations on open-pollinated 

spikes would, therefore, be a mixture of self and outcross pollen. 

Since selfed flowers were less likely to produce pods, it follows 

that pod production on open-pollinated spikes would be intermediate 

between that on selfed and cross-pollinated spikes, as was the case. 

It is not known if pollen tubes of outcross pollen penetrate 

the style faster than those of self pollen in P. velutina. If growth 

rates are the same, then the ovaries of a single flower could be 

fertilized by both self and outcross pollen, their respective 

frequencies depending on the ratio of outcross to self pollen in the 

stigma and the time at which the pollen was deposited. If outcross 

pollen germinates and grows faster than self pollen, however, all of 

the ovaries of a flower could be fertilized by outcross pollen even 

if the stigma contains both self and outcross pollen. 

Inbreeding and Its Implications in Breeding Programs and 
Natural and Artificial populations 

If inbreeding depression occurs in P. velutina and this species 

was to be included in a breeding program, then inbreeding that occurs 

as a result of insect-mediated pollination must be addressed in some 

way. It was shown that controlled crosses could be made when flowers 

were at Stage 2, avoiding selfing and obviating the need for 
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emasculation of the flowers. Nevertheless, production of large 

volumes of seed by controlled crossing would be prohibitively 

expensive. An alternative approach would be development of 

populations of plants with good general combining ability using 

controlled crosses, while selecting for decreased self-fertility. 

These populations could be incorporated into seed orchards containing 

several genotypes at close spacing, conditions which enhanced 

outcrossing in the natural populations used in my study. Then an 

insect such as one of the Megachilidae, which were highly effective 

pollinators of P. velutina and whose behavior would increase the 

likelihood of cross-pollination, could be used as pollinating agents. 

Areas of study for the future would include the effect of inbreeding 

on the performance of P. velutina and the feasibility of maintaining 

populations of insects such as the Megachilidae in seed orchards. 

In natural populations of P. velutina, there was a higher 

frequency of heterozygotes in adult populations than would be 

expected with random mating, indicating that there was selection 

against homozygotes. This suggests that inbreeding reduces fitness 

of the progeny. Under natural conditions, therefore, inbreeding may 

not have any long-term effect on fitness of a population as a whole 

because few inbred individuals would survive to sexual maturity. But 

such selection against homo zygotes may not operate if this species is 

included in tree planting programs, where seedlings would be grown in 

nurseries and the outplanted progeny would receive special care. 

Under these circumstances, the genetic load could have long-term 

negative effects on population performance. 

Population Structure and Seed Dispersal 

No evidence was found from analyses of eight isozyme loci for 

genetic differentiation among three natural populations of P. 

velutina growing on the Santa Rita Experimental Range. But there was 
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evidence for intrapopulation genetic subdivision, attributed to 

limited seed dispersal that resulted in a family structure within 

breeding neighborhoods. Historical accounts indicate that P. 

velutina was restricted to streambeds within and around the study 

area prior to the 1900's (Martin and Reynolds, 1973). Invasion of 

surrounding grasslands by P. velutina has been attributed to long

distance seed dispersal after ingestion by cattle and large wildlife 

(Martin and Reynolds, 1973; Reynolds, 1954). Reynolds (1954) also 

postulated that short-distance dispersal of seed from nucleus trees 

was later accomplished by Merriam kangaroo rats (Dipodomys merriami), 

which feed heavily on the pods and cache many seeds in the soil. 

Such bimodal seed dispersal would explain the present isozyme genetic 

structure that was found in these populations. 

Insects and Prosopis velutina 

As in the studies by Simpson et ale (1977) and Simpson and Neff 

(1987), a wide variety of insects were found foraging on the flowers 

of P. velutina. Six orders, including 18 families and 26 genera, 

were represented. The array of insects generally agreed with those 

listed by Simpson et ale (1977), with a few bee taxa they listed 

being absent in my study. My study provided a more complete listing 

of the non-Hymenopteran taxa. These differences between the two 

studies can be attributed to differences in study sites, year-to-year 

differences in insect abundance and the different objectives of the 

studies. 

The makeup of insect populations changed as the flowering 

season progressed, and as daily temperatures increased. The most 

common visitors, based purely on subjective observation, were 

Megachilid bees, honey bees, the two Dipteran flies Volucella 

isabellina and V. nigra, small bees of the punctosignata group of the 

genus Perdita, and the predatory lace bug (Neurocolpus arizonae). 
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smaller and less conspicuous insects, however, could have been 

equally abundant. No effort was made to quantify populations or 

measure visitation rates. 

For the first time, my studies quantified the pollination 

effectiveness and pollination efficiency of several different groups 

of insects on P. velutina flowers. Small insects were found to be 

quite effective as pollinators. Earlier studies regarded small 

insects as effective, but relatively unimportant as pollinators 

(Simpson et al., 1977; Simpson and Neff, 1987). If populations are 

large enough, however, these insects could also be important 

pollinators. Nocturnal insects were almost completely ineffective as 

pollinators in my study. Cooler than average night-time temperatures 

during the study period, however, might have inhibited the activity 

of nocturnal insects. 

According to Spears' IPE (Spears, 1983), the Megachilidae were 

significantly more efficient than any of the other taxa. The inverse 

of Spears' IPE, which provides an estimate of the number of visits a 

particular insect would have to make for pod production to equal that 

of natural open-pollination, indicates that the Megachilidae would 

only have to make 1.6 visits to attain this level of pod production. 

The product of the inverse of Spears' IPE and the average amount of 

time spent on a spike provided a good indicator of pollination 

efficiency when studying pollinators of plants that possess a 

multiple-flowered inflorescence like the spike of P. velutina. It is 

a measure of the amount of time a particular insect must spend 

foraging for a certain amount of pods to be produced. According to 

this measure, both of the native Megachilidae and Perdita spp. 

performed better than the introduced A. mellifera. 

Volucella spp. were also effective as pollinators, but were 

somewhat inefficient because they spent a lot of time foraging on 

regions of the spike where flowers would have already been 



pollinated. Nevertheless, Volucella spp. probably effect a 

significant amount of cross-pollination in nature because they were 

among the earliest foragers during the day, they tended to land on 

the spike where flowers would have received few visits by other 

insects, and they tended to move more frequently among trees than 

most of the other insects. The Colletidae were ineffective and 

inefficient as pollinators. 
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Of the insects studied, leaf cutter bees and honey bees would be 

the best candidates for use as pollinators in P. velutina plantings. 

Perdita spp., though effective and efficient pollinators, would be 

difficult to maintain as pollinator populations. If pods are a 

desired product, then honey bees would probably be the best 

pollinator because of ease of handling. Honey production would be an 

additional benefit in such a system. But honey bees probably effect 

a higher proportion of self-pollinations than leafcutter bees. 

Therefore, if seed production is the goal of the plantation and 

inbreeding is a concern, leaf cutter bees would be a better choice. 

They forage aggressively and tend to move more frequently among trees 

than do honey bees. Populations of Megachile pacifica are maintained 

for pollination of Medicago sativa, but it forages almost exclusively 

on M. sativa (McGregor, 1976). Methods would have to be adapted to 

the species that forage on P. velutina. 

Phenology, Pollinators and Mating Systems 

There was tree-to-tree variation in flowering phenology in the 

populations at both ASDM and SASI. In some cases the variation was 

so great that flowering periods on certain trees did not overlap at 

all. At any given time within the flowering season, therefore, only 

a fraction of the trees in a population are actually involved in 

mating. This phenomenon would effectively reduce the size of actual 

breeding populations and, consequently, could increase the amount of 
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inbreeding over that which would be expected for the total 

population. It is conceivable in such circumstances that trees with 

early maturing flowers would experience a higher-than-average amount 

of selfing, and that they are serving mostly as male parents in 

matings with more slowly developing trees. On the other end of the 

flowering season, trees with late-maturing flowers may be serving 

only as female parents in the population. 

The differences in phenology also have implications for 

Prosopis breeding programs. Crosses between extremely early

flowering and late-flowering trees would require the collection and 

storage of pollen, and pollinations would have to made by hand. In 

open-pollinated seed orchards, designs that would place trees with 

similar phenologies in blocks might be needed in order to maintain 

larger effective breeding populations and reduce inbreeding. 

In addition to differences in phenology, most trees bore two 

cohorts of flowers within the spring flowering season. The first 

cohort was born at the base of newly formed shoots, where a whorl of 

leaves developed the previous year, or at the base of a current-

year's whorl of leaves. The second cohort developed later in the 

season, often with complete separation of flowering periods between 

the two cohorts. Spikes of the second cohort developed in the axils 

of leaves on the new shoots. This second cohort is not the second 

flowering season, described in the literature (Simpson et al., 1977), 

that occurs during the summer if rainfall is adequate. Thus, P. 

velutina trees have the potential to flower three times during a 

single growing season. The second cohort does not develop on all 

trees, which would mean a reduction in breeding population size for 

this cohort. The number of trees flowering during the summer in any 

population would probably be even lower, perhaps being limited to 

those trees with better access to water. Each of these cohorts could 

involve different mating systems, even on a single tree. Further 
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research is needed to clarify the role that the three cohorts play in 

the genetics of the species. 

The mating system could also be affected by the particular 

pollinators involved. Insects such as Volucella nigra, Bombus 

sonorus, and Megachilid bees probably effect more cross-pollination 

than other taxa as a result of their foraging behavior. Honey bees 

would conc~ivably effect a higher proportion of self-pollinations 

than the first group. Insects such as Perdita spp. and Lucaina 

discoidal is would probably cause much self-pollination. Therefore, 

the frequencies of selfing and outcrossing would depend on the 

relative populations of the different insects. These relative 

populations change as the flowering season progresses, as does the 

breeding populations of trees, making the mating systems for this 

tree species fairly complicated. 

Future Research Needs 

The results of this dissertation suggest future research needs. 

The cause of low fruit:flower ratios and intermittent pod 

distribution still needs to be determined. Are there growth 

regulators produced by fertilized ovules? What are the effects of 

resource limitation on pod production? I have determined when 

flowers enter receptivity, but when floral receptivity ceases is not 

known. In regard to genetic aspects of the species, what are the 

effects of inbreeding on progeny performance? How do variation in 

flowering phenology and the presence of three flowering cohorts 

affect the genetics of populations? The Megachilidae were determined 

to be prime candidates for use as pollinators in seed orchards, but 

will it be feasible to maintain populations of Megachilidae for such 

an application? 

My studies have contributed substantially to our understanding 

of the genetics of P. velutina that would aid in designing breeding 
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and genetic resource conservation programs. But what are the 

similarities and differences with other members of the genus. Is 

self-fertility more common in Prosopis than has been previously 

thought? Are patterns of floral development similar among the 

species? Are flowering phenologies as variable within other species 

and do they produce more than one cohort of flowers? How would 

similarities and differences among the species affect the design of 

breeding and hybridization programs? What are the genetic structures 

of natural populations? 



APPENDIX A 
ANALYSIS OF VARIANCE TABLES 

Table 1. Analysis of variance for number of ovules per ovary. 

Sum of Mean 
Source df s~ares s~are F value Pr > F 

Tree 4 777.6995 194.4249 102.08 0.0001 

Position l 7 15.7390 2.2484 1.18 0.3573 

Tree X 20 38.0944 1.9047 
Position 

Error 90 172.5000 1.9167 

Corrected 121 1004.0328 Mean 21.8 
total c.v. 6.3449 

R-square 0.8282 

Iposition of the floret on the spike (cm from base) • 

Table 2. Analysis of variance for stigma volume. 

Sum of Mean 
Source df squares square F value Pr > F 

Tree 4 22.2310 5.5577 16.88 0.0001 

Position l 7 0.6662 0.0952 0.29 0.9501 

Tree X 19 6.2541 0.3292 
Position 

Error 58 17.3909 0.2998 

Corrected 88 46.5422 Mean 1.552 
total c.v. 35.2802 

R-square 0.6263 

Iposition of floret on the spike (cm from base). 
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Table 3. Analysis of variance for number of pollen grains per 
stigma. 

Sum of 
Source df squares 

Tree 4 6635.8385 

Position l 7 2077.2217 

Tree X 19 4165.5919 
Position 

Error 61 23134.2500 

corrected 91 36012.9022 
total 

Iposition of floret on the spike 

Mean 
square F value 

1658.9596 7.57 

296.7460 1.35 

219.2417 

379.2500 

Mean 
c.v. 

R-square 

(cm from base) • 

Pr > F 

0.0008 

0.2804 

20.5 
95.1481 

0.3576 

Table 4. Analysis of variance for percent of pollen grains 
germinated. 

Sum of Mean 
Source df squares square F value Pr > F 

Tree 4 0.4624 0.1156 1.91 0.1521 

Position l 7 0.3069 0.0438 0.73 0.6528 

Tree X 18 1.0880 0.0604 
Position 

Error 40 0.7380 0.0184 

corrected 69 2.5952 Mean 0.2977 
total c.v. 45.6193 

R-square 0.7156 

Iposition of floret on the spike (cm from base) • 
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Table 5. Analysis of variance for pollen: ovule ratio. 

Sum of Mean 
Source df squares square F value Pr > F 

Tree 4 12.9719 3.2430 7.47 0.0009 

Position l 7 4.7215 0.6745 1.55 0.2091 

Tree X 19 8.2442 0.4339 
Position 

Error 61 48.7300 0.7989 

Corrected 91 74.6676 Mean 0.9160 
total c.v. 97.5736 

R-square 0.3474 

Iposition of floret on the spike (cm from base) • 

Table 6. Analysis of variance for number of pods initiated per 
spike after hand pollinations. 

Sum of Mean 
Source df squares square F value Pr > F 

Site 1 6.1808 6.1808 2.52 0.1161 

Tree 4 41.7929 10.4482 4.26 0.0034 

Treatment 3 105.6397 35.2132 14.19 0.0001 

Tree X 15 36.6866 2.4458 1.00 0.4660 
Treatment 

Error 88 219.9500 2.4540 

Corrected 111 406.2500 Mean 1.125 
total c.v. 139.2460 

R-square 0.4684 
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Table 7. Analysis of variance for pollination effectiveness of 
various types of insects based on the number of pods produced. 

Sum of Mean 
Source df squares square F value Pr > F 

Tree 3 12.0680 4.0227 0.71 0.5682 

Treatment 3 84.2756 28.0919 4.98 0.0263 

Tree X 9 50.7462 5.6385 3.05 0.0017 
Treatment 

Error 279 516.1727 1.8501 

Corrected 294 663.2625 Mean 0.5664 
total c.v. 240.1509 

R-square 0.2218 

Table 8. Analysis of variance for pollination effectiveness of 
various types of insects based on the number of seeds produced. 

Sum of Mean 
Source df squares square F value Pr > F 

Tree 3 1456.0485 485.3495 0.69 0.5784 

Treatment 3 8670.4103 2890.1368 4.13 0.0424 

Tree X 9 6291.2086 699.0232 1.92 0.0493 
Treatment 

Error 273 99441.2876 364.2538 

Corrected 288 115858.9550 Mean 5.7958 
total c.v. 329.2950 

R-square 0.1417 
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Table 9. Analysis of variance for the number of pods initiated 
following single visits by insects to Prosopis velutina spikes. 

Sum of Mean 
Source df squares square F value Pr > F 

Tree 6 14.2351 2.3725 3.49 0.0133 

Treatment 6 49.6628 8.2771 12.18 0.0001 
(or insect) 

Tree X 23 15.6248 0.6893 0.84 0.6804 
Treatment 

Error 189 153.2062 0.8106 

Corrected 224 232.7289 Mean 0.4178 
total c.v. 215.5073 

R-square 0.3417 

Table 10. Analysis of variance for Spears' index of pollination 
efficiency (spears' IPE) based on the number of pods initiated 
following single visits of insects to Prosopis velutina spikes. 

Sum of Mean 
Source df squares square F value Pr > F 

Tree 6 18.4784 3.0797 1.77 0.1498 

Treatment 6 46.0474 7.6746 4.41 0.004l 
(or insect) 

Tree X 23 39.9958 1. 7389 1.26 0.1978 
Treatment 

Error 189 260.2108 1.3768 

Corrected 224 364.7324 Mean 0.4849 
total c.v. 241.9698 

R-square 0.2866 
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Table 11. Analysis of variance for time spent on prosopis 
velutina spikes during single visits by ineects. 

Sum of Mean 
Source df squares square F value Pr > F 

Insect 4 90.4770 22.6193 4.36 0.0028 

Error 94 487.9385 5.1908 

Corrected 98 578.4155 Mean 1.3401 
total C.V. 170.0169 

R-square 0.1564 

Table 12. Analysis of variance for the index of pollination 
efficiency based on number of pods initiated per unit of time 
(IPE I

) insects spent foraging on Prosopis velutina spikes. 

Sum of Mean 
Source df squares square F value Pr > F 

Tree 6 37.7324 6.2887 5.82 0.0008 

Treatment 6 55.2295 9.2049 8.52 0.0001 
(or insect) 

Tree X 23 24.8514 1.0805 0.43 0.9906 
Treatment 

Error 189 478.0861 2.5296 

Corrected 224 595.8995 Mean 0.5734 
total C.V. 277.3958 

R-square 0.1977 
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Table 13. Analysis of variance for distance traversed by insects 
during single visits to Prosopis velutina spikes. 

Sum of Mean 
Source df squares square F value Pr > F 

Insect 4 1214.0002 303.5001 6.13 0.0002 

Error 94 4653.1375 49.5015 

Corrected 98 5867.1378 Mean 5.6889 
total C.V. 123.6749 

R-square 0.2069 

Table 14. Analysis of variance for the index of pollination 
efficiency based on number of pods initiated per unit of distance 
(IPEd

) insects traversed while foraging on prosopis velutina 
spikes. 

Sum of Mean 
Source df squares square F value Pr > F 

Tree 6 16.1679 2.6947 4.53 0.0036 

Treatment 6 54.4517 9.0753 15.27 0.0001 
(or insect) 

Tree X 23 13.6692 0.5943 0.79 0.7436 
Treatment 

Error 189 142.5309 0.7541 

Corrected 224 226.8197 Mean 0.3697 
total C.V. 234.9064 

R-square 0.3716 
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APPENDIX B 
PROTOCOL FOR ELECTROPHORESIS 

Sample Preparation and Electrophoretic Conditions 

Tank Buffer 

60.6 g Tris 
285.2 g Glycine 

Bring to 2 liters with distilled-deionized water. 
Dilute 1:4 for use. 

Sample buffer 

Tank buffer saturated with sucrose, plus 1% bromophenol blue. 

Procedure 

Collect fully developed leaves in the morning. Place the 
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leaves in labeled paper envelopes, and then in a plastic bag which is 

kept on ice for transport to the laboratory. In the laboratory, 

place 80-90 mg of leaflets in a cooled mortar, add 700 pI of tank 

buffer, and grind with a pestle until a uniform solution is obtained. 

Draw this solution into a micropipette, and dispense it into a 

labeled micro-centrifuge tube. Centrifuge the samples for 15 min at 

4° C. Transfer the supernatants to clean, labeled micro-centrifuge 

tubes. If the samples are to be stored, do so at -70° C. If the 

samples are to be analyzed immediately, add 25 pI of sample buffer 

for each 100 pI of supernatant. 

Equilibrate the gels in tank buffer at 70 V for 20 min. Add 

100 pI of sample to each gel well. Electrophorese at 300 V for 15 

min, then at 125 V for 22 hr at 6° C. 



Protocol for Preparation of Eight 4-30% Density Gradient Polyacrylamide Gels Using a Pharmacia 
Apparatus. 

Final Volume 
(ml) Amount used in 

solution components preparations Comments 

Gel Buffer 10.75 g Tris 1000 with 180 ml Pump into gel former 
5.04 g Boric acid distilled before adding other 
0.93 g Sodium EDTA deionized H2O solutions. 

30% Acrylamide 28.8 g acrylamide 50 with gel 50 ml Heat gently to melt. 
solution 1.2 g bis-acrylamide l buffer Mix with 30 ml each 

TEMED and ammonium 
persulfate solutions. 

4% Acrylamide 4.608 g acrylamide 60 with gel 60 ml Heat gently to melt. 
Solution 0.192 g bis-acrylamide buffer Mix with 25 ml each 

TEMED and ammonium 
persulfate solutions. 

TEMED2 0.3 ml 100 with gel See Acrylamide 
buffer Solutions 

Ammonium 0.075 g 100 with gel See Acrylamide Add just before 
persulfate buffer Solutions pouring gel solutions 

into gradient maker. 
-- - - --

IN.N methylene bis-acrylamide. 

2N, N, N, N tetramethyl-ethylenediamine. 
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Protocol for Staining Gels 

Enzyme Solution Component Final Volume (ml) Volume used 

Peroxidase Buffer A 11.55 ml glacial acetic acid 1000 30 ml 

Buffer B 5.44 g. Sodium acetate 200 70 ml 
trihydrate 

Substrate 1 m1 30% hydrogen peroxide 10 10 ml 

Stain 0.1 g 3-amino-9-ethylcarbazole 10 1 ml 
10 ml N,N dimethyl formamide 

Distilled 100 ml 
deionized H~O 

Comments: Stain gels 20-30 min. Rinse and store in distilled water at 5 0 C. 

Leucine amino Buffer A 2.4 g monobasic anhydrous 100 87.7 ml 
peptidase sodium phosphate 

Buffer B 2.84 g dibasic anhydrous 100 12.3 ml 
sodium phosphate 

Substrate 0.05 g L-Ieucine 2 2.0 ml 
B-napthylamide 

2.0 ml absolute methanol 

stain 0.1 g fast black K salt 100 100 ml 

Comments: Stain gels with gentle shaking for 30 min or more. Rinse and 
store in distilled water at 5 0 C. 
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Protocol for staining Gels (cont.) 

Enzyme Solution Components Final Volume (ml) Volume used 

a- and Buffer A 2.78 g monobasic anhydrous 100 33 ml 
B-Esterase sodium phosphate 

Buffer B 2.661 g dibasic anhydrous 100 67 ml 
sodium phosphate 

Substrate 0.06 g a-naphthyl acetate 3 (acetone) 3 ml 
0.06 g B-naphthyl acetate 

Stain 0.2 g fast blue RR salt 100 100 ml 

Comments: Stain gels in the dark for 1 hr or more. Rinse in distilled 
water. Fix and store in 7% glacial acetic acid at SOC. 

I 
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APPENDIX C 
GLOSSARY 

Allele - one of two or more alternate forms of a gene. 

Anther - the part of a flower in which pollen grains are produced. 

Anther dehiscence - the stage of floral development when the anther 
opens to release the pollen grains. 

Anthesis - the stage of development in which the flower bud opens. 

Apomixis - a type of asexual plant reproduction resulting in seed 
production without the fusion of gametes that normally occurs 
in sexual reproduction. 

Autogamy - self-fertilization in which the male gamete was 
contributed by pollen from the same flower that contains the 
fertilized ovule. 

Biparental inbreeding - mating between two plants that are closely 
related, such as sibling-sibling or parent-progeny. 
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Codominant - a type of gene expression in which the products of both 
alleles at a locus are expressed phenotypically. 

Consanguineous mating - see Biparental Inbreeding. 

Diallelic - a locus which contains two alleles. 

Dimeric - a protein (enzyme) structure consisting of two subunits. 

Family - a group of individuals bearing a certain genetic 
relationship to each other by virtue of common descent. 

Fertilization - the fusion of two gametes of opposite sexes to form a 
zygote. 

Geitonogamy - self-fertilization in which the male gamete was 
contributed by pollen from another flower on the same plant. 

Genetic load - the average number of lethal alleles per individual in 
a population. 

Genetic structure - the distribution of allele and genotype 
frequencies within and among populations. 

Genotype - the genetic constitution of an organism. 

Heterozygote - an individual having two different alleles at one or 
more loci. 

Homozygote - and individual having identical alleles at one or more 
loci. 

Inbreeding - the mating of closely related individuals, usually 
leading to increased homozygosity in the family or population. 

Locus - the particular location a gene occupies on a chromosome. 
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Mating system - the manner in which sexual reproduction occurs in an 
organism, such as outcrossing, random mating, selfing and 
consanguineous mating. In a population there can be a mixture 
of mating systems. 

Neighborhood - a semi-isolated, interbreeding subpopulation that is 
relatively inbred. 

Open-pollination - a system of pollination in which the pollen that 
arrives on a stigma can come from any potential male parent. 

Phenology - the timing of developmental sequences in an organism. 

Phenotype - the observable properties of an organism that are 
produced by the interaction of its genotype and the 
environment. 

Pollination - the transfer of pollen to the stigma of a flower. 

Polymorphic - the regular and simultaneous occurrence of two or more 
genotypes in frequencies that cannot be accounted for by 
recurrent mutation. 

Self-incompatibility - the inability of a plant producing functional 
gametes to set seed when self-pollinated. 

stigma - the tissue that receives pollen, located at the apex of the 
style of a flower. 

Style - the portion of the female sexual column between the ovary and 
the stigma. 

Xenogamy - fertilization in which the male gamete was contributed by 
pollen form a plant other than the one that bears the 
fertilized ovule. 
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