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ABSTRACT 

Guayule (Parthenium argentatum Gray) has the potential of 

becoming an important domestic source of natural rubber. Although 

some progress has been achieved in increasing yields, for guayule to 

becolle an economically feasible crop of the southwest desert, further 

increases in rubber yield, either by increasing biomass or the plant's 

rubber content, are necessary. 

Providing the variability for these desired traits is present 

in available germplasm, the plant breeder must find a means of 

selecting for these two traits. It is obvious that biomass can be 

visually estimated, and it is therefore easier to select for this trait 

in comparison to the plant's rubber content. Due to practical con

siderations such as harvesting and processing, high rubber content 

becomes more desirable than extremely large plants. However, it is 

hoped that measured characters can be found to predict both traits in 

order to aid the plant breeder. 

The variables measured in this study were percent rubber and 

resin, rubber and resin yield (g/plt.), plant height (cm), width (cm) 

and volume m3 , fresh and dry weight (kg/pIt.), mean stem diameter 

(cm), total and mean stem area (CI02), total and mean stem circum

ference (cm), total circumference/total area (cm- I ), stem number, per

cent dry weight, and regeneration rating at two dates. 

This study examined a field with 234 guayule breeding lines, 
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which indicated that genetic resources are available for both of 

these traits. A high amount of variability existed both within and 

among these lines. It was found that dry weight (kg/pIt.) had the 

best correlation to rubber yields (r=O.92) and plant volume best pre-

diets dry weight (r=O.84), but none of these variables correlated well 

with rubber content. The best statistical regression model for per-

cent rubber included four variables, fresh and dry weight (kg/plt.), 

dry weight (%) and plant volume (m3). This model accounted for 51% 

of the variability. In comparison, the best regression on rubber 

yield had an R2=O.85 for our variables including plant height (em), 
-

width (em), volur.le (m3) and dry weight (kg/plt.) To further elucidate 

the relationship of the variables, factor analysis separated the 

majority of these variables into one or two factors, all of which are 

measurements of growth. 

It is obvious that rubber yields may be more easily increased 

by selecting for biomass. However, it appears that in the long term, 

in,;reases in rubber content will be of critical importance for rnaxi-

mum efficiency. Therefore, a measurable indication of rubber content 

is needed to aid in selecting for this trait. 



INTRODUCTION 

There has been little significant progress in the breeding of 

guayul~ (Parthenium argentatum Gray) since the discovery of its apo

mictic reproduction in 1945. Since this time breeding to develop 

guayule into an economical, feasible crop has been faced with many 

political and financial criseH that have delayed its prugress. Lack 

of success is also due to how little is known about the contribution 

of morphological characters to growth, development, and ultimately to 

yield. This information is essential for any successful breeding 

program. 

Another necessity for guayule breeding is knowledge of the 

range of variability that exists for traits that are desirable for 

selection. Providing these traits are heritable, this will aid in the 

assessment of long term planning of the breeding program and the 

progress that can be achieved. 

Guayule is an interesting crop from a genetic standpoint. 

Apomixis is facultative, in that both sexual and asexual reproduction 

take place within a single plant. An extrelaely wide range of chroluo

some numbers exist due to both euploidy and aneuploidy. Different 

degrees of self-incompatibility are present in both sexual and apomi

citic lines. Each of these factors play an important role in the 

amount of variability that is generated and established in a popu

lation. 



The purpose of this study is to examine the relationship among 

various plant morphological characters and their effect on growth, 

development, and yield of rubber. The amount of variability that 

exists within and among guayule lines will also be examined. From 

this information it is hoped that selection criteria can be estab

lished, and further areas of needed research delineated. 

2 



LITERATURE REVIEW 

Plant Morphology 

A detailed review of the morphology of guayule was presented by 

Lloyd (1911) , and Artschlo[ager (1943 and 1945). The root system of 

guayule consists of a taproot in the seedling stage which may be 

replaced by a fibrous root system (Hammond and Polhamus, 1965). 

Differences are seen in cultivated plants depending on whether the 

plant was direct seeded or transplanted from a container. The roots 

of cultivated guayule may reach a depth of 20 feet as long as no 

restriction layer in the soil is present. Bucks and Nakayama (1986) 

measured soil water depletion at a depth of ten feet with a neutron 

meter on a coarse loamy soil with four year old plants. Uncultivated 

plants rarely penetrate beyond two feet (Hammond and Polhamus, 1965). 

Adventitious shoots, called retoilOs in Hexico, may form on shallow 

roots (Lloyd, 1911). Thompson and Ray (1988) speculate this to be a 

factor in plant survival and regeneration following clipping for 

multiple harvests. 

A wide variety of growth forms are seen in guayule. Plants may 

be upright, sprawling or in between. Heights and width measurements 

taken on 423 single plant selections, five years of age were reported 

by Thompson et al. (1986) to range between 23 and 126 cm and 18 to 141 

cm, respectively. Stem numbers ranged between 4 and 44. The leaves 

are usually oblanceolate in shape, ranging in length fron 2.5 cm to 

3 



4.3 cm and in width frola 0.4 to 1.0 cm, commonly with one or two 

teethed leaf margins (Mehta et al., 1979). T-shaped trichomes on the 

upper and lower surfaces produce the gray-green characteristic color 

of guayule (Hammond and Polhamus, 1965). A juvenile leaf stage was 

discussed by Bradley and Healey (1986) during which simple ovate 

shaped leaves are produced. Leaves become progressively broader and 

more dentate at the margins until the mature oblanceolate form is 

obtained. This change in leaf shape correlates to leaf growth rate 

that approximately doubles in comparison to that seen in the juvenile 

phase. 

The inflorescence of guayule is a compound, one-sided cyme with 

flowers borne on heads on a common receptacle. The head contains five 

fertile ray florets with two attached sterile disk florets. Many 

fertile disk florets comprise the center of the head that is 

surrounded by the ray florets. Each head therefore produces five 

achenes to each of which are attached the two sterile disk florets. 

The inflorescence terminates the growth of the primary shoot as well as 

that of subsequent branches (Hammond and Polhamus, 1965). Flower ini

tiation is a result of favorable growing conditions and photoperiod. 

Higgins and Backhaus (1983) reported that guayule is a long day plant 

requiring 10 photocycles for 100% flowering. They also reported that 

flowering could be induced on plants 30 days old provided the plants 

have lobed leaves. Under irrigated conditions plants may flower from 

early spring until late fall. Under field conditions, plants receiving 

more water flower earlier than [;lore stressed plants. 



Cytology and Genetics 

Guayu1e has various ploidy levels that affects its reproduc

tion. Diploids (2N=36) are sexual reproducing and po1yp10ids are 

mainly apomictic (Rollins and Catcheside, 1951). Guayu1e strains are 

most commonly found as tetrap10ids. However, variations between 

trip10ids and octop10ids (54~ to 144~) have been reported by Ray and 

Thompson (1986). They also reported accessory or B-chromosomes in 

5 

55~~ of the diploids and 74% of the po1yp10ids screened, ~.,hich ranged in 

numbers from one to eight. Their importance to other investigated 

crops has been the effect they have on the distribution and frequency 

of chiasmata, and in po1yp10ids the pairing of homologous chromosomes. 

Their effect on guayu1e is as yet unknown. Bergner (1946), through 

pollen mother cell (PMC) analysis, reported primarily equal disjunc

tion of biva1ents at anaphase I in diploids. Trip10ids predominantly 

form biva1ents, but also triva1ents and univa1ents are produced at 

metaphase I with unequal disjunction at anaphase I. Tetrap10ids pri

marily forhl biva1ents at metaphase I, but quadrivalents, triva1ents, 

and univa1ents are also observed (Ray and Rodriguez, 1981). This une

qual disjunction, wh~ch occurs among these po1yp10ids, is a possible 

source of variation in morphological characteristics of guayu1e. This 

also gives rise to a large number of aneuploid plants within a popula

tion (Thompson and Ray, 1988). They also suggest that aneuploidy may 

cause variation in the growth habit, and possibly may cause variations 

in the quality and quantity of rubber. 

Stebbins (1941) has defined four types of apomeiosis to occur 
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in plants. Two of these were reported by Esau (1946) to occur in 

guayule. Generative apospory results from the archesporial cell devel

oping directly into the megaspore mother cell (MUe), so the first 

divisio~ is mitotic. Meiosis and the resulting megaspore formation is 

omitted. SOlllatic aposporey results from a purely somatic cell, either 

from the nucellus or more likely from the chalazal region, developing 

into the megaspore mother cell. Although the embryo develops auton

omously in these apomictics, pollination is necessary for normal 

endosperm development (Powers, 1945). 

Due to the facultative nature of apomi.xis in guayule the 

Hue mayor may not undergo meiotic reduction (Bergner, 1946). 

Occasionally fertilization takes place to cause an increase in chromo

somal number of the reduced or unreduced MUe. The combination of 

irregular meiosis and fertilization may produce a number of variations 

in chromosome number and hence expression of the progeny. Besides the 

above mentioned aneuploidy causing variation in the progeny, somatic 

cells giving rise to the female gametophyte may cause somaclonal 

variation of the progeny (Thompson and Ray, 1988). Apomixis also 

allows these variations to be sustained through generations. 

Many field plantings of guayule have taken place with the 

assumption that, due to apomixis, the progeny will be exact genotypic 

copies of the maternal plant. However, as seen above, a number of 

possibilities exist for variation to occur, without mention of the 

role of the environment on the phenotypic expression. 



Rubber Distribution 

In mature plants the above ground stems carry about two thirds 

of the total rubber (Curtis, 1947). The remaining one third is foulld 

in the roots. An even lower proportional contribution of the roots is 

reported by Esti1ai and Waines (1987). They found a range of 6 to 13% 

of total rubber yield was produced by the roots with insignificant 

amounts of rubber in other leaves and floral parts. 

Rubber is contained mainly in the bark portion of the expanding 

vascular ray cells of the secondary phloem (Healey et a1., 1986). 

Rubber is also stored in the secondary cortex, and the cells of resin 

canals. Depending on age of the stem the bark comprises 72% to 85% of 

the total, and the proportion of bark increases from the root upward 

to the youngest stem segment (Curtis, 1947). Other thin walled 

parenchymatous tissue such as the pith, primary cortex, and xylem 

parencyhyma contain rubber, but because they comprise a smaller frac

tion of the plant and have varying amounts of cells with secondary 

walls, their contribution is less important (Metha, 1982). Although 

the bark of the root has a rubber concentration as high as any other 

part, there is less bark per area (Curtis, 1947). Since there is more 

bark area in the younger stems, the total rubber yield is greater for 

these segments. 

In general, rubber concentration increases with the age of the 

stem segment (Curtis, 1947). For example, when a three-year-01d plant 

reaches six years of age the concentration of rubber has increased. 

Rubber either continues to accumulate in the original cell, or new 
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cells being added carry a high enough concentration to increase the 

rubber percentage of the tissue. Curtis (1947) exalllned individual 

cells of the xylem and pith of ten-year-01d plant parts and compared 

them to younger parts of the wood tissue in the same plant. He 

concluded that individual cells continue to accumulate rubber over a 

period of years based on the fact that the older wood had signifi

cantly increased in amounts of rubber over the years. 

It has generally been thought that once rubber has been depos

ited in a cell it remains there. Evidence by Healey et a1. (1986) 

showed that rubber content fluctuates with season. Their data indi

cated that the amount of rubber per cell actually decreased during the 

months of June and July. 

Rubber accumulates in a cyclical manner with the rubber content 

highest in the winter months of February and March and lowest in the 

SUlJmer (Schloraan et a1., 1986). Thompson and Ray (1988) indicate that 

this cyclical deposition of guayu1e rubber may correspond to either 

the active and dormant growth seasons or to enzymatic induction and/or 

activity. Van Staden et ale (1986) reported that due to lowering the 

pH to an optimum for rubber and resin production in the winter by 

lytic enzymes found in the vesicles, an increase in production is seen 

at this time of year. Therefore the low night temperatures have an 

indirect effect. 

Indicators of Rubber Content 

To increase rubber content per cell, two possibilities exist. 

The first involves improvement of the biochemical pathway in which the 
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cis-l,4-polyisoprene molecule is produced. The only application of 

this nature has been by Yokoyama et al., (1977) who reported that 

treating young guayule plants \o1ith 2-(3,4 dichlorophenoxy)

triethylamine (DCPTA) resulted in a 2 to 6 fold increase in rubber 

content. It is thought that DCPTA increases the activity of enzymes 

associated with rubber synthesis in guayule (Benedict et al., 1983). 

However, an incr~ase has never been realized in total rubber yield in 

mature field grown plants. 

9 

The second option is to increase the structural capabilities of 

the plant to store rubber. This included the total volume of parenchy

matous tissue, since rubber is stored only inside these cells. This 

quantity is called by Healey et ale (1986), the potential rubber 

carrying capacity (PRCC). This PRCC is identical to the percent 

volume of parenchyma tissue and measures the volume increase due to 

either increased cell number or increased cell size. 

An important question for plant breeders to utilize PRCe as a 

selection tool, is whether differences exist between high and low 

yielding guayule lines in their PRCC, and if these differences are 

heritable. In a study by Mehta (1982), native stands of guayule were 

analyzed for rubber content ano categorized as high, medium, and low 

rubber plants along with P. incanum H.B.K. (mariola) as a fourth 

group. Hariola is a Partheniu~ species that freely introgresses with 

guayule causing distinct morphological characteristics in the hybrid, 

and is very low in rubber. The high rubber group had a significantly 

higher bark to wood ratio than the others. No significant difference 



was seen between the medium and low rubber groups and all three were 

significantly different than mariola. Healey et al. (1986) measured 

the actual percent of PRee cells from the stem cross sectional area 

over a growing season. They showed that as stem diameter increased, 

the percent PRee decreased. The same correlation was shown for the 

bark to wood ratio in their study. Aside from the mentioned studies, 

there has been little published in this area especially where 

established guayule cultivars have been compared for differences in 

either PRee or bark to wood ratios. Other needed studies are ways to 

partition biomass in the direction of a higher bark to wood ratio or 

increased PRee, which should result in the production of more rubber. 

The cultural practice of clipping for mUltiple harvests may also 

increase rubber production since stems resulting from regrowth should 

be smaller in diameter. 

10 

In the studies by Mehta et al. (1979) and Mehta (1982) other 

quantitative and qualitative features of the stem anatomy are asso

ciated with hi3h and low rubber of guayule plants. There were dif

ferences in the cell walls of the vascular rays of the secondary xylem 

where high rubber pla!1ts were all parenchymatous, medium rubber plants 

had some cells that developed secondary walls and low rubber plants 

had more cells with secondary walls. These thick celled walls are not 

capable of storing rubber (Mehta et al., 1979). The pith in the high 

and medium rubber plants was entirely parenchymatous. However, in the 

low rubber plants more cells had secondary walls. Quantitative dif

ferences were found in the average pith diameter, the heights and 

average number of the vascular rays, and the average number of resin 
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canals in the pith. Artschwager (1943) reported that high rubber 

guayule plants have thinner periderm, wider vascular rays, larger 

vessels and a broader cortex region than low rubber producing plants. 

The wider vascular rays and larger vessels seem to be somewhat contra

dictory to the results of Mehta (1982). Perhaps this is due to age 

differences in the plants. 

Phenotypic Correlations to Yield 

Attempts have been made to corre1.ate phenotypic characters to 

predict rubber yields and show the relationship among characters. The 

first such study was conducted by Federer (1946) who found that no 

measured characters, other than percent rubber of a branch sampl.:!, 

were sufficiently correlated with the percent rubber of a plant to 

warrant consideration. In a study by Benitez and Kuruvadi (1985), 15 

guayule genotypes were evaluated for rubber percentage, plant height 

and width, dry weight and total rubber yield. They also found that 

percent rubber did not significantly correlate to any of the other 

characters. 

Federer (1946) correlated the rubber percentage of a branch 

sample to the diameter of the wood and found a significant negative 

correlation. However, from a practical standpoint since it is low, it 

is of little value. There was considerable variation between the 

guayule strain used in the study for this trait, with r values ranging 

from 0.08 to 0.54. 

Dry weight appears to be the best predictor of total rubber 
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yield (Federer, 1946; Ray et al., 1983; Benitez and Kuruvadi, 1985; 

and Thompson et al., 1986). Ray et al. (1983) found that total rubber 

yield was better predicted by dry weight (r = 0.66) than rubber per

centage (r = 0.44). Multiple linear regression for total rubber yield 

significantly raised the amount of variance explained, when both dry 

weight and percent rubber were included (R = 0.79, R2 = 0.63). 

Federer (1946) found height and width to be reliable characters in 

predicting dry weight. Due to the curvilinear nature of these data, 

he performed a logarithmic transformation for dry weight on height and 

width and found that 92 percent of the variance was explained by the 

regression. Dry weight was also significantly correlated to the crown 

circumference in this study. However, height and width are more prac

tical measurements to obtain in the field and have higher r values. 

Thompson et al. (1986) found highly significant correlations between 

calculations of mean stem diameter and total rubber yield. TIle 

highest r value of these calculations was 0.69 for the total cross 

sectional area. This is slightly lower than the correlation obtained 

by Federer for dry weight and crown circumference. It appears from 

these studies that growth parameters such as plant height, width, 

fresh and dry weight, crown circumference, and mean stem diameter all 

provide good indications of total rubber yield. On the other hand in 

the Thompson et a1. (1986) study, stem number, percent dry weight, and 

percent rubber and resin showed nonsignificant correlations. Measured 

characters in these previously mentioned studies did not correlate 

high enough to percent rubber to be considered important. 
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Crop Hanagement 

Although guayule is native to dry desert areas, maximum rubber 

yields require supplemental irrigation. Fangmeier et al. (1984) 

report that the more water available to the plant, the greater the 

increase in plant biomass and total rubber production. However, a 

decrease is seen along with this in the rubber percentage of the 

plant. This yield increase was seen in plants when up to 36 inches 

were applied on a yearly basis. Benedict et al. (1947) indicated that 

highest rubber yields occurred when plants were subjected to alternate 

periods of low and high water stress. No conclusion was reached on 

the duration of these periods, and on the optimum amount of water 

under various climatic conditions and soil types. 

A comprehensive study by Bucks et al. (1986) included two 

experiments \dth different soil types and a range of irrigation 

treatments for three guayule cultivars. The irrigation treatments 

I.ere based on available soil water depletion. The extremes ranged 

from 25% for nonstressed plants to 100%, plus a two-week delay before 

application, for the stressed. They found biomass and rubber yields 

for a wet irrigation treatment of 2000 mm per year to be double that 

of a dry treatment of 800 mm per year after four years. This two-fold 

increase in rubber yield from dry to wet corresponded to a four-fold 

decrease in crop water stress. The rubber percentage increased by 

over 10 g/kg (1.0 percent concentration) from the wet to the dry 

treatment over the same period for the three cultivars. 

In the beginning of their study when plants were less than six 
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months of age, increased rubber percentage caused by water stress 

resulted in higher rubber yields on the dry treatments than on the wet 

treatments. However, by eight months of age this was no longer true. 

At the first harvest, the dry treatments, had higher water use effi

ciencies than the wet treatments, which is promising for dryland pro

duction. They found that these guayule cultivars are more sensitive 

to water stress in the latter half than in the first half of the 

calendar year in terms of rubber yield. Their recommendations for 

higher yields and earlier harvest dates is as much as 2000 mm of 

supplemental irrigation per year. 

Harvesting and Regrowth 

Two methods of harvesting have been utilized for guayule. 

Plants are hand or machine dug to include the main part of the roots 

or they are clipped at a height of three to ten cm above ground level. 

Early research by Lloyd (1911) suggested clipping to obtain mUltiple 

harvests and to reduce the cost of a new stand establishment. 

Bucks et al. (1985) reported annual rubber yields from two

year-old plants were as high as 500 kg/ha for a whole plant harvest 

and 300 kg/ha for plants clipped 10 cm above ground under a wet irri

gation treatment of 60 percent soil water depletion. The regenerated 

clipped plants will provide another harvest in one to two years with a 

potential cumulative yield, greater than a \~hole plant harvest of 

four-year-old plants (Bucks et al., 1985). Higher yields were 

reported by Hunter et al. (1959) who clipped tops of five to seven

year-old plants and recovered 68 to 75 % of the total rubber yield. 



Thompson et al. (1986) reported yields of clipped plants to be nearly 

84 percent of whole plant yields on 52-month-old plants. 

The time of year plants are clipped plays an important role in 

regeneration. Studies by Estilai and Waines (1987), and Bucks 

(unpublished data) indicate the optimum time for clipping in Arizona 

and Californa is February when plants are dormant. Clipping at 

monthly intervals thereafter result in a decline of survival rate. 
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Clipping height also is an important consideration mainly 

because of the amount of yield that is recovered. Estalai and Waines 

(1987) reported that when plants were clipped at both five and ten cm, 

depending on the guayule cultivar, an 8 to 14% increase in rubber 

yield was seen at the five cm above ground level. This study con

sisted of five guayule cultivars, two years of age. In the sa~e study 

a comparison of regrowth of 11 guayule entries showed significantly 

different survival rates ranging from 0 to 94%. Observations by 

Thompson et al. (1986) supported the same conclusion of the diversity 

among lines for this trait. These data are an indication of the heri

tability of regeneration in guayule. 

Factor Analysis 

Factor analysis has been a research instrument in the beha

vioral sciences since the early 1900's (Spearman, 1904). Since then 

it has been developed and applied in numerous other fields including 

agriculture. The two primary aims of factor analysis, are to find a 

basic underlying influence, and to find a scheme of classification for 

the measured variables (Cattell, 1965). Factor analysis converts a 
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correlation matrix into a factor matrix based on common variances. 

The values in the column of the matrix are called the factor loadings. 

These loadings indicate the relationship of the measured variable to 

each factor. The result is the measured variables, which are specifi

cally related due to common variances, are grouped together by loading 

onto their respective factors. 

Although there has been no published literature utilizing this 

type of analysis with guayu1e it has been used often with other agro

nomic crops, especially cereals, to determine the relationship among 

yield components. Walton (1972) used factor analysis in wheat 

(Triticu~ aestivum L.) to divide 14 variables into four groups or fac

tors. The first factor was photosynthetic areas of the flag leaf, 

which included variables that were measurements of the flag leaf. The 

second was a photosynthetic sink factor, which included measurements 

of filling, anthesis, number of spike1ets and sheath length. The 

third factor included measureUlents of heads, such as number, vo1uJ:le, 

and kernel weight. The last factor included kernels per head, head 

length, and extrusion. 

This same procedure was used by Rao and Paroda (1982) on guar 

(Cyamopsis tetragono1oba L. Taub) where three factors adequately 

explained the matrix of nine variables. This study was conducted at 

four different locations. However, in each case the same variables 

loaded together on common factors. The first was a growth factor con

sisting of branches, clusters, pods, and seed yield. The second, a 

productivity factor, included days to flowering, days to maturity, and 



height. The third, designated as the economic factor, consisted of 

number of seeds per pod and gum content. Due to the change in size 
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of the loadings in different environments for the growth and produc

tivity factor as opposed to the economic factor, they concluded that 

growth and productivity and not gum content were the major causes of 

diversity in guar. From these data the breeder can better realize 

where gains can be made for selection. Factor analysis also provides 

more understanding into the growth and development of the crop, and 

may assist in developing improved cultural systems as well as improved 

cultivars. 



MATERIALS AND METHODS 

In Hay 1982 and November 1983, guayule breeding lines were field 

transplanted in Marana, Arizona, 20 miles NW of Tucson. These plants 

were selections made by Dr. D. Rubis of the University of Arizona, 

from various USDA lines and some from unknown sources. The lines, 

whose source was known, were facultative apomictic~. Some selections 

were obviously hybrids of guayule and~. incanum (mariola), and other 

species of Parthenium, but they were not included in this study. 

Plants were transplanted onto conventional beds 1 meter apart. 

The space between plants was .3Qmeters on a single row bed. There 

were a total of 26 ranges in two irrigation borders. Each range con

sisted of 20 rows with approximately 30 plants per row. The ranges 

were furrow irrigated. 

Since 1983, field observations and evaluations of the selections 

had ceased and only minimal car~ of the field was taken. At the end 

of 1985, the present study was initiated and management practices, 

such as irrigation scheduling, greatly improved. Since little infor

mation was available on the background of these plant selections, an 

evaluation was made of each row within every plot to determine whether 

the plants were uniform lines or if plant to plant variability 

existed. This criteria was based on general morphological features 

such as the plant size and shape. When plants were visually similar 

throughout the entire row, it was considered a uniform line. Where it 

was obvious that more than one contiguous row was of the same material, 

13 
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only one row was selected for sa~pling. Through this process, a total 

of 234 rows from the 26 ranges were found to be relatively uniform. 

Each of these rows is considered a separate plot and a separate 

guayule line. Single plant selections were made from rows that exhi

bited plant to plant variability, but the results from these are not 

included in this study. 

The first year's harvest took place in February 1986 when plants 

were approximately three and a half years old. Five consecutive 

plants from each of the 234 lines were chosen for harvest. These 

five plants were bulked together for rubber and resin analysis. 

Height and width measurements were recorded for each plant to obtain 

an average of the measurements for each plot. Plants were harvested 

by clipping at ten cm above ground level and the fresh weight of the 

five plants was taken and averaged. These harvested upper branches 

were then put through a Diadem chipper, which cut branches into 

approximately five cm pieces. 

The dry weight was calculated by taking a small 30 gram sample 

and oven drying at 60°C for 48 hours. This resulted in a dry weight 

percentage, which was multiplied by the fresh weight to obtain the dry 

weight expressed as kg/plant. Following several days of air drying, 

the samples were then put through another chipper to obtain a coarsely 

ground sample. This sample was then finely ground using a Brinkmann 

centrifugal grinding mill (Model 2M-I) containing a 2.0 mm mesh 

screen. Approximately 20 grams of this sample was used for near 

infrared (NIR) analysis for rubber and resin content as described by 
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Black et ale (1985). In each case a duplicate sample was run to 

assure uniformity of agreement between the two and to keep the 

sampling error to a minimum. A gravimetric method of rubber and resin 

analysis was also employed as a spot check of precision of the NIR 

method (Black et al., 1983). Total rubber and resin yields were was 

then calculated from rubber and resin percentages, multiplied by the 

dry weight. 

At a later date in February, the mean stem diameter was taken of 

each of the clipped plants by measuring each branch and placing it 

into one of SiK categories between 0 to 5 and above em, with 1.0 cm 

increments. The total number of steras and the mean stem diameters 

were obtained, which were then averaged for the five plants. Five 

other variables were then calculated from these measurements including 

total and mean cross sectional area of the stem, total and mean stem 

circumference and the quotient of the total stem circumference divided 

by the total stem cross sectional area (TC/TA). These were calculated 

from stem diameter and in the two cases of the mean area and circum

ference, the total was divided by the stem number. The formulas used 

for these, and the method of measurements for all variables, are found 

at the end of the 'Materials aud Methods' section under 

'Calculations'. 

On May 8, 1986, three months after the plants had been clipped 

for harvest, a rating, based on the amount of regrowth per plant, was 

taken. The rating scale was from 0 to 5, where 0 indicated no 

regrowth, 1 indicated very minimal and 5 was full, vigorous regrowth. 

The rating was a concensus of 3 individuals. The average of each five 
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plants was taken to obtain a rating for each plot. Another regenera

tion rating was taken after six months on August 5, 1986, by the same 

method. 
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On the basis of regeneration a selected group of 42 guayule 

lines were extracted from the total set of 234. There were 25 lines 

which had five highly rated regenerated plants, and 17 lines that had 

four highly rated regenerated plants as of the second regeneration 

count taken in August. This subset of 42 guayule lines were the plots 

to be harvested in 1987. 

In February 1987, these 42 plots were harvested in a similar 

manner as in 1986. However, in this year's harvest, ten plants from 

each plot in addition to the five from the previous year, were har

vested and analyzed individually instead of in bulk. By doing this, 

an estimate of the amount of variation within a plot could be deter

mined. For each measuretaent or calculation, an average of the ten 

plants was then taken so that a comparison could be made readily with 

the data of these 42 lines fron 1986. Measurements and calculations 

were all made in the same manner as in 1986, and followed the same 

methods as described in the end of this section under 'Calculations'. 

The rubber and resin analyses were performed in the same manner 

as described for the previous year with the NIR. Ho.,ever, in 1987, 

the ground samples had not dried out properly. When these samples 

were run through the NIR the extra moisture caused erroneous readings 

for the resin contents. Through a check with gravimetric analysis it 

was found that the rubber contents were consistently accurate. 
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However, the resin contents were higher than the gravimetrically 

determined resin content, but were not consistent and could not be 

readily adjusted. As a result of this the resin percentages and hence 

resin yields are omitted for the 1987 data. 

Nineteen variables were obtained for these data sets including 

rubber and resin percentage, rubber and resin yield, plant height, 

width and volume, fresh and dry weight, percent dry weight, mean stem 

diameter, stem number, total aud mean stem circumference, total and 

mean stem area, total circumference/total area, and ratings of rege

neration from two different dates. As mentioned above, resin percent 

and yield were not included in the second year's data set, and neither 

was regeneration, since these data have yet to be taken. Statistics 

on these data sets included means, standard errors, coefficients of 

variation, correlation matrices with probabilities, regressions, 

factor analysis, and a ranking and comparison of the two years of 

data. 

Due to the linear nature of the scatter diagrams, a multivariant 

linear regression was performed on these data with percent rubber and 

rubber yield as the dependent variables for the two Ilodels. The 

method of linear regression used on these was a subset selection 

method. If there are 15 independent variables, all possible com

binations of one dependent variable are calculated, and then for two 

indepe~dent variables, and so forth until 15 variables are included in 

a subset. For each of these combinations the one with the highest R2 

was chosen. This yields a subset with the highest R2 value for each 
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of the 15 combinations of independent variables. 

In many cases some of the independent variables contribute 

little or nothing to the accuracy. of the model. An R2 value always 

increases when more independent variables are added. However, due to 

the combination of variables in a subset, different subsets may more 

accurately predict the dependent variable although the R2 may be 

somewhat lower. This could be due to large measurement errors of the 

variable or a duplication of another independent variable, or the 

variable may be relat~d in a spurious manner (Snedecor and Cochran, 

1980). A criterion to account for this bias is called Mallows' Cp 

criterion. This is based upon the total mean squared error of the 

values of the subsets of the regression model. It is defined as: 

Cp SSEp _ (n - 2p) 
MSE(Xl ••• , Xp-l) 

where SSEp is the error sum of squares for the subset regression model 

with p parameters and MSE is the mean square error and n is the number 

of observations. The smaller the Cp value the better the rating of 

the subset. This rating rather than the Cp value is seen in Tables 3 

through 8 under model rating. 

The relationship of the variables to each other was analyzed by 

factor analysis. Factor analysis is a statistical tool to reduce a 

large number of correlated variables to a small number of uncorrelated 

factors. The type of analysis used was the principal component analy-

sis as discussed by Cattell (1965). This method first calculates 



24 

eigenvalues for the number of variables in the data set. From these 

eigenvalues, a criteria for the number of factors to be retained is 

established. This criteria is arbitrarily assigned, and in this case, 

the minimum eigenvalue was set at 0.60 (Cattell, 1965). This resulted 

in the retention of five common factors. Another method that can be 

used for factor extraction is to review a scree plot of the eigen

values. Values which lie close to the X axis are regarded as unimpor

tant in explaining the variance of the common factor. Both methods 

were employed with the same result of five factors. 

The interpretation process of factor analysis is subjective. In 

order to more clearly illustrate the relationship of the variables to 

the common factor, a rotation metlfod is used. In this case an orthog

onal transformation, called the varimax method, was used. Although 

statistically one rotation cannot be said to be better than another, 

the rotation of choice should be the most easily interpreted, which 

the orthogonal rotation provides. 

The values in the columns of each factor are termed loadings. 

These loadings are an indication of the relationship of the variable 

to the respective factor. This again, is a subjective process. In 

this case and in most of the literature, loadings that exceeded 0.60 

were considered high and therefore clustered onto that factor. 

The two data sets from 1986 and 1987 were compared by computing 

the ranks for each of the variables of the 42 observations. This pro

cedure ranked the values from smallest to largest. When tied values 

occurred, they were given averaged ranks. Both data sets contained 42 



guayule lines, the only difference being, 1986 was an average of five 

plants, and 1987 was an average of ten plants. After ranking both 

data sets, the two were plotted on graphs so that for each variable, 

values from lowest to highest are compared between years. 

Calculations 

Height - Measured in centimeters from ground level to highest leaf. 

Infloresence axes Il7ere not measured. 
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Width - Measured in centimeters the diameter of the widest portion of 

the plant. 

Volume - Calculated from height and Il7idth by assuming the plant has a 

cylinder shape. The formula used was rrr2h(106) where r = ~2 

width (cm), h = height (cm). The result is m3• 

Fresh weight - Measured in kilograms when plants Il7ere field harvested. 

Percent dry weight - A sample of 25 to 40 grams of small chipped 

branches were oven dried at 50°C for 60 hours and then 

reweighed for a percent moisture. 

Dry weight - Calculated by multiplying the percent dry weight by the 

fresh weight. The result is in kilograms. 

Percent rubber and resin - Ground samples were analyzed by the near 

infrared method where duplicate samples were run and mean of 

the two was taken. These values were spot checked using a 

gravimetric method. 



Total rubber and resin - Calculated by mUltiplying the percent rubber 

and resin by the dry weight in kilograms/plant. 
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Stem number - After plants were clipped at ten centimeters from ground 

level, the number of branches were counted. 

Stem diameter - After plants were clipped, each branch diameter was 

measured using a gauge marked off in increments of half cen

timeters ranging from 0 to 5 cm. The total of each branch 

diameter was taken and divided by the stem number to give a 

mean stem diameter. 

Total stem circumference - Calculated for each branch by the formula 

2nr where r = ~2 stem diameter. The circumference of each 

branch is added together for the total. The result is in 

centimeters. 

}~an stem circumference - Calculated by dividing the total stem cir

cumference by the stem number. 

Total cross sectional area - Calculated for each branch by the for

mula nr2 where N = 1f2 stem diameter. The area of each branch 

is added together for the total. The results is in square 

centimeters. 

Mean cross sectional area - Calculated by dividing the total cross 

sectional area by the stem number. 

TC/TA - Calculated by dividing the total stem circumference by the 

total stem area. 



Regeneration 1 - Evaluation of regrowth of clipped plants on May 8, 

1986, approximately three months after harvest. Each of the 

five plants were given a rating of zero to five and then 

averaged. Zero indicated all five plants were dead and five 

was the highest rating. 

Regeneration 2 - A second evaluation took place on August 5, 1986, 

using the same method as above. 
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RESULTS AND DISCUSSION 

The first year's data were taken in February 1986. This 

included 234 breeding lines, harvested as a bulk of five plants, from 

which an average was taken for each measured variable. Forty-two 

lines were then chosen for the second year harvest based on regenera

tion and top regrowth performance. The five plants were reharvested 

individually, and an additional ten plants in each plot were har

vested, analyzed individually, and an average of these taken. 

Means, standard errors and coefficients of variation (cv) for the 

different variables are presented in Table 1. These three data sets 

are from plants harvested in'February 1986 and 1987. A comparison of 

the cv's from the first two data sets indicate that they are similar 

and from the same population. Since the group of 42 lines was 

selected on the basis of regeneration, it is therefore the only 

variable with a sizable difference between sets one and two. 

The coefficients of variation (cv) are high for most of these 

variables and since each plot represents a different line, a wide 

range of variability would be expected. This is desirable for a 

breeding program, if these differences are heritable, since it offers 

a good opportunity for selection. 

Percent dry weight stands out from the rest of the variables 

with a comparatively low cv in all three sets. In contrast dry and 

fresh weight per plant are among the highest cv's. In guayule it 
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Table 1. Means, standard errors, and coefficients of variation of variables from the guayule 
lines harvested in 1986 and 1987. Plots were harvested as a composite of five or ten 
plants. 

Variable Hean + Standard Error Coefficient of Variation 

N = 234 N = 42 N = 42 N = 234 N = 42 N = 42 
1986 1986 1987 1986 1986 1987 

Ruhber (%) 6.27 + 0.07 6.84 + 0.19 7.44 + 0.18 16.89 17 .55 15.77 
Resin (%) 7.52 + 0.08 8.40 + 0.18 16.01 14.14 
Rubber (g/plant) 43.79"+ 1.25 50.52 +" 3.25 85.77 + 3.34 43.59 41.74 25.27 
Resin (g/plant) 52.90 + 1.53 62.99 +" 4.25 44.22 43.71 
Plant Height (cm) 74.48 "+ 0.64 76.57 "+ 1.86 90.75 + 1.55 13.19 15.74 1l.06 
Plant Width (cm) 79.38 + 0.82 80.31 +" 2.20 89.55 + 1.81 15.83 17.78 13.10 
Plant Volume (m3) 0.78"+ 0.02 0.84 "+ 0.06 1.23 +" 0.06 43.57 48.01 34.08 
Fresh Weight (kg/plant) 1.10 + 0.03 1.19 +" 0.07 1.65 + 0.08 36.97 39.38 32.77 
Dry Weight (kg/plant) 0.69 +" 0.02 0.75 +" 0.05 1.19 +" 0.06 39.22 40.68 34.44 
Hean Stem Diameter (cm) 1.03 +" 0.01 1.07 +" 0.04 1.14 + 0.04 22.l3 23.80 24.91 
}lean Stem Area (cm2) l.ll +" 0.03 1.23 +" 0.09 1.48 "+ 0.11 44.17 48.63 47.43 
Hean Stem 

Circumference (cm) 3.24 + 0.04 3.35 + 0.12 3.59 + 0.14 21.10 23.82 25.01 
Total Circumference/ 

Total Area (cm-1) 3.12 + 0.04 3.00 + 0.10 2.71 + 0.08 17 .36 21.55 20.22 
Total Stem Area (cm2) 1l.09+0.32 ll.87 "+ 0.80 19.14 +" 0.76 44.18 43.47 25.66 
Total Stem 

Circumference (cm) 32.66 + 0.68 33.09 + 1.62 49.81 + 1.13 31.97 31.66 14.73 
Stem Number 10.23 +" 0.19 10.07 +" 0.42 15.16 +" 0.64 28.14 27.29 27.51 
Dry Weight (%) 62.80 +" 0.24 62.48 +" 0.52 71.25 + 0.61 5.94 5.36 5.53 
Regeneration 1 1.82 +" 0.07 3.25 +" 0.17 62.09 34.00 
Regeneration 2 2.08 + 0.10 3.88"+ 0.11 70.53 19.00 

N 
\D 



appears that the variation in plant cell water content remains con

sistent even though there are obvious differences in plant size and 

weight of various lines. The variation in dry and fresh weight per 

plant reflects this. 

Measurements of biomass other than dry and fresh weight, 

include plant height, width, and volume. The cv for height and width 

is of the same magnitude as percent rubber in both year's data. The 

cv for volume which is calculated from height and width is nearly 

triple the amount of height and width. This is due to volume being a 

nonlinear measurement, which takes into account the square of the 

radius. 
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In the first two data sets from 19a6, the cv for volume appears 

to be substantially higher than that of dry or fresh weight. The 

third year cv's were very similar for all three variables. Since 

volume would logically be expected to be the best predictor of dry 

weight (biomass) other than fresh weight (see Table 2), one would 

expect the amount of variability to be nearly equal. In the data sets 

from the first year, the higher cv for volume may reflect the need for 

more precise measurements in order to adequately predict biomass. 

Also, volume is calculated on the basis of a cylindrical shape and 

some plants may not accurately fit this model resulting in a higher 

cv. 

The variability among lines in biomass is also apparent in the 

cv for rubber and resin yield (g/plant). Rubber and resin result 

from a calculation involving the multiplication of dry weight by the 



rubber percentage. The cv for all three years is close to that 

observed for dry weight. In the second year data set the cv for 

rubber yield was lower than dry weight due to the lower cv in percent 

rubber for that year. 
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Stem number and stem diameter both had cv's that were very simi

lar in all three data sets. Total stem circumference and total stem 

area both have substantial reductions in their cv in the second year's 

data, although the means for both are significantly larger. TI~se two 

variables are calculated using the mathematical fortlUlas for area and 

circumference involving the square root and squaring of the stem 

diameter. Therefore a slight change in stem diameter results in a 

large change in these two. Another explanation could be the result of 

more precise measurements for the second year. 

Overall stem number and stem diameter both had slightly higher 

cv than other linear measurements such as height and width. The 

measurements for these were more subjective than for other variables. 

Stem diameters were taken using a gauge with one centimeter increments 

in 1986 and one-half centimeter increments in 1987. Each branch was 

measured and placed into the respective centimeter category. Stem 

number may have been more variable since the count was taken after the 

plant was clipped. Although clipping was reasonably uniform at a 

height of ten centimeters, the count is somewhat dependent on how high 

up the plaut was clipped for harvest. Cutting at a higher level would 

tend to expose more and smaller diameter stems than if the cut was 

nearer to the soil surface. 
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There is also the possibility that the higher cv's for stem 

number and stem diameter is due to genetical variation. This 

variation may be valuable to breeders in view of the previous 

discussion on bark to wood ratios. This ratio relates to the distri

bution of rubber and resin throughout the plants. Plants with higher 

bark to wood ratios should have more rubber. A plant with more numer

ous stems and smaller stem diameters would increase this ratio and 

theoretically increase the rubber and resin content of the plant. The 

greater variability would allow plant breeder to make progress in 

increasing rubber yields by selection for this ratio. 

Correlations were performed to determine the extent of rela

tionships among the variables. A partial set of these correlation 

coefficients are presented in Table 2 for the three data sets. 

From Table 2 it appears that none of the variables are highly 

correlated with percent rubber. Due to more precise measuring tech

niques, the data set from 1987 provided the highest correlation coef

ficients (r) for percent rubber of the three sets of data. 

This set showed that plant widths, volume, dry and fresh weights all 

have highly significant correlation coefficients. In the previous 

year the coefficients of variation were higher and the r values were 

not significant. The implied relationship is that as biomass 

increases, percent rubber decreases. Although the negative r values 

for the four variables in this data set are highly significant, the 

r2's indicate that only little more than 25% of the variation is 

accounted for in these correlations. This 1987 data set is signifi-



Table 2. Correlation coefficients of variables from guayule lines of three data sets harvested in 1986 
and 1987. 

Plant Plant Plant Fresh Dry Mean Stem 
Resin Rubber Resin Height Width Volume Weight Weight Diameter 

(%) (kg/plant) (kg/plant) (em) (em) (a.) (kg/plant) (kg/plant) (em) 

Rubber(%) 1986 N~234 0.64*** 0.45*** 0.30*** 0.19** 0.04 0.10 0.07 0.09 0.15* 
1986 N=42 0.66*** 0.24 0.03 -0.26 -0.26 -0.24 -0.26 -0.24 -0.17 
1987 N=42 -0.17 -0.33* -0.53*** -0.58*** -0.62*** -0.62*** -0.42** 

Resin (%) 0.36*** 0.49*** 0.21**" 0.02 0.09 0.14* 0.14* 0.19** 
0.33* 0.35* 0.16 0.06 0.09 -0.06 -0.00 0.1I 

Rubber (g/plant) 0.93**" 0.63*** 0.68*** 0.74*** 0.89*** 0.92*** 0.62*** 
0.95*** 0.66**" 0.70*** 0.74*** 0.85*** 0.88*** 0.74**" 

0.62*** 0.59*** 0.65*** 0.84*** 0.85*** 0.68*"* 

Resin (g/plant) O. 62*~* 0.67*** 0.72*** 0.89*** 0.91*** 0.63*** 
0.76*** 0.77*** 0.82*"* 0.89*** 0.93*** 0.80*** 

Plant Height (em) 0.60*"* 0.78*"* 0.63*** 0.62*** 0.58*** 
0.82*"* 0.91*** 0.75*** 0.76*** 0.73*** 
0.66**" 0.78*** 0.64*** 0.65*** 0.44** 

Plant Width (em) 0.73*** 0.75*** 0.53*** 
0.96*** 0.80*** 0.80*** 0.74*** 
0.97*** 0.76*** 0.74*** 0.33* 

Plant Volume (m3) 0.78*** 0.78*** 0.61*** 
0.84*** 0.84*** 0.79*** 
0.84*** 0.83*** 0.44** 

Fresh Weight (kg/plant) 0.99*** 0.63*** 
0.99*** 0.82*"* 
0.99*** 0.68*** 

Dry Weight (kg/plant) 0.65*** 
0.84*** 
0.73*** 

w 
w 

*, .*, ••• - Significantly different from 0 at the 0.05, 0.01, and 0.001 probability levels. 



Table 2. (Continued) 

Mean Stem Mean SteCl Total Circum.! Total Total Stec Dry Regener- Regener-
Arca Circum. Total Area Stem Area Ster; Clrcuc. Number Weight atlon 1 atlon 2 
(eCl2) (em) (em-I) (em2) (em) (X) 

Rubber (%) 198& N-234 0.11 0.18" -0.18" 0.2& 0.29'" 0.20'" 0.20" 0.1&' 0.00 
1986 N-42 -0.21 -0.21 0.1& 0.06 0.17 0.35 0.07 
1987 N-42 -0.42" -0.47" 0.41" 0.05 -o.n· 0.34' 0.07 

Resin (%) 0.16' 0.16' -0.24'" 0.16' 0.08 -0.04 0.08 0.17" 0.15' 
0.05 0.07 -0.14 0.34 0.38 0.35 0.30 

Rubber (g/plant) 0.67'" 0.64·" -0.70'" 0.75'" 0.58'" 0.21" 0.42'" -0.06 -0.10 
0.70'" 0.70'" -0.71'" 0.75'" 0.53'" 0.09 0.44" 
0.68'" 0.66'" -0.67'" 0.35' 0.76'" -0.41'" 0.22*** 

Resin (g/plant) 0.68'" 0.63'" -0.71'" 0.70'" 0.49'" 0.12 0.39"· -0.04 -0.03 
o.n'" o.n··' -0. n'" 0.79'" 0.54'" 0.04 0.49'" 

Plant Height (em) 0.61'" 0.61'" -0.64'" 0.51'" 0.31'" -0.06 0.24'" -0.04 -0.06 
0.73'" 0.72'" -0.75'" 0.53"· 0.25 -0.22 0.33' 
0.43" 0.44" -0.55'" 0.02 0.43·' -0.41" (j.31' 

Plant Width (em) 0.62*** 0.57'" -0.62'" 0.62'" 0.46'" 0.14' 0.32'" -0.()7 -0.12 
0.73'" O. n'" -0.73'" 0.65'" 0.42'" -0.02 0.30 
0.33' 0.36' -0.30 0.16 0.34' -0.15 0.04 

Plant VoluCle (e3) 0.70'" 0.64'" -0.68'" 0.63'" 0.42'" 0.06 0.32'" -0.06 -0.10 
0.79'" 0.78'" -0.76'" 0.62'" 0.34' -0.15 0.32' 
0.44** 0.48" -0.44" 0.06 0.40" -0.30 0.10 

Fresh Weight (kg/plant) 0.71'" 0.66'" -0.71'" 0.69"· 0.47'" 0.08 0.25'·' -0.10'" -0.08 
0.83'" 0.81'" -0.78'" 0.68'" 0.39' -0.14 0.28 
0.68'" 0.71'" -0.&9'·' 0.16 0.68'" -0.47" 0.03 

Dry Weight (kg/plant) 0.72'" 0.61'" -0.73'" 0.73'" 0.52'·' 0.13' 0.38'" -0.10 -0.10 
0.84'" 0.83'" -0.80'" o.n"· 0.44" -0.10 0.39' 
0.72'" 0.76'" -0.73'" 0.14 0.71'" -0.51'" 0.14 

" ", , ... Significantly different from 0 at the 0.05, 0.01, and 0.001 probability levela. 

W .,. 



Table 2. (Continued) 

Mean Stem Mean Stern Total CI reullI. / Total Totr.~, Stem Dry 
Area Circum. Total Area Stem Area Stem Circum. Number I/elght 
(em2 ) (em) (em) (e .. 2 ) (em) (:) 

Mean Stem 19S6 N~234 O.SS··· 0.S4··· -O.SS··· 0.65·" 0.35·'· -0.16' 0.33 
Dlameter(em) 19S6 N-42 0.97'" 0.99'" -0.93'" 0.74··· 0.40·' -0.25 0.42" 

19S7 N-42 0.99"· 0.9S'" -0.93'" 0.05 0.82'" -0.82*·* 0.27*** 

Mean Stem Area (cm2 ) 0.91'" -0.90'" 0.71*** 0.36'" -0.17' 0.3\'" 
0.96'" -0.91'" 0.68'" 0.30 -0.32' 0.34' 
0.98'" -0.93'" 0.05·" 0.82'" -0.82'" 0.22 

M~an Stem Circum. (em) -0.86'" 0.68'" 0.41'" -0.15' 0.28'" 
-0.89'" 0.70'" 0.40" -0.27 0.37' 
-0.93'" 0.00 0.81'" -0.79'" 0.27 

Total Circumference/ 
Total Area (em-I) -0.74··· 0.40··· 0.12 -0.35'" 

-0.76'" -0.42" 0.18 -0.46" 
0.04 -0.79·" 0.86·.' -0.30 

Total Stem Area (em2 ) 0.89'·· 0.51'" 0.54"· 
0.8S··· 0.44" 0.55"· 
0.56'" 0.45·· -D.01 

Total Stem Circum. (em) 0.81'·' 0.56'·· 
0.76·" 0.49"· 

-0.43'· 0.24 

Stem Number 0.41"· 
0.23 

-0.24 

Dry I/eight (%) 

Regeneration 1 

*, •• , * •• - Significantly different from 0 at the 0.05, 0.01, and 0.001 probability levels. 

Regener-
ation 1 

-O.II 

-0.09 

-0.08 

0.10 

0.00 

0.06 

0.16"· 

-0.06 

Regener-
ation 2 

-0.10 

-0.09 

-0. IS' 

0.\3' 

-0.09 

-0.08 

0.01 

-0.10 

0.73"· 

W 
Ln 



cant1y higher than the previous year's data and also higher than pre

vious studies by Federer (1946) and by Benitez and Kuruvadi (1985). 
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In Federer's study however, the correlations between rubber percentage 

and dry weight, had very similar correlation coefficients for some of 

the individual guayu1e lines. This indicates some lines may better 

predict rubber percentage than others. This could be due to a more 

uniform distribution of potential rubber carrying capacity cells 

throughout the plant in that particular guayule line. Also in these 

previous studies the field conditions and management practices, which 

were not reported, could be an influencing factor. 

Rubber yield (g/plant) on the other hand had highly significant 

correlations for almost every variable. The highest r value for 

rubber yield was with fresh and dry plant weight, where r values 

ranged between 0.84 and 0.92 for the three data sets. These data 

agree very closely with previous studies by Federer (1946), Ray et al. 

(1983), Benitez and Kuruvadi (1985), and Thompson et a1. (1986). 

It is apparent that biomass is the best predictor for rubber 

yield (g/plant). As biomass increases, rubber yields increase. For 

practical purposes however, a predictor of biomass (dry weight) is 

necessary. Plant volume, mean stem diameter, total stem circumference 

and TC/TA all correlate fairly well with both rubber yield (g/p1ant) 

and dry weight. Plant volume produced higher r values than either 

height or width in all three data sets. Total stem circumference 

seemed to be consistently higher correlated to rubber yield than 

volume. There is not much difference, however, and the average r2 
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values are 0.56 for the former and 0.50 for the latter. For practical 

purposes plant volume is more easily obtained in the field. When 

these two variables are correlated to dry weight, the average r2 

values are 0.52 and 0.67, meaning that one-half to two-thirds of the 

variability is herein accounted for. 

It might be expected that plants with high stem numbers would 

have low mean stem diameters. This negative relationship is only seen 

in the third data set, possibly due to more precise measurements. 

Data for stem diameters in 1987 were taken to the one-half centimeter 

which increased the precision. A fairly good relationship is seen 

between stem number and total stem area, which is calculated using 

stem diameters. The r values ranged between 0.76 and 0.86, which is 

much improved over stem diameter. This indicates that stem number is 

not as well correlated to a linear measurement such as stem diameter 

as to an area measurement. 

It is apparent that a correlation exists between stem number 

and total stem area. The earlier suggestion that a high number of 

stems per plant or a low total stem area, which should produce a high 

bark to wood ratio and have a higher percent rubber, is not seen. In 

he second data set, stem number is the highest correlated variable to 

percent rubber. However, this r value is only 0.35, which is not very 

significant. It is possible that the relationship between stem number 

and percent rubber is not realized because of the manner the measure

ments were taken. If only small stemmed plants were separated from 

large stemmed plants and analyzed it is possible this relationship 
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could be seen. Federer (1946) alludes to this by pointing out that 

branch diameter is a helpful indicator to improve sampling techniques 

for branch samples. To remove some of the variability for the rubber 

content of the branch, he suggested that samples should be of the same 

or nearly the same diameter. 

To further elucidate these correlations, two regression models 

were used for the three data sets. The two models regressed percent 

rubber and total rubber (g/p1ant) with the other variables. In each 

model there are as many different subsets as there are variables. All 

possible combinations of variables were used, which includes from only 

one variable to all variables, and the highest R2 value for each com

bination was then chosen. The combination with the best R2 value was 

selected and is shown in Tables 3 through 8. Each subset of the model 

was then rated using Mallows' Cp criterion for subset selection and is 

shown in Column 2. This criterion accounts for the variance of the 

estimator and the bias of the subset. 

The first model in Table 3 included percent rubber as the depen

dent variable. The first data set had an R2 range from 0.08, with 

only one variable i~ the subset, to 0.21 when all 15 were included. 

As seen from the correlation table, the variable in the first subset 

with the highest R2 value is total cross-sectional area of the stems. 

The subset containing eight variables has an R2 value that is close to 

the value when all the variables are included. This eight variable 

subset has the highest rating by the Cp statistic since the mean 

squared error is the lowest. The subset with only one variable, total 



Table 3. 

1986 
II • 234 

No. R2 

1. 0.08 

2. O.IU 

3. 0.13 

4. 0.15 

5. 0.16 

6. 0.17 

7. 0.18 

8. 0.19 

9. 0.20 

10. 0.20 

II. 0.20 

12. 0.20 

13. 0.21 

14. 0.21 

15. 0.21 

fifteen subsets of a regression model \lith percent rubber as the dependent variable fur 234 lines harvested in 1986. Nuobt!rs 1 to 15 each 
include a different subset. This fIrst column Is the multiple coefficient of det.!rmlnalion (R2). The Hodel Rating column 15 based on a 
statlst1.':dl criteria for selecting the codel. TIle third column Is the interct!pt. The ri!maining columns are slope values for the 
respective variables. 

Hean Hean Regen- Regen-
Nodel lnter- Plant Plant Plant Fresh Dry Dry Stem Seeo Stem Stem Stem Total Circum. I Stem eracion eratlon 
Rating cepe Height IlId,h Volume lIelght lIelght \.leight Diameter ClrcU/Q Circum Area Area Total Area Number I 2 

(em) (m) (em) (kg/plant) (r.) (kg/plant) (em) (em) (em) (cm2 ) (cm2 ) (e,,-I) 

15 5.33 0.03 

14 5.12 0.03 0.13 

11 8.31 -0.06 1.93 0.04 

7.99 -0.06 1.89 0.03 0.12 

8.19 -0.06 1.93 0.03 0.25 -0.14 

11.30 -0.06 1.94 -0.70 0.03 -0.73 0.12 

9.82 -0.06 1.88 -1.20 0.62 -0.75 0.10 0.12 

10.52 -0.06 2.10 -0.46 -1.10 0.03 0.42 -0.73 0.12 

10.57 -0.06 2.10 -0.41 -0.96 0.03 0.35 -0.69 0.21 -0.09 

9.45 -0.06 2.05 -0.]7 0.02 -1.01 0.03 0.38 -0.66 0.21 -0.09 

10.74 -0.01 -0.07 2.60 -0.37 0.02 -1.09 0.03 0.40 -0.73 0.21 -0.09 

8 10.55 -0.01 -0.07 2.61 -0.37 0.01 0.28 -1.15 0.03 0.38 -0.69 0.21 -0.09 
• 

10 10.38 -0.01 -0.07 2.60 -0.37 0.01 0.31 -1.16 0.02 0.44 -0.72 0.03 0.21 -0.09 

12 10.16 -0.01 -0.07 2.57 -0.38 0.01 0.32 0.02 -1.23 0.01 0.46 -0.68 0.03 0.21 -0.09 

13 9.98 -0.01 -0.07 2.57 -0.20 0.02 -0.28 0.32 0.02 -1.23 0.01 0.46 -0.67 0.03 0.21 -0.09 

W 
\D 



Table 4. 

19~b 

I~ • 4.! 

:~o. R2 

1. 0.12 

2. 0.18 

3. 0.24 

4. 0.29 

S. 0.33 

b. o. 3~ 

7. 0.40 

8. 0.43 

9. 0.44 

10. 0.45 

11. 0.48 

12. U.48 

13. 0 • .\9 

Thirtccn subsets of a regression model with perct!nt rubbt!t as the dependent variable for a selected group of 42 lines out of 
234 h.J.rv~stt!d in 1986. Numbers 1 to 13 each include a different subset. This fIrst column Is the multiple coefficient of 
dctcrTJlnatlon (R2). The Hodel Rating: column Is based un a statistical crlteda for selecting the model. The third column is 
the Intercept. The remaining columns ace slope valut!s for the respective variables. 

Hean Mean 
Hodel lnter- Freah Dry Dry SteQ Stem Stem Stem Stem Total Cireum.1 SteCl 
Rat lng ct?pt IIclght Width Volume W~lghl Weight Weight Diameter Cl rcul:!. Cl ecum. Area Area Total Area Number 

(em) (em) (em) (kg/plant) (%) (kg/plant) (em) (elll) (em) (eIll2) (eCl2) (em-I) 

10 S.32 0.15 

7.03 -0.02 0.14 

10.b2 -0.11 3.15 0.21 

1.97 -O.OS -O.lb 0.76 

-2.38 -0.04 -2.22 -0.23 0.97 

-10.92 -O.OS 1.94 1.11 1.11 -10.12 -0.9b 9.b7 2.08 

5.1,\ -0.04 -0.14 5.07 -2.3b -0.22 0.9b 

-2.4b -O.Ob -0.13 4.7S 1.10 -1O.2S -0.92 9.17 1.97 

-0.39 O.Ob -0.14 5.44 -1.05 1.05 -9.39 -0.85 8.4b 1.82 

-1.34 O.Ob -0.15 5.80 2.3b 4.78 0.17 -10.50 -0.93 9.28 1.95 

11 -lb.b1 -0.09 -0.17 7.5S 14.64 0.23 -24.51 1.40 -D.04 -1.11 11.25 2.29 

12 -12.28 -0.11 -0.19 8.65 15.0b 0.23 -25.08 1.30 -12.99 -1.08 11.0b -0.b8 2. J) 

13 -11.90 -0.10 -0.19 8.38 14. Sb 0.22 -24.30 2.50 1.17 -12.08 -1.00 9.72 -0.54 2.20 

.p
O 



Table S. 

1987 
N • 42 

No. R2 

1. 0.38 

2. 0.41 

3. 0.47 

4. O.SI 

S. O. S2 

6. O. S4 

7. 0.55 

8. 0.56 

9. 0.58 

10. 0.58 

II. 0.S9 

12. O. S9 

13. 0.59 

Thirteen subsets of a regr«:;sslon Clodel with percent rubber as the dependent variable for 42 lines harvested In 1987. 
Nucbers 1 through 13 each include a dIfferel1t subset. ThIs fIrst column Is the multiple coefficient of determination (R2). 
The Hodel Rating column Is based on a statistical criteria foc'selecting the model. The third column Is the intercept. The 
remainIng columns ace slope values for the respective variables. 

Hean Mean 
Hodel Inter- Plant Plant Plant Fresh Dry Dry Stem Ster::l Stem Stem SCQr.l Total Circur:J./ Stem 
Rat log cepe Height IIldth Volumt! Ilelght lIelght lIelght Diameter Circum Circum Area Area Total Area Nucber 

(el:l) (elll) (CIlI) (kg/plallt) (%) (kg/plant) (em) (Cl:l) (cm) (c,,2) (cIlI2) (c,,-I) 

9.S4 -1.77 

6.10 O.OS -1.84 

-4.11 0.08 0.15 -7.09 

-6.39 -1.3! IO.S6 0.22 -14.81 

-6.10 0.02 -1.66 9.87 0.20 -13.90 

-11.28 O.OS 0.09 -4.91 8.60 0.17 -11.78 

-16.75 0.05 -2.48 13.11 0.24 -17.90 1.02 1.41. 

8 -19.56 0.06 0.07 -4.99 11.79 0.22 -15.90 0.90 1.19 

-25.10 0.08 0.16 -8.37 13.39 0.23 -17.42 3.19 -0.10 0.24 

10 -29.65 0.09 0.19 -9.47 IS.13 0.26 -19.67 24.93 -0.12 -6.65 0.28 

11 -2S.45 0.07 0.16 -7.77 12.24 0.21 -16.0S 10.17 -0.27 0.28 -3.38 0.46 

12 -27.89 0.07 O.IS -7.64 12.96 0.23 -16.97 9.12 -0.27 0.34 -3.00 0.90 

13 -29.13 0.08 0.16 -8.07 13. S8 0.24 -17.77 15.15 -0.26 -2.03 0.32 -2.74 0.85 0.38 

.&:
I-' 



stem cross sectional area, is rated the poorest of all subsets in the 

model. 

42 

In the second data set in Table 4, the range is greatly improved 

due to the smaller data set. The R2 range for these data are 0.12 

when only stem number is included in the subset, to 0.49 with all 13 

included. The subset made up of six variables provides the b~st 

model, and when all 13 were included is the poorest. 

In the 1987 data set, Table 5, the model was again slightly 

improved due to the overall lower variability in this data set. The 

R2 ranged between 0.33 for plant dry weight alone to 0.59 when all 13 

variables were included. This regression is higher than that obtained 

by Ray et al. (1983) where a value for r2 = 0.00 for percent rubber on 

dry weight. The differences between the two studies were age of 

plants, guayu1e lines and fi~ld differences, all of which may contri

bute to the varied results. When four variables are included in the 

subset, plant volu~e, fresh weight, dry weight and percent dry weight, 

the R2 value increases to 0.51. This subset is rated as the best 

model and where all 13 variables were included is rated the poorest. 

Even though this third set greatly improved the R2 value, 59 percent 

of the variability being attributed to the model is still not very 

significant. 

In the second model, Tables 6, 7, and 8, total rubber (g/p1ant) 

was the dependent variable. In the first data set, Table 6, the R2 

ranged from 0.84 to 0.87. This is a considerably narrower range than 

was found in the first model. Seven variables included in the subset, 



Table 6. 

19U6 
N - 214 

No. R2 

1. 0.S4 

2. 0.S5 

3. 0.86 

-. 0.86 

5. 0.87 

6. 0.87 

7. 0.87 

8. 0.87 

9. 0.87 

10. 0.87 

11. 0.87 

12. 0.8/ 

13. 0.87 

14. 0.87 

15. 0.87 

F1fteen subsets of a regct:ssion model \lith total rubber as the dependent variable for 234 lines harvested In 1986. Numbers 1 to 15 each 
include a different subset. This first column Is the multiple coefficient of dcterlllination (R2). The Model Rating column 15 a statistical 
criteria for selecting the mudel. The thIrd coluen 1s the intercept. The relIlainln~ columns are slope values for the rcspective variables. 

Mean Hean Regen- Regen-
Model lnter- Plant Plant Plant Frt!sh Dry Dry Stertl Stem Stem Stem Stem Total Circum.! Steroa erutlan eratian 
R..1tlng cepe Height Width Volume IIdght Weight \.Ielght Diameter Circum Circum Area Area Total Area Number I 2 

(cm) (cm) (eQ) (kg/plant) (%) (kg/plallt) (CID) (CID) (CID) (cm2 ) (cm2 ) (cm- I ) 

15 -0.S2 64.29 

I~ -2.14 55.20 0.69 

10 -17.46 0.20 54.63 0.26 

-14.24 0.22 54.36 0.81 -4.35 

21.25 -0.45 19.18 5;.55 0.90 -5.00 

"J.01 -0.46 19.26 55.75 -6.33 0.28 -5.82 

31.2" -0.43 18.66 55.17 0.80 -11.68 3.10 -3.74 

32.16 -0.:'4 18.96 -9.38 69.48 0.73 -1\.7" J.26 -3.79 

31.55 -0.43 18.67 -9.68 70.15 0.71 -1\.71 3.29 -3.86 

31.83 -0.44 18.65 -9.18 69.63 0.70 -1\.19 3.01 -3.72 0.62 -0.J7 

28.36 -0.43 18.50 -8.64 68.81 3.09 0.71 -1\.80 2.79 -3.32 0.67 -0.40 

26.43 -0.42 18."0 -8.92 69.07 3.23 0.94 -12.78 -0.08 3.12 -2.79 0.68 -0.41 

11 30.94 -0.43 18.54 -1\.38 -0.07 12.84 3.27 0.91 -12.69 -0.07 3.06 -2.92 0.66 -0.40 

1Z 30.77 -0.43 18.55 -1\.36 -0.07 12.81 J.31 0.92 -12.12 -0.08 3.12 -2.93 0.03 0.65 -0.39 

13 30.94 -0.00 -0.43 18.62 -1\.3" -0.06 72.79 3. J\ 0.91 -12.72 -0.08 3.12 -2.94 0.03 0.65 -0.39 

~ 
W 



Table 7. 

1986 
N • 42 

No. R2 

1. 0.77 

2. O.BO 

3. 0.B7 

4. 0.B2 

5. 0.B3 

6. 0.B5 

7. 0.86 

8. 0.86 

9. 0.87 

ID. 0.87 

II. 0.87 

12. 0.87 

13. 0.B7 

Thirteen subsets of a regression model \11th tot'al rubber as the dependent variable for a selected group of 42 lines out of 
2]4 ha["v\!stt!d in 19H6. NUI:lbers 1 to 13 each Include a different subset. This firHt column is the multiple coefficient of 
dctcnuin<Jtlon (R2). The tlodcl Ratln~ colulrtn Is based on a statistical criteria for l;Ielectlng the model. The thIrd catueo 
is the intercept. The remaining COIUlj1I1S are slope values for the respective variables. 

Mean Stelili 
Hadel lnrer- Plant Platn Plant Fresh Dry Dry Stem Stem Stem Stem Hean Total C! rcum./ Stem 
R.Jt log cept Height !I!dth Volume Ileight !lelght !lelght Diameter Circum. Circum. Area Area Total Area Number 

(em) (elll) (cm) (kg/plant) (%) (kg/ plant) (em) (elll) (em) (em2 ) (e,,2) (em-I) 

12 5.07 60.56 

-B.99 61.6B 1.31 

-~. 32 -37.24 IIB.30 -37.24 1.04 

6 -13.00 55.0U 7B.97 -22.62 1.31 

-57.42 56.20 126.00 0.3B -33.69 10.IB 

-147.10 56.BO 10.26 -96.7 -7.75 -77 .62 14.80 

-170.90 -0.30 65.]] 11.84 -112.80 -9.37 95.20 18.60 

-136.50 -0.67 16.77 61.97 10.90 -103.10 -8.53 86.01 17.10 

-93.10 -0.46 -0.99 41.44 60.83 11.34 -107.10 -8.63 87.01 16.90 

-131.60 -0.54 -1.09 46.87 38.16 0.51 12.44 -118.10 -9.40 95.30 18.30 

10 -120.30 -0.50 -1.12 47.16 38.21 0.46 34.62 10.56 -106.62 -B.27 77.20 16.80 

II -140.90 -0.54 -1.16 49.75 55.71 0.77 -28.20 33.47 1l.00 -110.90 -8.60 80.79 17.30 

13 -140.60 -0.54 -1.16 49.83 55.76 0.77 -2B.27 33. J3 11.00 -111.00 -8.60 80.86 -0.04 17.30 

..,. ..,. 



Table 8. 

198) 
N - t.2 

tJo. R2 

I. O. )] 

2. O. )6 

3. 0.00 

4. 0.85 

5. 0.86 

6. 0.86 

7. 0.87 

8. 0.87 

9. 0.88 

10. 0.88 

11. 0.88 

12. 0.88 

13. 0.88 

Thl["l~lm sub!it!cs of a rt!gn .. ssion model with total rubber a5 the dependent variable for 42 lines harvested In 1967. Huebera 
1 thrul1gh 1) each include a different subset. This first coluclIl 15 the multIple coefficient of determination (R2). The 
H~Jcl Rating column 19 a based on a slatlstlcal crIteria for selecting the mod!!l. The third column Is the tntereept. The 
["cll,dning colucns art! slope values for the ct:spective variables. 

Hean Hean 
Hodel Inter- Plant Plant Plant Fresh Dry Dry Stem Stem Stem Stem Stem Toeal Circum.! Stem 
Rating cepe Height Width Volume IIc!ght Weight Weight Diameter Clrcuc Circum Area Area Total Area Number 

(CIlI) (CIlI) (enl) (kg/plant) (%) (kg/plant) (enl) (em) (em) (em2 ) (em2 ) (em-I) 

13 31.9 45.32 

12 -0.2 43.54 0.69 

).1 3) .24 1.01 -1.05 

-230.2 1.39 2.97 -129.6 69.86 

-284.9 1.26 2.79 -124.9 53.75 1.00 

-282.6 1.25 2.81 -124.0 51.45 0.92 1.31 

-327.1 1.38 2.51 -!l8.9 53.78 0.95 6.32 !l.15 

-355.1 1.33 2.37 -114.5 80.91 1.39 -37.00 7.56 12.35 

-2H.5 0.93 2.00 -88.7 66.03 -3.62 63.67 5.37 -84.26 5.79 

-325.8 1.01 2.14 -97.7 50.65 0.82 -3.17 56.33 4.33 -69.32 5.44 

8 -333.8 1.02 2.11 -96.9 50.79 0.82 -3.22 55.56 4.65 -68.88 3.99 5.15 

10 -329.1 1.01 2.01 -93.7 50.72 0.82 -56.09 -3.19 72.85 4.69 -68.73 4.81 5.02 

11 -309.9 0.98 1.93 -90.1 38.55 0.63 16.09 -97.4 -3.25 8).38 4.88 -72.12 4.64 5.05 

-I'
\J1 



has an R2 = 0.87. This subset is rated the best. The first subset 

with dry weight as the only variable has the poorest rating even 

though 84 percent of the variability is accounted for in this subset. 
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The range of R2 values in the second data set, Table 7, is 

slightly wider than the first. The R2 when only dry weight is 

included is 0.77 and increased to 0.87 when all thirteen are included 

in the subset. All variables except two are the same in both data 

sets for the subset of seven variables. The poorest rating occurred 

when all 13 variables are included. When only dry weight was included 

in a subset the Cp statistic was very close to the 13 variable subset. 

The data from 1987, Table 8, has a wider range of R2 values than 

the 1986 sets. However, four variables are added to the subset, this 

range narrows considerably. This four variable subset has an R2 

value of 0.85 and has the best rating of all. The four variables 

included in this subset, height, width, volume and dry weight are all 

biomass related. When all 13 variables are included in the subset the 

R2 value is 0.88 and is rated eleventh. The poorest rating is for the 

subset where only dry weight is included, having an R2 value of 0.73. 

The second regression model with total rubber as the dependent 

variable, attributes up to 88 percent of the variability to the model. 

From the two models it can be seen that percent rubber is not easily 

predicted. However, when a few biomass variables are utilized, total 

rubber (g/plant) can be predicted with a greater amount of accuracy. 

The other additional information obtained from these models is the 



benefit of using mUltiple variables in prediction as opposed to a 

single correlation. 

The second model also indicates that the greater the biomass, 

the more rubber produced. Despite the low percentage of rubber con

tained in most large plants, the large amount of biomass compensates 

the yield. This is in agreement with the view of Federer (1946) who 

indicated that there appears to be good possibilities for increasing 

rubber yields by selecting larger plants. However, other consider

ations such as the expense to maintain larger plants, water limita

tions, and problems in harvesting and processing this type of plant, 

make it necessary for breeders to be concerned with increasing rubber 

percentage in guayu1e. 

To further examine the relationship between variables, factor 

analysis was performed on the data sets. Factor analysis is a means 

of separating the variables into a few common factors based on their 

variances. 13y separating the variab1eG it is possible to explore the 

relationship between those grouped together under a common factor. 

Tables 9 and 10 include the loadings of variables to their factors 

from the 1986 N 234 and 1987 N = 42 data sets. The analysis was 

also performed on the 1986 N 42 data. However, the results were 

equivalent to the other 1986 set since it is a subset of the entire 

1986 data. These results are included in appendix Table 1. 

Factor analysis divided the first data set of 19 variables into 

five common factors. The variable loadings after rotation are shown 

in Table 9, where the underscored numbers relate to the respective 
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Table 9. Principal component factor loadings after orthogonal rota
tion for 19 variables from plants harvested in 1986. 
Numbers underscored indicate heavy loading for the respec
tive factor. 

1986 Rotated Factor Pattern 
N '" 234 
No. Variable FACTORI FACTOR2 FACTORJ FACTOR4 FACTORS 

1. Rubber(%) -0.2205 0.1177 0.1438 0.8670 -0.0654 
2. Resin(%) 0.0774 0.0991 0.1708 0.8827 0.1949 
3. Rubber(g/plant) 0.7623 0.3917 0.2433 0.2940 0.0910 
4. Resin(g/plant) 0.8281 0.3580 0.2203 0.2035 0.1809 
5. Plant Height(cm) 0.9100 0.0440 -0.1036 0.0349 0.1929 
6. Plant Width(cm) 0.9093 0.1170 0.1573 -0.0792 0.0578 
7. Plant Volume(cm3) 0.9555 0.1360 0.0160 -0.0238 0.1013 
8. Fresh Weight(kg/plant) 0.8650 0.3657 0.1270 -0.1824 0.0410 
9. Dry Weight(kg/plant) 0.13591 0.3571 0.1618 -0.1414 0.1337 

10. Stem Diameter(cm) 0.7190 0.4924 -0.0293 -0.0912 0.4242 
11. Mean Stem Circum.(cm) 0.7301 0.4846 -0.1041 -0.1359 0.3621 
12. Mean Stem Area(cm2) 0.7025 0.5003 -0.0392 -0.1386 0.3970 
13. Total Circum./ -0.6904 0.4474 -0.0181 0.0684 -0.4655 

Total Area (em-I) 
14. Total Stem Circum.(cm) 0.5540 0.3608 0.6081 0.0697 0.3824 
IS. Total Stem Area(cm2) 0.2786 0.2016 0.8709 0.1190 0.2677 
16. Stem Number -0.1586 0.1491 0.9360 0.2367 -0.0294 
17. Dry \~eight (%) 0.2269 0.0234 0.2758 0.1786 0.8079 
18. Regeneration 1 -0.2688 0.8503 -0.1440 -0.1463 -0.0391 
19. Regeneration 2 -0.3679 0.8083 0.0340 -0.2110 -0.0367 

Variance explained by each factor 

FACTORI FACTOR2 FACTOR3 FACTOR4 FACTORS 
8.0643 3.0983 2.3516 1.9435 1.7133 

. Final Communality Estimates: Total = 17.1710 
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Table 10. Principal component factor loadings after orthogonal rota-
tion for 15 variables from plants harvested in 1987. 
Numbers underscored indicate heavy loading for the respec-
tive factor. 

1987 Rotated Factor Pattern 
N = 42 
No. Variable FACTOR1 FACTOR2 FACTOR3 FACTOR4 FACTORS 

1. Rubber(%) -0.1036 -0.1642 0.1612 0.9549 0.0437 
2. Rubber(g/plant) 0.5147 0.6577 0.2502 0.4067 0.1119 
3. Plant Height(cm) 0.3613 0.8311 -0.0623 -0.1094 0.2120 
4. Plant Width(cm) 0.3558 0.8527 0.1848 -0.1466 0.0656 
5. Plant Volume(cm3) 0.4136 0.8771 0.0494 -0.0911 0.1065 
6. Fresh Weight(kg/plant) 0.6133 0.7112 0.1310 -0.0656 -0.0476 
7. Dry Weight(kg/plant) 0.6120 0.7051 0.1643 -0.0473 0.0663 
8. Stem Diameter(cm) 0.8639 0.4517 0.0405 -0.0320 0.1690 
9. Mean Stem Circum.(cm) 0.8578 0.4653 -0.0371 -0.0611 0.1022 

10. Hean Stem Area(cm2) 0.8641 0.4341 0.0311 -0.0813 0.1278 
11. Total Circum. / 

Total Area (crn- 1) -0.7985 -0.4476 -0.0876 0.0510 -0.2447 
12. Total Stem Circum. (cm) 0.5949 0.3619 0.6665 0.0601 0.2176 
13. Total Stem Area(cm2) 0.2895 0.1760 0.9103 0.0703 0.1773 
14. Stem Number -0.3033 -0.0748 0.9296 0.1508 0.0664 
15. Dry Height (%) 0.2272 0.1515 0.2609 0.0611 0.9104 

Variance explained by each factor 

FACTOR1 FACTORZ FACTOR3 FACTOR4 FACTORS 
4.9021 4.6495 2.3900 1.1744 1.1090 

Final Communality Estimates: Total = 14.225 
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factor. Most of the variability in this analysis is taken into 

account by factor 1. This factor consists of 11 of the 19 variables. 

By examining this group of variables they are all measurements of 

growth, and could be considered a biomass factor. Four variables that 

seem somewhat unlikely for this group are mean cross sectional area, 

mean stem circumference, total stern circumference/total stem area 

(Te/TA) and mean stem diameter. All three of these are based on 

calculations from the stem diameter. The problem seen here is that 

all of these, including stern diameter are mean values per plant of 

stem growth, and are not necessarily good estimators of growth. The 

correlations to the other biomass variables are consistently near r = 

0.62 and their loading onto this biomass factor are the lowest of all. 

In the 1987 data set, Table 10, the biomass factor which in this set 

is factor 2, does not include these four variables. They have high 

loadings onto a separate factor of their own, factor 1. There appears 

to be some interaction between fresh and dry weight with factor 1 even 

though these two load heaviest onto factor 2. 

In both data sets factor 3 consists of total stem circumference, 

total stern area and stem number. This factor reflects stem volume 

measurements. A relationship is brought out here that is not seen in 

the correlation table between stern number with stem area and circum

ference. It would seem logical that more stems would produce more 

stem volume. However the r values did not reflect this. It would also 

seem likely that mean stern diameter should be included in this factor 

since area and circumference are calculated from this, and is also 



obviously a function of cambial development. The pr.oblem may arise 

[rom the fact that stem diameter is a linear measurement whereas area 

and circumference are nonlinear measurements. 

Table 9 indicates that factor 2 is a regeneration factor. No 

other variable had loadings onto this factor which indicate that 

regrowth is a separate process not dependent on the other variables 

measured. This point was also seen in the correlation table. The 

1987 data set has not yet been scored for regeneration, and is there

fore not included. 

The isoprenoid pathway factor, factor 4 in Tables 9 and la, 

include only percent rubber and resin per plant. As seen above, 

rubber and resin yield (g/plant) is related to biomass rather than 

this factor. 
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The dry weight percentage factor 5, in Tables 9 and la, consists 

only of percent dry weight. Again there are no other variables 

related to this process. The standard error and cv in Table 1 and the 

correlation matrix in Table 2 indicate that percent dry weight has a 

variance lower than any other variables in the data sets. As a result 

of this it is the only variable included in this factor. 

From this information the relationships among the variables is 

more clearly understood. Although the correlations in Table 2 show a 

relationship between two variables, factor analysis is able to give a 

more concise picture with groups of variables. This analysis reduces 

these variables into five main factors, and enables the plant breeder 

to better understand growth and development of the plant. 
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Table 11 presents a description of the variability which occurs 

within the 42 lines selected in this study. Up to this point the 

study of the relationship of the variables has been between the 42 

lines. In the 1987 harvest, the plants were analyzed individually and 

then grouped together to obtain a mean value. This harvest procedure 

provides an opportunity to observe the variability present within each 

of the guayule lines. 

In this descriptive table a comparison is made of the standard 

deviations of the total population from 1986 with the standard 

deviation within each line. Plots 1 to 42 in Table 11 represent dif

ferent guayule lines tested. An 'x' in the variable column indicates 

the standard deviation for a given measurement within the respective 

line is greater than that of the entire population N = 234 of 1986. 

It is apparent from the table that a large amount of variability 

exists within these guayule lines. The possibility exists that in 

so~e cases a few plots were mistaken for uniform lines, and should 

have been sampled for single plant selections. Plots I, IS, 16, 17, 

18, and 34 were variable for almost every character. This is not 

true, howeve, for the majority of the plots. 

The lack of recognition of much of this variability in the 

first year may be due to management of the plots. Prior to the first 

year, the field had been poorly managed. Plants were infrequently 

irrigated and borders in some places were eroded, decreasing the 

ar.lount of water to some plants. Some areas of the field did not 

receive as much water as other areas. In addition, some areas of the 
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Table 11. A description of the variability within each of the selected 
42 lines by comparison to the variability among the 234 lines. 
An x in each column indicates the standard deviation of the 
variable within each line was greater than the standard 
deviation among the 234 lines. 

Plol St St x St St x SI 
No %Rub Rub Ht Wid Vol Fwt %Dwl Ow Om Area Area Cir Cir 

1. x x x x x x x x x x x x 
2. x x x x x 
3. x x x x x x 
4. x x 
5. x x x x x x 
6. x 
7. x x x x x x x x x x 
8. x x 
9. x 

10. x x x 
11. x 
12. x x x x X h x 
13. x x x x x x x x 
14. x x 
15. x x x x x x x x x x x x 
16. x x x x x x x x x x 

17. x x x x x x x x x x x x 
18. x x x x x x x x x x x x x 

19. x 
20. x x x 
21. x x x x x 
22. x x x x x x x 
23. x x x x x x x 
24. x x 
25. x x x 
26. 
27. x x x x x x 
28. x x x x 
29. x 
30. x 
31. x 
32. x x x x 
33. x x x x x 
34. x x x x x x x x 
35. x 
36. x x x x x 
37. x x x x x 
38. x x x x x 
39. x x x x x x x 
40. x x x x 
41. x x x x x x x 
42. x x x 
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field had high levels of dead plants possibly due to a soil borne 

disease. Some areas of the field also appeared to have variations in 

the drainage of the soil. Because of these factors, full expression 

of growth was not able to take place in these areas. Therefore full 

variability may not have been seen in the first year. As management 

improved, plants in these dry areas were able to flourish and express 

variability not seen in the first year. This may partially explain 

why some of these plots showed higher variability in characters such 

as height and width than was observed the previous year. When com

paring the coefficients of variation in Table 1, they are in almost 

every case lower in 1987. This follows the same argument that more 

uniform management caused more variation within lines of ill cared for 

plots, but less variation between plots. 

Another aspect of the variation within lines is genetical. The 

majority of these plants are apomictic. Even though the apomixis is 

facultative, most lines are estimated to reproduce in this manner bet

ween 85 to 96% of the time. These apomictics are also polyploid. 

Apomixis is not a uniform process for all plants. Varied degrees and 

combinations of apomeiosis may occur in the same plant. It has been 

reported that generative and smaatic apospory are the two main types of 

apomeiosis (Esau 1946). It is possible for reduction to take place 

and unequal pairing in the po1yp1oids causing a varied degree of 

aneuploidy, which can be propagated asexually by apomixis (Thompson 

and Ray 1988). The result of this is a chromosomal imbalance causing 

variation in these characters within a line. 
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A comparison of the two data sets from the select group of 42 

plants in 1986 and 1987 is shown in Figures 1 through 13. Each of the 

variables from the 42 guayule lines were ranked from lowest to 

highest. These values were plotted on a graph to compare the two 

years of data in ascending order. An increase in the second year was 

seen each time except for Figure 11, stem circumference/stem area, 

which is due to the increase in the denominator of the second year. 

The graph of percent rubber in Figure 1 indicates only a small 

increase in the second year. Although there is close to a six percent 

difference between the upper and lower ends for both years, the graph 

illustrates that most points lie near the mean. The low standard 

errors in Table 1 also support this fact that a large amount of 

variability does not exist for percent rubber. The two years of data 

follow each other very closely. This consistency may be of benefit 

for a plant breeder who wishes to predict how percent rubber increases 

from one year to the next. This, however, would only be of benefit in 

predictions for mature plants since youngp.r plants follow a different 

rate of increase. 

Rubber yield (g/plant) in Figure 2 illustrates a large increase 

in the second year as compared to percent rubber. This for the most 

part is a result of increased biomass. A mean increase of 35.25 g 

occurred over the first year. A uniform increase occurs between the 

two years until the upper end of the graph. It seems that these 

plants were closer to reaching their potential in yield at the first 

year of harvest than the other plants. This could be the result of a 
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Figure 1. Distribution of Rubber (%) for 42 Plots in Ranked Order--
1986 and 1987 Harvests. 
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Figure 2. Distribution of Rubber (g/plant) for 42 Plots in Ranked Order--
1986 and 1987 Harvest. 
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favorable field location of these plants or a genetic advantage of 

these guayule lines. A point made here is the importance of cultural 

management to improve biomass and thereby increase rubber yield. 

Figures 3, 4, and 5 of height, width, and volume show similar 

patterns of growth. There Is a slightly greater mean difference bet

ween the two years for height as compared to width. This is due to 

the restriction of surrounding plants limiting the growth. In all 

three figures a greater difference is seen at the lower ends of the 

graph than at the upper ends, which is again a result of the biomass 

reaching its potential. This limit is reached faster for plant width 

than other biomass variables. An overall increase in plant volume 

between the two years \.as 0.39 103 • 

Since dry weight is so closely correlated to fresh weight, 

Figures 6 and 7 are very similar. There is about the same mean dif

ference between the two years for both variables. A noticeably wider 

range occurs in the 1987 data in both figures. A difference in the 

minimum and maximum value of dry weight for 1987 is 1.80 kg/plant as 

compared to 1.18 kg/plant in 1986. Fresh weight has a difference in 

range values of 2.3 kg/plant for 1987 cocrpared to 1.93 kg/plant for 

1986. As seen above, the increased biomass in the second year 

resulted in increased rubber yields. 

Figure 8 illustrates very little increase i~ stem diameter for 

the two years. The minimum and maximum values for both years are 

almost identical. A mean increase of 0.07 cm is seen here for stem 

diameter. Only the points representing plots 35 to 39 show a 
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Figure 3. Distribution of Plant Height (em) for 42 Plots in Ranked 
Order -- 1986 and 1987 Harvests. 
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Figure 4. Distribution of Plant Width (em) for 42 Plots in Ranked 
Order -- 1986 and 1987 Harvests. 
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Figure 5. Distribution of Volume (m3) for 42 Plots in Ranked Order --
1986 and 1987 Harvests. 
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Figure 6. Dis tri bution of Dry Weight (kg/plant) for 42 Plots in 
Ranked Order 1986 and 1987 Harvests. 
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Figure 7. Distribution of Fresh Weight (kg/plant) for 42 Plots in 
Ranked Order 1986 and 1987 Harvests. 
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Figure 8. Distribution of Mean Stem Diameter (em) for 42 Plots in 
Ranked Order 1986 and 1987 Harvests. 
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Figure 9. Distribution of Total Stem Circumference/Total Stem Area 
(em-I) for 42 Plots in Ranked Order -- 1986 and 1987 
Harvests. 
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Figure 10. Distribution of Total Stem Area (cm2) for 42 Plots in 
Ranked Order 1986 and 1987 Harvests. 
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substantial increase, little difference is seen in other points. In 

contrast, stem area and stem circumference in Figures 10 and 11, which 

are formula calculations of stem diameter, show substantial increases 

between the two years. The overall mean increase for stem area was 

7.28 cm2 and 16.7 cm for stem circumference. When stem circumference 

is divided by stem area, Figure 9, it more closely resembles the graph 

of stem diameter. As stated above the reason for the higher values of 

1986 over 1987 is due to the higher value of the denominator from 1987 

resulting in a smaller quotient. The four graphs together indicate 

that only a slight change occurs in stem growth of mature plants over 

a one-year period, and the differences among these graphs can only be 

attributed to the formulas used. 

The second year data for stela number, Figure 12, has a ,dder 

range between the mini:nUlu and maximum values than the 1986 data. The 

values for the two years follow each other fairly consistently until 

the upper end of the graph. The average mean increase between the two 

years is 5.09 stems per plant. This graph is similar to Figure 6 of 

dry weight (kg/plant) where the 1987 data has a much higher upper end 

than the 1986 data. The same reasoning for this increase can be 

attributed to improved field management or the genetic advantage of 

these guayule lines. 

A comparison for the percent dry weight data in Figure 13 for 

each year follows very closely except for the first point on the 

graph. An average mean increase of 8.8 percent is seen over the two 

years. This indicates that when plants are better managed or as they 

mature the more efficient they are in biomass production. 
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Figure 11. Distribution of Total Stem Circumference (cm) for 42 Plots 
in Ranked Order -- 1986 and 1987 Harvests. -e 
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Figure 12. Distribution of Stem Number for 42 Plots in Ranked Order --
1986 and 1987 Harvests. 
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Figure 13. Distribution of Dry Weight (%) for 42 Plots in Ranked 
Order -- 1986 and 1987 Harvests. 
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CONCLUSION 

Fresh and dry weight, plant width and volume, in the second 

year's data were the only variables with highly significant negative 

correlations with percent rubber. Individually these correlations 

account for approximately one third of the variation. Statistically 

the best multiple regression model for rubber percentage included four 

variables, and accounted for 51 percent of the variability. The 

linear equation for this model is: 

% RUBBER = -6.39 - 1.3 VOL + 10.56 FWT + 0.22 %DHT - 14.81 DWT 

where VOL = plant volume (m3), FWT = fresh weight (kg/plant), and DWT 

= dry weight (% and kg/plant). 

Total rubber yield had highly significant correlations, in most 

cases, for all three data sets except regeneration, stem number and 

percent rubber. The correlations for these variables, although in 

some cases significant, were low. Dry weight was most highly corre

lated with rubber yield, and plant volume best predicted dry weight. 

The best linear regression model, statistically, had an R2 of 0.85 and 

also included four variables. The linear equation for this model is: 

Rubber yield = -230.2 + 1.39 HT + 2.97 WID - 129.6 VOL + 69.88 DHI 

where HT = height (em), WID 

dry weight (kg/plant). 

width (em), VOL 
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volume m3) and DWT = 



These data, additionally supported by factor analysis and 

ranking comparison, indicate that total rubber yield may be predicted 

with a high degree of confidence. Since total rubber yield is a 

calculation of plant dry weight and percent rubber, and the majority 

of the result is contributed by the dry weight of the plant, this 

would be expected. Most of these measured variables are growth 

related, and therefore accurately predict dry weight. As a result, 

the multiple regression for rubber yield has a high coefficient of 

determination. 
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Rubber percentage, on the other hand, is poorly predicted by 

the variables measured herein and in any other published study. From 

previous literature it is apparent that the distribution of rubber 

varies among the plant's tissue, and quantities of tissue change with 

the age of the plant. Previous studies have also revealed that rubber 

is stored only in thin walled parenchymatous cells, and these rubber 

bearing cells are found in higher quantities in different tissues of 

higher rubber yielding guayule plants. Due to this type of variabil

ity at the cell level, growth parameters obviously will not aC~lrately 

predict rubber percentage. An example of this is the correlation of 

stem diameter with percent rubber. This measurement is so highly 

variable in regards to the above mentioned tissue variation that the 

result is a low correlation coefficient. 

A possible solution to this would be to measure individual 

tissue such as bark to wood ratio or a measurement such as the poten

tial rubber carrying capacity (PRCC) of cells to correlate to rubber 
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percentage. There still exists the problem of variation in the size 

or age of the stem tissues to be used. Therefore, representative 

samples would be necessary. The amount of difficulty and time con

sumed in making these kinds of measureQents may lead the guayule 

breeder to the conclusion that more accurate and simpler plant 

sampling techniques for rubber percentage need to be developed. These 

data do indicate that enough variability exists both among and within 

the guayule lines to make significant progress in selection for both 

rubber percentage and yield. 
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Appendix Table 1. Principal component factor loadings after orthogonal 
rotation of 17 variables from plants harvested in 
1986. Numbers underscored indicate heavy loading 
for the respective factor. 

1986 Rotated Factor Pattern 
N :: 42 
No. Variable FACTORI FACTOR2 FACTOR3 FACTOR4 FACTORS 

1. Rubber(%) -0.2212 -0.1230 0.1589 0.0566 0.9243 
2. Rubber(g/plant) 0.7514 -0.3898 0.2325 0.1797 0.3563 
3. Plant Height(cm) 0.8963 -0.0923 -0.0616 0.1700 -0.0541 
4. Plant Width(cm) 0.9063 -0.1460 0.1846 0.0310 -0.1096 
5. Plant Volume(crn3) 0.9502 -0.1684 0.0444 0.0858 -0.0568 
6. Fresh Weight(kg/plant) 0.8607 -0.3544 0.1050 0.0639 -0.1272 
7. Dry Weight(kg/plant) 0.8514 -0.3490 0.1408 0.1627 -0.0995 
8. Stem Diameter(crn) 0.7113 -0.5101 -0.0184 0.3995 -0.1493 
9. Mean Stem Circum. (crn) 0.7255 -0.4982 -0.0968 0.3358 -0.1785 

10. Mean Stem Area(cm2) 0.6940 -0.5181 -0.0280 0.3626 -0.2039 
11. Total Circum./ 

Total Area (cm- l ) -0.6809 0.4717 -0.0358 -0.4351 0.1456 
12. Total Stem Circum. (cm) 0.5339 -0.3828 0.6253 0.3719 -0.0207 
13. Total Stem Area(cra2) 0.2565 -0.2211 0.8892 0.2582 0.0227 
14. Stem Number -0.1732 0.1409 0.9489 -0.0138 0.1901 
15. Dry Weight (~n 0.2063 -0.0376 0.2684 0.8586 0.1093 
16. Regeneration 1 -0.2499 0.8645 -0.1540 -0.0464 -0.1006 
17. Regeneration 2 -0.3419 0.8419 -0.0002 0.0229 -0.1356 

Variance explained by each factor 

FACTORI FACTOR2 FACTOR3 FACTOR4 FACTORS 
7.1822 3.1449 2.3394 1.6413 1.2199 

Final Communali ty Estimates: Total = 15.5278 
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