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ABSTRACT

Jojoba seed and soil samples were collected in 197 4 
from allopatric populations, Seed were obtained from indi
viduals at a single site for 1973 and 1974. Wax per
centages were determined by petroleum ether extraction. . B 
horizons of samples were analyzed for: per cent sand, silt,
clay and gravel, pH, total soluble salts, NO^f and PO^. 
Climatic data were derived from existing stations and ad
justed for site elevation. Significant differences in wax 
percentage were found among sites'and among plants at the 
test site. Significant differences between 1973 and 1974 
were also found in wax percentage, average seed weight per 
plant, and total yield per plant. Ranks for percentage of 
wax in 1973 and 1974 were significantly correlated. Re
gression analysis showed wax percentage positively corre- >■ 
lated with average seed weight and negatively with site 
elevation« Wax percentage varied inversely with per cent 
grave1 and total soluble salts. Wax percentage varied 
directly with per cent.silt and inversely with total soluble 
salts, Average wax percentage varied directly with January, 
1974, rainfall and inversely with April, 1974, mean tempera
ture. Average seed weight varied inversely with October, 
1973, mean temperature and directly with December, 1973,

ix



mean temperature, Average seed weight varied directly with 
November, 1973, rainfall.



CHAPTER I

INTRODUCTION

Jojoba, Simmondsia-chinensis (Link) Schneider, is 
an arid adapted member of the Buxaceae that has received 
much attention, primarily due to the valuable liquid wax 
found in its seeds. Jojoba's potential as a high value 
horticultural crop for arid regions has stimulated the 
interest of the governments of many developing countries and 
of various Indian tribal councils in the Southwestern United 
States. Since site selection is primary to the success of 
any horticultural enterprise, especially when dealing with 
a newly domesticated crop, questions as to desirable site 
characteristics frequently arise. Because jojoba is a wild 
species, which we are just beginning to cultivate, we must 
look to wild populations to uncover clues as to its prefer
ences and to how these preferences are reflected in the 
yield parameters: per cent liquid wax and average seed
weight per plant„ Wild populations sampled in this study 
are mostly located in Arizona, with some in California and 
some in Baja California„ The populations Were sampled in 
the summer of 1974 by myself and W, C. Sherbrooke in most 
of Arizona and by E. F „ Haase and L, R, Rawles in the 
Californias and southern Arizona,
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This study has four Basic objectives: (1) to

determine the variation in yield parameters, during a single 
year, over space, e»g* z among widely separated sites or 
among individual plants at one site; (2) to determine the 
variation in yield parameters in time, e,g,, at individual 
plants from one year to the next; (3) to classify, tenta
tively, the soils and parental materials that jojoba was 
actually found on? and (4) to uncover any functional rela
tionships that might exist among £he yield parameters them
selves, among site factors and yield factors or among yield 
factors and climatic factors*



CHAPTER II 

REVIEW OF LITERATURE

Variation in Yield Parameters Over Space 
Gentry (.1958, p. 2 841 found the seeds of different 

plants to vary in weight from 336 to 2335 per pound. Indi
vidual seed yields from eighty plants varied from 2 ounces 
to 6 pounds, with a mean of 1.5 pounds per plant. Liquid 
wax percentages varied from 37,8% to 54%, The average 
liquid wax percentage in 1957 Was 45,5%, with.a standard 
deviation of 3.19%, Yermanos (197 4, p. 164), using data 
from 138 single native plants located at Aguanga, Cali
fornia, found that yields of single plants varied from 2 to 
12 pounds, with a mean of 5 pounds and a coefficient of 
variation of 24,8%. Weights of single seeds were found to 
vary from 0„15g to l.lg, with an average of 0,56g and CV = 
32,8%, the per cent liquid wax, as determined by wide line 
Nuclear Magnetic Resonance Spectroscopy, was found to have 
a mean of 53.1% and CV = 5,1%, Liquid wax determinations 
made by petroleum ether extraction were found to have the 
same distribution, but with values 2% below those arrived 
at with the NMR, Forti (1973, p , 24), dealing with a 9 
year old group of introduced jojobas at Gilat, Israel, found 
average seed weight varied from 0,27g to 0,68g and total



yield from 1225.Og to 3188.Og per plant. Yermanos and 
Holmes (1973, p. 13), analyzing the yields of 29 nineteen- 
year-old plants of the "Vista" clone, found total yields per 
plant to vary from 127g to 16l7g with an average of 587g per 
plant.

Yermanos and Duncan (1976b) conducted a single seed 
analysis at Aguanga and found that variability in wax 
content and composition among single seeds within plants was 
essentially as large as that in the bulk sample, They con
cluded that genetic variability for wax content and quality 
was small if at all existent at Aguanga,

Variation of Yield Parameters in Time
Gentry (1958, p* 286)/ comparing the average liquid 

wax contents of wild plants harvested in 1954 to those 
harvested in 1957, found that the 195 4 average was 51% as 
compared to only 45.6% for 1957. Gentry attributed this 
difference to poor seasonal conditions for seed maturation 
which prevailed in 1957. Forti (19 73), reporting on the 
yields of Selected individuals at Gilat, Israel, over an 
eight year period, found that in general, the yields went up 
with age, but that in the dry years of 1969 and 1970, yields 
declined„ Forti also found that 1968 and 19 71 were 
especially good years. Forti noted an individual, which had 
not been irrigated since 19 64, gave one of the highest and 
least variable yields. Yermanos and Holmes (1973, p. 13),



reporting on the performance of the "Vista" clone at the 
COit plantation in 1963-1965, found that the average yield 
in 1963 was 133g per plant. In 1964, due to poor winter 
rains, the average yield for the "Vista" population was 
only 53g per plant, but the yields returned up to an average 
of 350g per plant in 1965, Yemanos and Duncan (1976a), 
comparing the yields of individual, native plants at' 
Aguanga, California, for 1973 and 1974, found that the seed 
yield per plant in 1974 Was 2.7 times that of 1973, but that 
wax, protein, and hull content of the seed were not very 
different in the two years.

Soils and Parental Materials 
Zacatecas (1943) reported jojobas growing among 

rocks, in rust colored granites, and in dark volcanics. He 
describes the terrain as sandy. With quartz, or clayey, 
with feldspar, or a good combination of the two, He also 
states that jojoba occurs in both deep and shallow soils and 
that it has the facility to prosper in diverse soil. Gentry 
(195 8) reported that jojoba is usually restricted to well- 
drained, coarse, desert soils, as the sandy alluviums and 
coarse, atrital mixtures of gravels and clays derived from 
such igneous materials as granites and volcanics. He also 
reports it on young sedimentary formations made up of the 
above-mentioned materials, on dune sands, and oh deep 
alluvial arkosic sands of the California valleys. Gentry
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also mentions that jojoba soils are generally neutral to 
alkaline, have an. abundance of phosphorus, and are subject 
to annual drying. He noted that jojoba is generally 
absent from bottomland silts and clays throughout its range 
and inferred that this absence was due either to periodic 
flooding, freezing, or both. Burden (1970) , working in 
central Arizona, found jojoba growing on shallow, mountain 
soils overlying granites and schists and On alluvial soils 
developed from acid, igneous materials, Mora and Rivera 
(1976) report jojoba on deep, sandy soils or in mixtures 
of granites and clays. These are soils which facilitate 
aeration and the drainage of water, having an abundance of 
phosphorus and being subjected to annual drying. De
scribing the soils on which jojoba is found at the "La 
Huerta" Experimental Farm in Baja California del Norte,
Mora and Rivera mention a sandy clay with medium to fast 
internal drainage, poor in orghnic matter and nitrogen,
Forti et al. (1976) note that establishment of jojoba in 
Israel was excellent in heavier soils and in sand dunes.

Functional Relationships Among Yield 
Factors and Environmental Factors

Interrelationships Among Yield Parameters
The data of Gentry (1958, p. 286) reveal no sig

nificant relationship between the total yield per plant and 
per cent liquid wax, nor do the data reveal any significant



relationship at the ,05 level Between average seed weight 
per plant and total yield. Fotti (1973, p, 25), using 
seven years data from the planting at Gilat, found a sig
nificant negative correlation Between average seed weight 
per plant and total yield per plant, Yermanos (1974, p,
165) reported a very significant relationship between 
average seed weight and per cent wax in a study involving 
138 native jojobas at Aguanga, California, Forti et al. 
(1976) investigated the relationships of various morpho
logical traits to yield and found no correlation between 
the size of yield and the parameters measured. Wells and 
Tomoff (1973) investigated the relation of wax percentage 
in green seed and that of seed allowed to dry out for 
certain periods of time after harvest, and found that the 
percentage of wax increased with storage until seed were 
"dry," but that the absolute amount of wax was the same 
after late June on.

Relation of Site Factors 
to Yield Factors

Although not dealing with yield parameters per se, 
Yermanos, Francois, and Tammadoni (1967) did investigate the 
effects of soil salinity on the development of jojoba. They 
found that jojoba was able to withstand high levels of 
salinity during its first two years Without symptoms of 
serious injury, They also reported that the leaves of 
jojobas grown under conditions of high salinity (.13,6



mmhos/cm) were thicker than normal and had larger secretory 
and palisade cells, in addition to having fewer stomata per 
unit area, smaller vascular cylinder cells, and discon
tinuous layers of secretory cells„ Other anatomical dif
ferences were noted as was a higher accumulation of Cl and 
Na in both leaves and stems. Higher moisture contents for 
both leaves and stems.were also reported for plants grown 
under saline conditions. Flowering of both male and female 
plants was depressed under the highest salt regime, but was 
unaffected in the control and in the two lower salt treat
ments » Forti (1973) experimented with two saline nutrient 
solutions. The more concentrated solution contained 
338Omg/1 of salts and the second treatment contained 
2580mg/l. A standard nutrient solution was used as a 
control. By the end of the 22-month experiment, all of the 
plants grown under the highest saline condition were dead 
but plants grown in the less concentrated salt solution had 
established and eventually yielded comparable to the 
controls, Adams, Bingham, Yermanos et al. (1976) reported 
little change in leaf turgor potentials with increasing 
soil salinity and that plants at the highest levels of water 
and salt stress showed little or no reduction in mesophy11 
conductance of CC^« Nitrogen deficient plants, were found to 
have a large reduction in me sophy 11 conductance of CC>2 .

Adams, Bingham, and Yermanos (1976), reporting on 
the addition of N-P-K fertilizer in a non-irrigated field



experiment, found no significant response, and noted that 
leaf analysis showed relatively high values of N and P„
This suggests that these nutrients are not as limiting as 
water.

The relationship of site factors to yields or site 
index has long interested foresters and range managers.
Fudge and Fraps (1945) investigated the relationships 
between the chemical composition of Northwest Texas grasses 
and the soils on which these grasses were growing. They un
covered no significant relationship between the amount of 
nitrogen in the grasses and the soils on which the grasses 
grew. They did find a positive relationship between the 
amount of lime and phosphoric acid in the soils and the 
amounts of these compounds found in the forage. Fudge and 
Fraps noted that the above relationships were strongest in 
young grasses, McVicker (1949), investigating the influence 
of soil type and composition on the chemical composition of 
white oak leaves, could not uncover any significant correla
tions between K, P, Mg, and Ca in the leaves and the A 
horizons of the soils on which that species was found.

Coile (1948) published an extensive monograph 
investigating the relation of soil characteristics to site 
index in the Lower Piedmont of North Carolina, . Nine primary 
soil variables were tested for their relation to the site 
index of shortleaf and loblolly pine, Regression equations 
created, from the data were tested and an equation for the
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prediction of site index from the thickness of the A horizon 
and the imbibitional water value of the B horizon was found 
to be nearly as precise as an alternate model made up of 
four variables. The remaining five variables tested were 
not found to contribute significantly to site index.

Young (1954), reporting On forest soils-site index 
studies in Maine, found that 58% of the variance in white 
pine site index could be accounted for by the total depth of 
the A horizon and the percentage Of stones in the B horizon, 
and that ire spruce, 58% of the variance in site index was 
accounted for by the depth of the A horizon and the imbiti- 
tional water value of the A horizon, both of which were 
negatively correlated with site index.

DeMent and Stone (196 8), working on the influence 
to soil and site on red pine (Pinus resinosa) in New York, 
found that growth is strongly correlated with drainage class 
and that other soil features such as texture, pH, nutrients, 
etc, were not useful in determining red pine plantation 
sites,

Broadfoot (1969), working in Louisiana with site 
indices of southern hardwoods, was unable to develop 
multiple regression equations of sufficient predictive pre
cision over large areas aftd attributed this failure to the 
inability to measure the true causes of productivity. He 
then went on to conclude that more research is needed on
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basic soi1-tree growth relationships at the causal rather 
than the effect level„

Relation of Climatic Factors 
to Yield Parameters

Gentry (195 8)' stated that jojoba makes its best 
growth in areas of greater than 12-inch annual rainfall and 
that in its areas of dominance east of Phoenix, it receives 
from 15 to 18 inches. He asserted that the slow-falling, 
deeply penetrating rains of winter are more beneficial than 
the more violent showers of the summer monsoon. Gentry 
noted that the failure of the fall rains in 1956 led to a 
poor year for seed set in 1957, b&Gdpt for two locations at 
which 1-2 inches of rain fell in late November. Two indi
vidual plants at Aguanga, California, given irrigations of 
50 gal each in April, May, and June of 1957, showed no 
higher yields than non-irrigated controls, The above 
results led Gentry to conclude that for maximum seed 
development, soil moisture must not only be provided deeply 
but early in the season or the fall. In relation to tem
perature, Gentry noted the damaging effects of sunburn on 
young, tender fruits as well as the natural coincidence of 
cool winter temperatures with the availability of soil 
moisture, Gentry reported excellent flower and seed set 
following abundant January rains at Aguanga in 1957 which 
led to excellent prospects for seed yields, However, an
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early June heat wave caused extensive damage to the crop and 
the promise of May Was never fulfilled,

Forti (.1973) has reported on the reactions of a 
population of introduced jojobas at Gilat, Israel, Most of 
these introductions, are from native Arizona and California 
populations and are now being grown in an area of 200 mm 
rainfall, distributed almost exclusively from November to 
April, Summer temperatures at Gilat reach as high as 45°C 
and winter temperatures seldom drop below freezing. Yields 
at Gilat generally increased with age, but did drop markedly 
in 1969 and 1970, Some individuals were not irrigated at 
all, while others received one or two supplemental irriga
tions per year. Although some plants had high yields 
without irrigation^ Forti felt that on the whole irrigation 
did increase yields. In relation to summer irrigation,
Forti found that it did stimulate some individuals to flower 
and set fruit and that some of these plants yielded up to 
450g of seed. However, none of the summer flowering plants 
flowered or set fruit during the normal period.

Forti (1973) noted that the number of fruits 
reaching maturity was far less than the number of floral 
buds set. He attributed much of this loss to the depreda
tions of an unidentified seed or fruit borer. Vegetative 
activity was observed to peak over March and April (as did 
flowering) and had a secondary peak in October. The re
newed vegetative activity in the fall was associated with
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renewed twig growth. Although flower bud formation goes on 
throughout the year, it was observed to peak after peaks of 
vegetative activity, indicating that bud formation is 
largely connected with and dependent upon new growth.

Wells and Tomoff (1973) noticed a dramatic increase 
in seed weight during the month of June and attributed this 
increase to the rare June rains that occurred that year.

Mr. Pedro Mahieux, quoted in Jojoba Happenings 
(1972, p, 8), reported that Stibetahtial August rains during 
1972 led to renewed flowering and the expectation of another 
crop. Such late fall crops are not uncommon along the 
Sonora coast according to Mr, Hector Nininger, quoted in 
the same article.

Haase (1976) has studied the phenology of jojob in 
the Tucson and San Carlos areas of Arizona, He found that 
seed production at the San Carlos Reservoir test site 
dropped from 172,6kg for 794 pistillate plants in 1973. to 
5g for the same group in 1974, Haase noted that the 12 
month precipitation preceding the 1973 harvest was 569mm as 
compared to only 157mm for the 12 month period preceding the 
1974 harvest. He also noted that average seed weights 
declined from 1973 to 1974, In the Tucson mountains, Haase 
found that the 2 00 plants used in the study showed a marked 
growth flush following August rains and a smaller growth 
flush in April and May, He found that most shrubs flowered 
in April and May and that this flowering led to fruit
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production in about 40% of the pistillate plants„ Haase 
concluded that summer rains play an important role in the 
growth and survival of these Arizona jojoba populations.

Working with red pine (Pinus resinosa) in Michigan, 
Zahner and Stage ('1966) were able to account for 72% of 
the variance in annual growth by the effect of moisture 
stress during certain parts of the previous and current 
growing seasons„ in an experiment.utilizing Western white 
pine (Pinus monticola) basal growth area, they were able to 
account for 78% of the variation by using the variables 
temperature, precipitation, and moisture stress. In another 
study dealing with ted pine in Michigan, Zahner and Donnelly 
(1967) were able to account for 80% of the variation in ring 
width over a ten-year period by use of water deficits and 
rainfall together, for the current and the previous season. 
The previous season accounted for 14% of the variance and 
the current season for 68%.

Newnham (1968) used Principal Component Analysis to 
classify the climates of British Columbia and to relate 
tree species distribution to the resulting principal compo
nents or eigenvectors. He found that the first, two 
components accounted for 87% of the climatic variation and 
that there were fairly well-defined relationships between 
the distribution of some British Columbia tree species and 
the first two components of climate.



CHAPTER III

. MATERIALS AND METHODS

Variation in Yield Parameters Over Space

Selection and Location of Sites
Forty-two sites were selected by E, F, Haase and 

W, C, Sherbrooke of The University of Arizona Office of Arid 
Lands Studies (OALS) with the aid of a Siirtmondsia distribu
tion. map by Hastings, Turner, and Warren (1972), Popula
tions as near allopatric as possible Were chosen. The seeds . 
were collected to establish a germ plasm bank and for the 
analysis of liquid wax content in this study. Unfortunately, 
1974 was hot a good year for seed set of jojoba, especially 
in Southwestern Arizona and Sonora, Mexico.

Of the 42 sites used, 37 are in Arizona, 4 are in 
California, and 2 are located in Sonora, Mexico (see Fig,
1), Of the 37 in Arizona, 11 are in Gila County, 3 in 
Graham, 5 in Pima, 6 in Maricopa, 4 in Pinal, 5 in Yavapai, 
and 2 in Yuma County (see Appendix A).

The study of variation in yield parameters within 
one site during 1974 was carried out on 19 individual plants 
at the Tonto Experimental Site near Coolidge Dam on the San 
Carlos Apache Reservation,

15
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The study of variation'in yield parameters among 

individuals from different sites was carried out with 15 
plants located directly adjacent to pits dug for soil 
samples at 15 separate sites. Figure 2 shows the locations 
of the 15 soil-plant pedons,

Since the primary purpose of seed collection was for 
the establishment of a jojoba germ plasm bank, sampling was 
as diverse as possible, Populations from the highest and 
lowest elevations and populatidns with high numbers of 
interesting and potentially valuable genetic characteristics 
described by Gentry (.1958) were searched for.

Seed analyzed in this Study are from composite site 
samples. Most of the site samples are composed of seed 
from many plants, as individual plants were not kept 
separate. Most seed were fully developed at the time of . 
picking, although some fruits were still green. The site 
samples were stored at the Office of Arid Lands Studies for 
three months and allowed to dry, thus reducing potential 
differences in was percentage and seed weight resulting from 
differing states of seed hydration at picking (Wells and 
Tomoff, 1973),

In the study at the Tonto Experimental Site, the 
nineteen plants utilized are scattered over the Experimental 
Area, reflecting the true diversity of the site. For each 
of the plants, seed collections were made in both 1973 and 
1974 by members of the San Carlos Apache Tribe under the
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direction of the OALS, Each Bush was stripped of seed, 
determinations of average seed weight per bush were made, 
and the seed was stored at room temperature„

in the study involving the plants adjacent to ,the 
15 soil pits, the plants Were stripped of seed and the seed 
kept separae from the respective composite site samples.

Selection of Seed for Testing
The largest, healthiest seed from each site were 

selected by OALS personnel for a germ plasm bank and for 
analysis of per cent wax. Samples of forty seeds from each 
site comprised the experimental material for this study.

Average weight/site was determined by weighing all 
seed at site and dividing by the total number of seed in 
the sample. In the study of nineteen individuals at Tonto, 
seeds were selected randomly for analysis of wax per
centage. All seeds from a given plant were divided into 
four groups. One of the four groups was then arrayed on a 
numbered grid and seed selected by means of a sequence 
taken from the Table of Ten Thousand Digits (Steel and 
Torrie, 1960), The same method of selection was used for 
seed from the individually harvested plants adjacent to the 
soil pits,

Method of Determining Percentage of Liquid Wax
The method selected for the determination of per

centage .of liquid wax was essentially that described by



Saleeb et al. (1973) and used with jojoba by Yermanos 
(1974), Three gram samples of seeds to be analyzed were 
ground for 20 seconds in a high-speed Omnimixer, The ground 
jojoba meal was then transferred to a tared flask and 
weighed. The Omnimixer cup was carefully washed and dried 
in preparation for the next Sample, The 3g samples were 
then soaked for three days in 30ml petroleum ether (ether 
benzene, B,P, 30-60°C). The flasks were decanted every 24 
hours and refilled with solvent. After the third decanta- 
tion, the flasks were placed in a vented hood for 24 hours, 
after which time the meal was odorless and appeared very 
dry. The flasks were then reweighed and the percentage of 
liquid wax determined by the percentage weight lost,

To check the consistency and reliability of the 
liquid wax determination^, a nested classification in a 
two-way analysis of variance was run on two occasions.
Ground samples of jojoba meal were divided in half and each 
analyzed. In neither test was the sampling error signifi
cant, As a means of monitoring the process over time, the 
four replications used were split in half and done at 
different times. The samples were then analyzed in a 
randomized complete block design, blocked on date of 
analysis. No significant differences were found among the 
blocks, indicating consistency and relative accuracy.in 
the method used,
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Experimental Design and Statistical Analysis

Data from liquid wax determinations were analyzed 
with a simple one-way classification in the completely 
randomized design. In both studies dealing with the site 
samples and the study of the fifteen individuals adjacent 
to the soil pitsz four replications were used. In the 
study carried out on individual plants at Tonto, two repli
cations were used. The ,05 level of significance was used,

Variation of Yield Parameters in Time

Location of Study and Selection 
of Plants

This study was conducted at the Tonto Experimental 
Site on the San Carlos Apache Reservation in Gila County, 
Arizona, The site is located in a small range of granitic 
mountains about two miles west of Coolidge Dam at an eleva
tion of approximately 1100m, The experimental site has been 
set aside by the San Carlos Tribal Government for the study 
of jojoba and comprises a large, topographically diverse 
stand. The nineteen plants used in this study are widely 
scattered over the site, to reflect the range of site.con
ditions, Seeds were harvested in both 197.3 and 1974 as 
previously described.



Selection of Seed for Testing
Seeds were selected randomly as described under, 

"selection of seed" in the previous section.

Experimental Design and 
Statistical Analysis

Since the thrust of this experiment was to discern 
significant differences in the three yield parameter's (per 
cent wax, average seed weight/plant, and total yield per 
plant) of the same plant from one. year to the next, the 
method known as paired comparisons (Steel and Torrie, 1960) 
was employed. Two samples were analyzed from each plant for 
1973 and another two for 1974 and the resulting means 
analyzed in the paired comparisons test at the .05 level of 
significance, To check the relationship between rankings 
for each parameter in 1973 as opposed to 197 4, Spearman's 
coefficient of rank test was used (Steel and Torrie, 1960) .

Soils and Parental Materials

Location and Selection of 
Soil-Plant Pedons

Figure 2 shows the location of the fifteen sites at 
which soil samples were taken. Soil pedons are in the root 
zones of the 15 plants sampled. The sites where soil 
samples were taken were also characterized on the basis of 
the parental materials from which the soils were derived.



23
Method of Soil Sampling and 
Data Collection

Soil samples were obtained in the manner described 
by Cline (1945). A three foot square pit was excavated to 
bedrock or the C horizon, A fresh face was prepared and a 
pedon description made (Soil Survey Staff, 1951). The 
surface horizon was then sampled to a depth of three inches. 
The soil face was then cut away step by step and an un
contaminated sample taken from the B horizon. If an actual 
B horizon (a horizon of illuviation) was not evident, then 
the sample was taken from the deepest part of the face 
retaining a significant amount of soil, The samples were
dried and crushed as described By Cline (1945).

Observations of soil, parental material, geo> 
morphology (residual, alluvial, etc,), and gross petrology 
(igneous, acid, or basic volcanic, etc,) were made at the 
sites at the time of seed-soil sample collection.

Analysis of Soil Samples
Soil samples underwent both routine and mechanical 

analysis at The University of Arizona Soils Testing 
Laboratory, The percentage„ by weight, of gravel (2 to
4mm) in the sample was determined before analysis of the
less than 2mm fraction. The routine chemical analysis 
supplied the following soils data: pH, soluble salts
(ppm), conductivity, and ml EDTA; all by the saturated paste 
method and NO^ and PO^, by autoanalyzer after bubbling with
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CO2 ’ The mechanical analysis (per cent sand/ silt, and 
clay) was determined by the hydrometer method. The only 
horizons sampled at the laboratory were the lower horizons. 
Appendix C shows the soil characteristics of the fifteen 
samples„

Method of Soil Classification
Soils were Classified in the United States Compre

hensive System (Soil Survey Staff, in press) with the 
assistance of Dr, D, Hendricks of The University of Arizona 
Department of Soils, Water, and Engineering, Classifica
tions for the most part are to the family level. Since clay 
minerology was not determined, the classifications are 
somewhat tentative and are the best that could be arrived 
at with the available information.

Functional Relationships Among Yield 
Factors and Environmental Factors

Interrelationships Among 
Yield Parameters

Data for the correlations of the yield parameters
were taken from the previously mentioned studies. The
correlation of average seed weight/plant and per cent of wax
was based on the study of all sites (N - 42) . The 15
individual plants adjacent to soil pits supplied data for
the correlations of average seed weight/plant and per cent
of wax, average seed weight/plant, and total yield, in
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grams, per bush and per cent wax with total yield/bush. The 
same correlations were determined for the Tonto data from 
both 1973 and .1974, The correlation matrices at Tonto also 
included the ratio of seed length to seed width, The 
length-width ratios were determined by measuring the seed 
axes with a micrometer.

All correlation matrices were created by stepwise 
multiple regression analysis. The computer program used was 
the Statistical Package for the Social Sciences (SPSS).

Relationships Between Environmental 
Factors and Yield Factors

Elevation was determined by altimeter, operated by 
W, C, Sherbrooke of the OALS, The altimeter was frequently 
readjusted to established benchmarks and recently determined 
site elevations were corrected accordingly, USGS topo
graphic sections were also used to check the accuracy of 
the site elevations.

Soil data used in the regressions were obtained as 
described above under "Soils and Parental Materials,"

Bureau of Commerce monthly weather data for July, 
1973, to June, 1974, were used to create regression equa
tions for the prediction of temperature and rainfall as a 
function of altitude. Prediction equations were used only 
in cases where they were found to have r values significant 
at the ,05 level. If the regression equation for a given 
month was not significant at the ,05 leve, then values from
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closest station were used„ For local correction, signifi
cant regression equations were used to predict values for 
the weather stations themselves and the residuals added to 
the predicted values of the sites for which that station 
was the closest.

Stepwise multiple regression analysis was used for 
all studies in this section. Because intercorrelations 
among the independent variables dan act to mask the rela
tionship that may exist between a given independent variable 
and the dependent variable, it was decided to use principal 
component analysis to obtain an alternate picture of the 
soils and climate data. Principal component analysis makes 
use of eigenvectors (characteristic vectors) of a matrix or 
an array of data (Stidd, 1967; Fritts et al,, 1971). The 
eigenvectors are derived from the jdata itself, in this case, 
from the (9 x 15) matrix of soils data. As many principal 
components or eigenvectors are created from the data as 
there are variables. In the above case, this was 9.

All eigenvectors are orthogonal, i.e., not inter => 
correlated and from 80 to 95% of the mean square is usually 
reduced by the first three or four eigenvectors, The degree 
of affinity or similarity between the original, normalized 
array of data for a given site and a given eigenvector is 
known as the amplitude of the eigenvector for that site.
For instance, if site 10 had an amplitude of 3,55 with 
eigenvector 1 and of -0.5 with eigenvector 2, it would bear



27
more similarity to EV1 than EV2,. The amplitude values for 
the first 3 or 4 EV's can now Be used as orthogonal X 
variables in the standard stepwise multiple regression 
analyses. If significant relationships are found between 
the dependent variables and the amplitudes Of a given 
eigenvector, then the resulting regression coefficient is 
multiplied times the eigenvector? i.e8, times each of its 
elements„ If there is only one significant eigenvector, 
then this product (regression coefficient x eigenvector) 
constitutes the response function for the dependent variable 
under analysis» If there is more than one significant 
eigenvectorr then the two or more product vectors are added 
to create the response function, The response function is 
in normalised units and can be used as a transfer function 
in the prediction of numerical values of Y (see Fritts et 
al,, 1971),



CHAPTER IV

RESULTS

Variation in Yield Parameters 
Over - Space

Wax percentages at all sites for 1974 were normally 
distributed and ranged from 44,53% to 55.03% with a mean of 
48.7 6% and error variance of 1,2%, The F test was signifi
cant at the .05 level with F =>■ 17.23, The least significant 
difference at the ,05 level (LSD Qg)' = 1.68%. Site means 
for per cent wax as Well as average seed weight per site
can be found in Appendix B,

Figure 3 is the histogram for average seed weight 
per site from 38 sites in 1974. The distribution is normal 
with the great majority of sites falling between ,4g and 
,6g. The coefficient of variation (CV) of 16,0% is rela
tively low, about one-half that found by Yermanos (1974) in 
his study of seed weight in 13 8 individual plants.

In the study of variation in per cent wax among the 
15 individual plants adjacent to soil pits, the means ranged 
from 42.07% to 54.32% with an overall mean of 48,76 + 3.63% 
and error variance of 1.53%, The F test was significant at
the .05 level with F = 21.59. LSD(05) = 2,23%, Mean wax
percentages per plant along with mean seed weights can be 
found in Appendix B .
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Average seed weights per plant for the 15 plants 

adjacent to soil pits ranged from 0.33g to 0,76g per plant 
with a mean of 0,504 + 0,13 4g, The CV = 26,6% is quite 
close to the 32% found by Yermanos (1974), The distribution 
appears to be somewhat skewed to the lower end of the scale. 
Values for mean seed weight per plant appear in Appendix B , 

Total yields per plant for the 15 individual plants 
at different sites ranged from 16.6g to 433,4g with a mean 
of 158.1 ± 137,5g,. The CV was very high at 87,0%, which 
was not surprising due to the Variation in plant age, 
microtopographic situation, soil, etc.

In the study involving 19 individuals at the Tonto 
Experimental Site in 1974, mean values for per cent wax 
ranged from 41.3 to 53.9% with an overall mean of 49,8% and 
error variance of 1,21%. The ,F test was significant at the 
.05 level with F = 20,14 and LSD(05) = 2,53%, Mean wax 
percentages of the same plants in 1973 ranged from 39,33% 
to 51,5% with a mean of 46.74% and error variance of 0,96%, 
The F test was significant with F = 19,96% and LSD(05) = 
2.0%, Mean values for wax percentage and seed weight as 
well as total yield per plant for both 1973 and 1974 appear 
in Appendix B ,

Average seed weight per plant at Tonto in 1974 
ranged from 0,230 to 0.692g with a mean of 0.351 f O.lllg, 
The CV = 31,6% is very close to that found by Yermanos 
(1974) in his study of single plants at Aguanga, California,



in 1972. In 1973 the average seed weights per plant for 
the same bushes ranged from 0,308 to 0.7 per plant with a 
mean of 0.513 ± 0.119g, The CV = 23.2% is lower than the 
value for 197 4.

Total yields per plant at Tonto for 1974 ranged from 
from 31.7 to 615„4g with a mean of 177,6 + 146,8g, The 
CV = 82,7%t almost as high as that found in the study 
involving the 15 individuals at different sites» The total 
yields per bush in 1973 ranged from 120.9 to 1383,5g with 
a mean of 427.8 ± 316,Sg. The CV - 74.1%. A summary of 
the above data on variation in space appears in Table 1.

Variation of Yield Parameters jn Time
Table 2 shows the paired comparisons study conducted 

with 19 individual plants at Tonto for 1973 and 1974, The 
average total wax is the product of total yield per plant 
in grams and per cent liquid wax, • All differences between 
values for 1973 and 1974 were significant at the ,05 level. 
Note that per cent wax went up from 197 3 to 1974 while 
average seed weight per plant, total yield per plant, and 
total wax went down during the same period, Spearman's 
test showed that the only rankings that were significantly 
related for 197 3 and 1974 were those of per cent wax, with 
Rg = ,647.

Figure 4 shows the monthly precipitation and mean 
monthly temperatures recorded at Coolidge Dam for the 12



Table 1, Summary of Variations of Yield Parameters in Space

% Wax X Weight/Plant Total Yield/Plant
X /MSB LSD X S GV X S CV

All sites— 1974 Cn=42). 48,8 1,20 1,68 . 503g .0 81 16.0 — — -r-r- --

Soil-plant pedons (n=15) 48.8 1,53 2,23 , 504g ,13 4 26,6 158.Ig 137.5g 87.0
Ton to-—^1373 Cn=19J_ 46,7 Q, 96 2 , 0 0 , 513g ,119 23,2 427.8 316,8 74.1
Tonto--127 4 (n=13I 49,8 1,21 2,53 ,351 .111 31,6 177.6 146,8 82.7

LOM



Table 2. Paired Comparison Study, Tonto Site 1973 and 1974 (n=l9)

1973 1974

1973

Amount

-1974
Percentages
1974/1973

Percentage of Wax 46,75 49.83 -3.08* 107
Mean' Seed Weight (g). 0.513g 0,351g 0,162g* 68
Mean Total Seed yield CgI/Plant 427,8g 177,6g 250,2* 42
Mean Total Wax Cgl per Plant 204„3g 8 9, 4g 114,9g* 44
12-Month Precipitation (inches)a 22, 4 « 6,2« 16,2" .28
Mean 12-Month Temperature °Fa 63.5* 66.7° —3 ,2 105• ■ \ • ■ ■ ....

*Significant at .05 level.
aFor 12 months previous to harvest,
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months preceding the 1973 and 19 74 harvests. Normal annual 
rainfall at Coolidge Dam is 12 inches and so the twelve
month period prior to the 1973 harvest had twice the normal
precipitation while the twelve month, period prior to the 
1974 harvest had only one-half the normal precipitation. 
Total rainfall for the period preceding the 1974 harvest was 
only 2 8% of the precipitation received in the same period 
prior to the 1973 harvest. Total average yields for the 
1974 harvest equalled about 42% of those for 1973. The mean 
temperature for the 1972-1973 season was more than three 
degrees lower than that of the 1973-1974 season with March 
and April, 1974, standing out as considerably warmer than 
the same months in 1973,

Soils and Parental Materials
Table 3 shows the classification, to the family

level, of the 15 jojoba soils for which data were gathered» 
The sites are arranged, in order of increasing percentage of 
wax. The Graham series was the only series that could be 
identified definitively. Most of the soils that yielded 
seed low in wax percentage were Lithic subgroups and 
skeletal families, while most of the soils yielding seed 
with high wax percentages were in Typie subgroups, or. if 
in Lithic subgroups, then the families were clayey. Raw 
soils data for the 15 B horizons analyzed can be found in 
Appendix C.



36
Table 3. Classification of Soils in U* S„ Comprehensive 

System

Site % Wax Subgroup Family Series
20 42.07 Lithic Camborthid Loamy skeletal, 

mixed,.thermic
13 43.91 Lithin Camborthic Loamy skeletal,

• mixed, thermic
12 44.64 Lithin Torriorthent ' Sandy skeletal, 

mixed, thermic
17 46.05 Lithic Haplargid Clayey skeletal,. 

thermic
29 46.69 Lithic Torriorthent Fine loamy, 

mixed, thermic
6 47,75 Typic Haplargid Fine loamy, 

mixed, thermic
24 48,17 Lithic Camborthid Coarse loamy, 

mixed, thermic
14 48.42 Lithic Haplargid Loamy skeletal, 

mixed, thermic
4 49.59 Typic Paleargid Fine, , 

thermic
0 50, 83 Typic Paleargid Pine, , 

thermic21 51.49 Typic Torriorthent Sandy skeletal, 
mixed/ thermic

16 51.67 Lithic Haplargid Fine loamy, mixed, thermic
19 52.53 Typic Torriorthent Loamy, skeletal, mixed, thermic
7 53.20 Lithic Argiustoll Clayey, mOnt- 

morillonitfc, 
thermic

Graham

26 54.32 Lithic Argiustoll Clayey, mont~ 
morillonitic, 
thermic

Graham
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Parental materials were found to be very similar to 

those reported by Zacatecas (19431 and Gentry (1958), Of 
parental materials sampled at 20 sites, 7 were granitics,
3 basaltics, 8 acid Volcanics, 5 metamorphiCs, and only 
one was of sedimentary origin, . Geomorphologically, 12 of 
the parental materials were of residual nature, 6 were 
colluvial (bajadas, screes), and 2 were alluvial. Appendix 
C contains more detailed information on the petrology of 
the 20 above mentioned sites.

Functional Relationships Among Yield 
Factors and Environmenta1 Factors

Functional Relationships 
Among Yield Factors

Table 4 is the summary of simple correlations among 
yield parameters. The simple correlations of total yield 
per plant with both per cent wax and average seed weight at 
Tonto in 1973 Were significant at the ,05 level. Average 
seed weight per plant did not significantly correlate with 
per cent wax and the average length-width ratios per plant, 
did not significantly correlate with any of the other 
parameters. Average seed weight per plant and per cent wax 
was the only significant correlation found at Tonto in 197 4.

In the study of 15 individual plants at the soil 
pits, none of the correlations among the three parameters 
were significant at the ,05 level.



Table 4, Summary of Simple Correlations Among Yield Parameters

. % Wax . . Mean Seed Weight Total Yield/Plant
1973 1974 1973 1974 1973 1974

Tonto^— 19 Plants:
Mean seed weight/plant 
Total yield/plant 
Length’-width ratio

0.35
0.45*
0.24

0,49*
0,16 . 0,46* 
0,26 0.37

0.20 
-0.01 0,02 0.07

Soil^piant Pedons^-15 plants:
Mean seed weight/plant 
Total yield/plant

0,47
0,19 0,46

*Significant at ,05 level.
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Figure 5 is the scattergram for the regression of

per cent wax on average seed weight for all sites sampled
(N = 42). The values for seed weights are the weights of
the seed analyzed for per cent wax and not the values for
average seed weight per site. The regression is signifi- 

2cant with r  =0,21, The prediction equation for per cent 
wax as a function of seed weight in grams follows:

Y = 44,62 + 9,02X .(1)

Relationships Between Yield Factors 
and Environmental Factors

Table 5 is the multiple regression analysis and
correlation matrix for per cent wax as dependent variable
and site elevation (Xg) and average seed weight (X̂ ) of.
largest seed as the independent Variables. Both variables

x 2 are significant at the ,05 level, R for the 2-factor model
is 0,333 thus accounting for one-third of the variance in 
wax per cent by changes in site elevation and seed weight. 
The correlation matrix shows the two significant simple 
correlation coefficients (r) and also shows that no sig
nificant correlation exists between the 2 X variables, The 
multiple regression equation for the above model follows:

Y = 41.6 + 9,74(X1) + 0.0026(Xg) . (2)

The response surface for the 2-factor model 
described in the above paragraph appears in Figure 6. It 
should be noted that seeds of the same weight contain a
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Table 5. Multiple Regression Analysis, Per Cent Wax with Average Seed Weight and Elevation

Variable F Sig. R2 r Overall
F

Overall 
Sig.

(X-,) Mean Seed 
Weight 12. 69 .001 0.2338 ,4834

CX2) Site Elevation 4. 90 .034 0.3328 ,2761 8,23* ' . 001

Equation 2: & = 41.6 + 9,74CX1) + 0. 0026 (X2)

*Significant at the .05 level.
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higher per cent liquid wax at higher elevations than at 
lower and that at a constant elevation, per cent wax in
creases directly with seed weight„

The correlation matrix for yield and soil parameters 
from the 15 soil-plant pedons appears in Table 6, Per cent 
gravel. Ml EDTA, and soluble salts were all negatively 
correlated to a significant degree with per cent liquid wax 
and that per cent silt was positively correlated with per 
cent wax. Note also that average, seed weight per plant was 
not significantly correlated with any of the soil parameters 
nor with per cent wax. Some significant intercorrelations 
among the independent variables include NO^ with Ml EDTA, 
per cent clay, and per cent sand, etc. The means of 
standard deviations of the nine soil variables appear in 
Table 7.

Table 8 is the stepwise multiple regression analysis
for the 2-factor model of per cent wax with per cent gravel

2and soluble salts (ppm), With R = 0.705, more than 70% 
of the variance in wax per cent can be accounted for by 
change, in the per cent gravel (X̂ ) and soluble salts (ppm) 
(X2 ). The prediction equation'resulting from the above 
model follows:

Y = 57, 69 - 0,123 (X1) - 0,0132. (X2) , (3)

The response sufface for Equation (3) appears in 
Figure 7, Since both independent variables are negatively



Table 6, Correlation Matrix for' Yield and Soil Parameters— •1974. Arizona

%
Gravel 

Cr).
NCU
A

Ml
EDTA
Crl

pH
Crl

Soluble 
Salts 
Crl .

%
Clay 

. . Crl .
% . 

Silt 
Crl .

%
Sand.
Cr).

X
Seed 

Weight 
. Cr)

Per cent sand .04
Per cent silt -.65* .02
Per cent clay .35 -.93* -.11
Soluble salts — .26 — 0 13 .25 -.31
pH ,11 —. 20 . 3 3 .04 .28
Ml EDTA ,22 ,92* -.46 -.07 .39 -.38
N03 Cppm). .38* ,07 ,47 -.30 -.12 .29 -.28
P04 Cppm I -,05 ,27 .44 .17 — .26 -.09 • 21 — .03
% Gravel ,14 ,35 ,29 -.29 ,16 -.61* -.69* .72* -.09
% Wax. t-,.73* . .**,.22 r.32 -,.54*. .32 -.52* .32 .66* — ,4.8 .47

*Significant at „05 level,
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Table 7, Means and Standard Deviations of Soil Parameters

Mean and Standard Deviation

% Sand 53,24 + 19.07
% Silt 20.31 + 7.90
% Clay 27,05 + 14.34
% Gravel 36.54 + 18:99
Soluble Salts 336,93 + 109.91
PH 7.24 . + .47
Ml EDTA ,37 + ,17
N0o . 20,41 + 20,093
PO, 6,88 + 5.55



Table 8. Multiple Regression Analysis, Percentage of Wax with Percentage of 
Gravel in B-Horizon, and Total Soluble Salts (ppm) in B-Horizon

Variable F Sig. R2 r
Overall

F
Overall
Sig.

(X1l Percentage of Gravel 15,21 .002 .53 92 -.7343
Cx2l Total Soluble Salts 6.77 .023 ,705 4 -.5225 14.37* .001

Equation 3: t = 57,69 - 0,123 CX1) - 0.0132(X2)

*Signifieant at .05 level.
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related to per cent wax, the higher values for Y appear in 
the lower left hand corner of the figure, A soil with a 
B horizon containing 40% gravel and about 36Oppm soluble 
salts would be estimated to yield seed containing 48% wax.

An alternate regression was run excluding per cent 
gravel, The 2-factor model that emerged from this regres
sion had per cent silt and soluble salts as the independent 
variables, Table 9 is the stepwise multiple regression 
analysis for this model which accounts for about 63% of the 
observed variance in wax per■ cent, The multiple regression 
equation for the 2-factor model with per cent silt (X̂ ) and 
soluble salts (Xg) follows:

Y = 48.1 + 0,266(X1) - 0.014(X2) (4)

Figure 8 is the response surface for,Equation (4). 
Because silt is positively related to wax and soluble salts 
are not, the slope of the surface is from the lower right, 
where high values of silt and low values of soluble salts 
predict the highest wax percentages« A jojoba plant growing 
in a soil with lower horizons containing 20% silt and about 
60Oppm soluble salts would be predicted to yield seed with 
45% wax,

Table 10 shows the response function derived from 
the significant regression of per cent wax on the.amplitudes 
of soil eigenvectors 1 and 4 The response function is 
shown in both normalized and actual units, The product



Table 9, Multiple Regression Analysis, Percentage of Wax with Percentage of Silt 
in B-Horizon, and Total Soluble Salts in B-Horizon.

Variable F Sig. R2 r
Overall

F
Overall
Sig.

Cx1i Per cent silt 9. 996 .007 .4347 .6593 9,996* .007
Cx2l Total soluble salts (ppm) 6.185 .02 9 .6270 -.5225 10.085* .003

Equation 4: f = 48.1 + 0.266 CX11 - 0 ,0 1 4 cx2i

*Significant at .05 level.
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Table 10. Response Function for Percentage of Wax as a Function of Soil Factors

Soil Factor
Response Function 
in Normalized Units

Response Function 
in Actual Units

Per cent sand 00HoI 49.81%
Per cent silt 0.54 24.58%
Per cent clay ’-0,17 24,61%
Total soluble salts -1.03 223,72 (ppm)
PH' : . o 00 7.47
Ml EDTA ■ -0,73 0,25
NOg Cppml 0,31 26.64 (ppm)
P04 ^pml -0.71 ' 2,94 (ppm)
Per cent gravel -0,58 25.53%
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vectors of EV1 and EV4 (EV x regression coefficient), along 
with their sum, the response function, are shown in Figure 
10, The response function describes a B horizon (or lower 
horizon) that is a sandy clay loam in texture, not much more 
than 25% gravel by weight, low in soluble salts of both the 
monovalent (Na+ and k"1*) and the divalent (Mg++ and Ca++) 
type, neutral to mildly alkaline in pH, not very high in
NO 2 , and low in PO^ The response function shown in Figure 
10 has = .695, slightly lower than that found with the 
2-factor gravel and salts model.

Figure 9 shows the response function plotted with 
the normalized soil characteristics from sites 7 and 26,
The plants in these two soils yielded seed highest in per 
cent wax, and are both in the Graham series. The lines for 
sites 7 and 26 are run roughly parallel to the response 
function, while in Figure 10, which follows, the lines do 
not. Figure 11 shows two soils classified as Lithic 
Gamborthids in which the two plants lowest in wax per cent 
were growing. The lines for /the normalized soil character
istics from sites 20 and 13 are roughly mirror images of 
the response function, It should be noted that the response 
function predicts site 13 with a relatively high residual. 
The mean residual of the values predicted by the response 
function was 2.251, which reduced the error variance by
61,6%. The figure of 61.6% reduction of error (ROE) is

2about 8% lower than the R = ,695 for the response function
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itself. The R2 for the response function indicates the per 
cent variance in Y accounted for by change in the amplitudes 
of EV's 1 and 4, while the ROE indicates the ratio between 
the residual variance after estimation and the total 
standard deviation?

2 .

ROE = ^2— )T + Ol) = -0,616, • (51
(3.63)

None of the amplitudes of the eigenvectors were 
found to be significantly correlated with the average seed 
weight per plant.

Average seed weight was found to be significantly 
related to both October and December mean monthly tempera
ture in 1973. Table 11 is the multiple regression analysis 
of the 2-factor model relating average seed weight per 
plant to October (X̂ l and December (X^), 1973, mean monthly 
temperature and the 3-factor model which includes January, 
1974, mean temperature, The first model accounts for 43,5% 
of the observed variance in average seed weight, The 
response surface for this model is shown in Figure 12, The 
multiple regression equation for the model is

Y = 0.935+ 0.023X1 - 0,023X2. (6)

The high mean temperatures in October and low means in 
December led to light seed, while low October temperatures 
and high December temperatures led to heavier seed. The



Table 11, Multiple Regression Analysis: 2 and 3 Factor Models, Mean Seed Weight 
per Site with October and December 1973 and January 1974 Mean Tempera
tures

Variable F Sig, R2 r Overall F Overall Sig.

December 1973 7,78 5 . 009 . 2007 , 4480 7.786* . 009
CX2I October 1973 12,406 ,001 .4346 . 0958 11.528* . 000
(Xg) January 1974 4,713 , 038 .5136 .2512 10,208* .000

Equation 6? Y — 
Equation 7: Y =

,935 + 
,847 +

,023 0^1 - 
,035 CX11 r.

, 023 CX21 
,016 CX21 r- , 021 CXgl

*Sign±ficant at ,05 level.
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addition of January, 1974, mean monthly temperatures to the

2model increased the R value to 0,514, accounting for an 
increase of almost 8% in the variance, Tabid 11 (p, 57) 
shows the stepwise regression analysis for this model, The 
equation for the model is:

Y =  0,847 + 0,035 (X1) - 0.016 (X2) - 0,021-(X3) (7)

It should be noted that the January mean monthly temperature
(X_) is negatively related to average seed weight,

J  ,

Figure 13 is the scattergram and simple linear
regression for average seed weight per site regressed on

- 2 November, 1973, precipitation at 33 Arizona sites, The R =
,1545 is weak but significant.

Table 12 is the stepwise multiple regression
analysis of a model with per cent wax as the dependent
variable with April, 1974, mean monthly temperature (X̂ )
and January, 1974, precipitation (Xg) as the independent
variables. This study was conducted with weather data for
33 Arizona sites. The multiple regression equation for
this model is

Y = 58,42 - 9218CX1) + 1.89(X̂ ) (8) .

The response surface described by Equation • (.8) 
appears in Figure 14, The highest wax percentages are 
predicted at those sites that received heavy January rains 
and experienced cool April temperatures, The lowest wax
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Table 12. Multiple Regression Analysis, Percentage of Wax with April 1974 Mean 
Temperature tXjI and January 1974 (Xg) Precipitation

Variable F Sig, R2 r
Overall

F
Model

Significance

(X^l Mean Temp, April 1974 . 13.68 .001 ,3062* ,5533 13.68* .001
CX2 I, January 1974 precipitation 5,54 ,025 ,4144* -.38 07 10.62* ,000

Equation 8; ¥ = 58,42 r. ,218CX-̂ 1 + 1.89-CX21

*Significant at ,05 level.
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percentages are predicted at those sites that received
little rain in January and experienced warm temperatures in
April, 1974, The ROE for this, model was 0,36,

Principal component analysis was employed in the
analysis of the weather data, Weak but significant response
functions were created from regression coefficients derived
from the regression of average seed weight per site on the
amplitudes of the first four eigenvectors of temperature
and precipitation, The fourth eigenvector of precipitation

2was found to be related to average seed weight with R = 
,1422, The third eigenvector of temperature was found to 
be related to average seed weight with R^ = ,2022, The 
significant eigenvector for precipitation (X̂ ) accounted for 
ten per cent of the pattern variance in rainfall and the 
significant eigenvector for temperature (T̂ ) accounted for 
six per cent of the pattern variance in temperature.

Table 13 show the response functions for average 
seed weight with precipitation and temperature. The 
response functions are given in both normalized and actual 
units, Both response functions describe situations in which 
the mean values for the climatic variables maximize the 
average seed weight per site.



Table 13, Principal Component Response Functions for Mean Seed Weight per Site 
with Monthly Precipitation and Mean Monthly Temperature, Normalized 
and Actual Units

Precipitation Temperature
Month and Year Normalized " Actual Normal!zed Actual

July. 1973 
August 1973 - 
September 1973 
October 19.73 
November 1973 
December 1973

0.0071 1.94" 
-0.0048- 1,11". xT'-r' . nw
0,0019 1,36"

t-'t- ■ t-t*

-0.0042
-0.0073
-0.0087
-0,0044
0.0121
0.0208

83.6°F 
. 83,3 °F 
77,0 °F 
68.5°F 
55,3°F 
49,5°F

January 1974 
February 1974 . 
March 1974 
April 1974'
May 1974 
June 1274

0.0027 2,72" 
0.0207 0.09" 
0.0167 1,69" 

-0.0215 0.16"

0,0147
0,0120
0,0011

-0.0196
-0.0177
-0.0043

46.8°F 
4 8, 8 0 F 

. 54.40F 
61,30F 
71,4 °F 

• 84.2°F
R2 - 0,1422 2. R = 0,2022
B = -0,0352 B = 0.0427



CHAPTER V 

DISCUSSION AND CONCLUSIONS

Variation of Yield Parameters in Space 
The range, mean, and variance for percentage of wax 

among plants from all sites was similar to those reported 
by Gentry (1958)„ However, the important feature of this 
study is that the data were analyzed by analysis of variance 
and the results found to be significant; i.e., the differ
ences among the sites would have occurred due to chance in 
only 5 out of 100 times. The above is also true for the 
differences among individual plants at different sites and 
among plants at the same site„ It is interesting to note 
that the error variances of the three groups were quite 
similar and the least significant differences were between 
1.5% and 2,5%. Also, the three means were not statistically 
different, The reasons for the above are beyond the scope 
of this study, but may indicate that local site factors or 
individual plant factors (age, genetic makeup) are of major 
importance as opposed to broad geographic factors. Since 
this study was carried out mostly in central Arizona, a 
broader study, with sampling and subsampling at each site 
corrected for plant age, would contribute more information 
in this area.
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The data concerning average seed weight per plant 

and total yield per plant were not analyzed by analysis of 
variance, so significance could not be determined, In 
general, average seed weight per plant appears to be more 
variable than percentage of wax and total yield per plant 
much more variable than either of the other factors. Again, 
as with percentage of wax, a broader based study, with 
subsampling done in a nested Classification, would go far 
toward partitioning the variance within sites from that 
among sites„

Variation Of Yield Parameters in Time 
The study at Tonto for 1973 and 1974 shows, that the 

two years do constitute different populations as regards 
the parameters under study* In terms of rainfall, 1973 and 
1974 represent the two extremes for the locality and as 
such, might be expected to result in significantly different 
populations„ The fact that percentage of wax increased 
during 197 4, while average seed weight per plant and total 
yield per plant decreased, may be due to the larger, heavier 
seed containing more water per unit volume than did the 
smaller, lighter seed, with the amount of wax staying rela
tively constant,

The significance of Spearman Vs test for the per
centage. of wax data indicates- that there may be .something 
constant involved in the relative values for. percentage of



wax from one year to the next„ Whether the constant factor 
is edaphic, plant age, genetic makeup, or a combination of 
the above can not be determined from this study,' The ranks 
for 197 3 and 1974 for both average seed weight per plant 
and total yield per plant were not significantly correlated. 
This may reflect a situation in which a given individual's 
performance is substantially altered by environmental con
ditions such as precipitation and mean monthly temperatures, 
which are highly variable from one year to the next. The 
above data might also reflect a condition of biennial , - .
bearing with some plants in the "on" year and others in the 
"off" year.

It is interesting to note that precipitation in 1974 
equalled 28% that of 1973, but the 1974 mean total yield per 
plant equalled 42% of the 1973 total. This 14% difference 
may be indicative of a holdover effect from the previous 
season, somewhat analogous to that reported with Pinus 
monticola by Zahner and Donnelly (1967) . Finally, the 
appreciably warmer spring temperatures in 1974 may have 
contributed to crop loss due to sunburn as described by 
Gentry (1958) for the 1957 crop in Arizona, Since two 
years' data are clearly insufficient for a full elucidation 
of these questions of performance over time, a study over a 
longer period, at different sites, could be expected to more 
fully clarify this area.



Soils and Parental Materials 
The soils and parental materials found were very 

similar to those reported By Both Zacatecas (19 43) and 
Gentry (1958). In no case was'jojoBa found growing on a 
soil derived from limestone, mudstone, shale, or any other 
rock of marine origin*- In only one case was it found on 
sandstone. In one case a limestone slope directly across 
from a volcanic slope thick with jojoba was entirely devoid 
of jojoba. In general, the shallower, sandier soils sup
ported sparser, weaker stands„ The Graham series was found 
to support the finest stands along with other older soils 
of the Mogollon Rim region. The Graham series is in a 
Lithic subgroup, but this seems to be compensated for by the 
heavy, well-developed B horizon and perhaps also by the 
montmorrillonitic (high shrinking-swelling capacity) nature 
of its clays. All families encountered were thermic; i.e., 
the mean annual soil temperatures were all above 590F,

It may be that jojoba has certain soil preferences, 
in mountainous or. hilly areas on residual soils, such as in 
central Arizona? and different preferences in areas of 
deep sandy soils over sources of groundwater, such as in 
Yuma County, Arizona? or on the deep, arkosic sands of 
California and Baja California, Retention of precipitation 
may be crucial in the first case and root penetration may 
be crucial in the second,
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Functional Relationships among Yield 
Factors and Environmental Factors

Functional Relationships 
Among Yield Factors

The interrelationships, among the yield parameters of 
jojoba are definitely an area needing further research„
The conflicting results from one year to the next and from 
one population to the next indicate that these interrela
tionships may differ markedly under different conditionsi 
The true relationship of percentage of wax to total yield 
over a number of years would let us make better use of this 
easily determined property in the evaluation of planting 
sites and planting stock. The relationship of average seed 
weight per plant to total yield per plant under various 
conditions would allow us to decide whether this is a 
factor to maximize or not. The fact that no morphological 
traits have been found to correlate significantly with any 
of the yield parameters does not mean that none will be 
found and a' systematic study of the relationship of various 
anatomic and morphologic traits to the yield factors might 
still give some useful evaluative characters,

Relationships Between Yield Factors 
and Environmental Factors

Keeping in mind that the relationship between per
centage of wax and plant vigor, and productivity is de,~ 
batable, I will discuss these results assuming that
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conditions that maximize percentage of wax are desirable 
conditions for" the growth and development of jojoba. Since 
edaphic factors were found to relate most strongly to per
centage of wax, I will discuss them first,

Availability of soil moisture, particularly at 
crucial times in the growth cycle/ appears to be of primary 
importance, The soil predicted to maximize percentage of 
wax would have a B horizon relatively low in gravel and 
relatively high in silt and clay,, This soil would also be 
relatively deep and low in total soluble salts, It may be 
that the degree of soil salinity becomes most important in 
very dry years or in the hot dry months of early spring 
when seeds are developing, The presence of an excess of 
soluble salts at this time might decrease the matric 
potential of the soil and thereby inhibit imbibition by the 
roots of jojoba, having a deleterious effect on seed 
development, In relating the results of this study to those 
found by Adams, Bingham, Yermanos et al, (1976), it seems 
that jojoba is somewhat salt tolerant but not very water 
stress tolerant and that in its native soils, the effect Of 
increased soluble salts may be to aggravate water stress 
problems because.of the decreased soil matric potential,

The lack of significant correlations among per-
cent ages of wax and soil nutrient.status tends to support 
the conclusion of Adams, Bingham, and Yermanos (197 6), that 
in its native soils, water is more limiting than nutrients,
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The impact of climatic factors on percentage of wax 

does not seem to Be as marked as that of edaphic factors r 
but is not inconsiderable. The results found in this study 
gend to confirm Gentry's (1958). hypothesis that winter rains 
are most beneficial and that high spring temperatures are 
undesirable. This also lends Some support to the above 
hypothesis that relatively high concentrations of soluble 
salts may enhance the negative effects of high spring 
temperatures, especially in ytiars of low winter-spring 
rainfall, as in 1974,

It should be noted that none of the pedons studied 
were in bottomland sites, even though some bottomland soils 
in jojoba's range might seem to be well suited to it. Al
though the reasons for jojoba's absence on these soils is 
beyond the scope of this study, I suggest the following 
hypotheses, It is possible that jojoba does not appear on 
these soils due to periodic flooding. Results with runoff 
farmed jojoba on clay soil at Sells, Arizona (Molino, 1975) 
tend to indicate that jojoba standing in puddled water will 
die quickly without drainage. This would seem to indicate 
that while the moisture holding capacity of the soil is 
important, soil aeration may also play a significant role 
in the success of jojoba. Another factor governing the 
absence of jojoba on these bottomland soils might be the 
propensity, of these sites to collect cold air during the 
winter, thus causing freezing of young plants, The above



did in fact happen at The University of Arizona Campbell 
Avenue Farm in the winter of 1974-75 (Hogan, .1975). „

It would seem that the above picture of jojoba’s 
site preferences would be most useful in evaluating sites 
on which it might most successfully be dry-farmed with a 
minimum of capital input and advanced technology, It is 
possible that techniques could be devised whereby jojoba is 
established on such sites with the aid of portable water 
harvesting systems which could then be moved to a new site 
after successful stand establishment,

An expansion of the soils study, with more sites and 
more pedons per site, conducted over 3 to 5 years, would go 
far toward establishing the role of local edaphic factors 
in the productivity of j oj oba under dry-farming conditions„ 

The implications of the results concerning average 
seed weight per plant and temperature are somewhat dependent 
upon the desirability of larger or smaller seed in relation 
to total yield per plant. Since the above relationship is 
still imperfectly understood, I will not speculate further 
about it. However, the desirability of large seed for 
adequate germination and seedling vigor is a definite 
possibility, It is possible that inhibition of transloca
tion is the primary cause of light seed under the conditions 
of high mean October temperatures and low mean December 
temperatures. Both of the above mentioned conditions are 
stressful and:could .have led to the formation of callose
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in the sieve elementst somewhat as described by Currier 
(1957) . . The deposition of callose in the sieve elements 
could then have inhibited photosynthesis in the spring via 
a negative feedback mechanism triggered by the buildup of 
photosynthate or simply inhibited translocation of photo- 
synthate, Both of the above could result in smaller 
lighter seed in the 1974 season„



APPENDZX A 

LOCATION OF ARIZONA SITES 

Site Eley. CM) County Latitude Longitude
1 1146 Gila 33°18 f N ■ 110*31'W2 .1061 Gila , 3 3 ° 18 * N 110*311W
3 1036 Gila 3 3 ° 10 ' N 110 * 311W
4 1079 Gila . 33*23'N 110° 40'W
5 1097 Graham 33*19'N 110*23’W
6 978 Graham 33 *161N 110*24'W7 1234 Graham 33*18'N 110*05'W8 902 Gila 33*15''N 110*50’W9 1052 Gila 33*55'N 111* 53'W

10. 1061 Gila 33*46'N . 110*58'W
11 762 Gila . 33*40'N . 111* 02 fW
12 983 Gila 33*45fN 111*30fW13 779 Gila 33*45'N . 111*25PW14 10.27 Gila 33 * 45 'N 111*15'W
15 695 Gila 33 * 40 ’’N 111*09 'W
16 866 Maricopa 33*30 N̂ 111*10'W
17 829 Pinal 33 *20 ’'N 111°10'W
18 780 Pinal 33*18'N 111*07 *W
19 7 81 Pinal 33*18 'N 111*07'W
20 823 Maricopa 3 3 * 5 0 ’’ N 111*29'W21 878 Maricopa 33*35'N 111*50PW22 957 Maricopa 33*50'N 111*45'W
23 677 Maricopa 33°51'N 111* 451W24 998 Maricopa 3 3 * 5 0 1N 111*40'W25 1146 Yavapai 33*50'N 111*55'W
26 963 Yavapai 34°20'N 112*10'W27 1180 Yavapai . 34*20'N 112*40'W
28 1067 Yavapai 3 4* 00'N ’ 112*30 'W
29 994 Yavapai 33*50'N 112*35 fW
30 227 Yuma 33*15 'N 114*20 fW31 610 Yuma 33 * 20'N 114*10'W
32 372 Yuma .. 33*20'N 114° 00 f'W34 1090 Pima 31*55 ■ 111*50'W35 945 Pinal 32*38fN 111*05’W36 885 Pima 32*20"N 110*50 PW37 90 0 Pima 32*20 fN 110*50'W
38 800 Pima 32*20'N lll*10fW



APPENDIX B

RAW YIELD DATA

Table B.l. Raw Data All Sites and Soil-Plant Pedons

Site X % Wax X Seed Wt Site X % Wax X Seed Wt
1 53,10 0.491g 30 49.29 0.696g2 50,10 0.474g . 31 48.47 0. 542g
3 49, 05 0.477g 32 0.387g
4 51,40 0.439g . 33 48.42 0.333g
5 50, 83 0.376g 34 50, 90 0.448g
6 47,63 0.435g 35 48.96 0.348g
7 49,25 0.497g 36 45,68 .0.57 9g
8 47,61 0.336g 37 44,53 • 0.514g
9 46.05 0.5 61g 38 46.49 0,519g

10 52,47 0,513g 40 48, 98 0.654g
11 46,62 0.368g 44 48.69 0,50 8g
12 49,64 0,491g 45 47,90 • 0.428g
13 51,12 0,439g
14 47,27 0.423g 4 49,59 0.425g

. 15 48.59 0.414g . . : 6 47,75 0.58 5g

. 16 51,81 0,57 0g • 7 53,20 0.688g
17 50,34 0,583g 10 50.83 0,390g
18 48.82 0.524g 12 44.64 0,506g
19. 52,98 0,461g ' 13 . 43,91 0.440g
20 51,91 O.Sllg 14 48.42 0.435g21 52.21 0,580g 16 51.67 0,510g22 50.86 0,643g 17 46.05 0,33Og
23 51,34 0. 46 8g 19 52,53 0.344g
24. 51.17 0.593g 20 42.07 0,37 Og .
25 54.31 0.708g 21 51.49 :■ 0.760g
26 55,03 0,497g 24 48,17 0.610g
27 53,24 0.494g 26 54.32 0.678g
28 50.74 0.583g 29 46,69 0.489g
29 52.41 0,589g

75.
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Table B, 2, Raw Data/ Tonto 1973 and 1974

Plant
Percentage of Wax X Seed wt/Plant Total Yield/Plant
1973 1974 1973 1974 1973 1974

F 64 51. 50 53.84 0.501 0.475 400.7 91.6g
G 12 51.42 54.90 0.629 0,45 6 726.6 303.Ig
D 7 50.92 52,75 0,440 0.350 255,6 58.3g
G 32 49.84 53,80 0,648 0,312 1383.5 290.2g
C 26 49,09 53.02 0,430 0,2 88 771.0 65, 6g
EX 1, 48,84 52.84 0.610 0.372 192.8 62. 2g
C 58 48.00 51.09 0.350 0,315 351.8 119.Ig
E 76 47,15 46.50 0.710 0.250 463,8 220.6g
F 70 47,00 51.33 0,471 0.404 705.3 320.IgH 27 46.67 51.34 0.700 \ 0.692 690.3 312.7g
A 4 46.37 48,50 0.428 0.330 186.0 615,4g
E 69 46.17 45.02 0,5 80 0,270 179,3 31. 7g
EX 73 45.76 48, 67 0.420 0.230 143,6 244,3g
EL 64 45,02 52.67 0,630 0,370 349.6 214.2g
H 57 44,34 51,75 0,480 0.460 120.9 32. 2g
D 43 44.34 49,00 0.500 0,258 458.1 130.5g
D 48 43.50 43,67 ■0,370 0.264 191. 7 65.2g
F 84 42.90 44.83 0.533 0.262 428.8 118.5g
A ■ 1 39,33 41,27 0.308 0.306 129.4 78.7



APPENDIX C 

RAW DATA, SOILS AND PARENTAL MATERIALS
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Table C.1. Soil Characteristics

Site % Sand % Silt % Clay
Soluble 

Salts (ppm)
ECe
xl03 pH

Ml
EDTA

NO 3 
(ppm)

P04
(ppm) % Gravel

20 67, 6 13.2 19,2 546 ,78 6.3 . 62 22.4 6,8 62.3
13 64, 0 12.4 23,6 336 .48 6.9 .41 27.0 •7.8 57.012 80,0 11,6 8.4 413 . 59 7.8 .49 18.9 19.1 44.417 38 , 0 23,2 38,8 280 .40 7.0 ,28 9.8 2.3 47.5
29 59,0 18,5 22.5 490 ,70 7.4 .62 88.7 2,6 52,5
6 55,8 19,2 25,0 511 ,73 7.7 .59 11,4 4,7 22,1

24 7 8,6 11.4 10,0 182 .26 7,0 ,19 20,1 12.5 63,0 ■14 51,2 21,5 27.3 259 .37 7,4 .31 24.0 5.9 37,44 33, 0 14,5 52.5 210 ,30 6.8 ,13 6.2 2,0 22.910. 23,3 30, 7 46. 0 413 ,59 7,8 .49 18,9 19.1 15,6. 21 73,8 17,8 8,4 280 .40 7,8 .33 6,6 6,8 57.916 46,5 26,0. 27,5 280 ,40 6,5 ,31 15. 6 1.7 27,4ia 71.7 27,3 10. 0 357 ,51 7.6 .46 30,5 3,8 19,67 35,5 16, 8 47.7 259 .37 7,0 ,04 0.5 1,8 13,6
26 20,6 40,6 38.8 238 ,34 7,6 .22 5.6 6,3 4.9

X . 53,3 20,3 27.1 337 ,48 7.2 .37 20, 4 6.9 36.5s 19,7 8,2 14.9 .114 .16 0.5 .18 20,8 5.6 19.0

CO
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Site Geomorphology Parental Materials
2b Residual Basalt14 Colluyial Quartzite, Andesite
6 Alluvial Tuffas and Basalts
2a Residual Granitics '
40 Colluvial Granitics
7 Residual Rhyolitics

12 Colluvial Schists and Metamorphics
17 Residual Schist
5 Residual Rhyolitics

13 Alluvial Voicanics and Quartzite
24 Colluvial Granitics (Hish Feldspar)
4 Residual , Quartzite f Conglomerate, Rhyolitics

16 Residual Welded Tuffs and Rhyolites
20 Residual Granitics and fine Grained Quartz 

Monzonites
21 Colluvial Granitics (.High Feldspar).
29 Colluvial Granitics (High Feldspar)
10 Residual Quartzites and Sandstones
19 Residual Welded Tuffas
1 Residual Granitics
26 Residual Basaltics
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