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ABSTRACT 

Several reproductive processes of tetraploid Grindelia 

camporum, gumweed, were investigated. This plant is a potential resin 

crop for the southwestern United States. Field observations of 100 

flower heads from unopened buds through 100% achene dispersal were 

made. It was found that individual flower heads are available for 

pollination for approximately 5 days but all disc florets are open for 

only 1 day. On average, achenes mature in 22 days and are dispersed 

53 days after flowering. Fourteen-hundred hand-pollinations were also 

made on plants from 6 wild populations of G^ camporum grown in a 

greenhouse and shade house. Determination of fertility and 

crossability of populations was made based on achene number and achene 

weight data from these crosses. All populations studied were 

interfertile anil no evidence of outbreeding depression in between-

population crosses was found. It is shown that 4N camporum is 

self-incompatible and requires manipulation for achene set. 
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INTRODUCTION 

Economic Botany of Grlndelia camporum 

Grindelia camporum Greene (Asteraceae) is a member of the 

widespread gumweed genus, which consists of 58 species distributed 

throughout western North America and much of South America. The 45 

North American species range from the Pacific Coast to the Great 

Plains and from Alaska to Mexico (Steyermark, 1934). 

Within Grindelia diploid (2n=12) and tetraploid (2n=4x=24) 

species have been found (Whitaker and Steyermark, 1935). Both ploidy 

levels are also found within a single species. G^ camporum is one such 

species. G;_ camporum ssp. davyi is diploid and Gj_ camporum ssp. 

camporum is tetraploid. Based on cytological analysis of interspecific 

hybrids, Dunford (1964) hypothesized that tetraploid G^ camporum is an 

autopolyploid. He believes that it originated by hybridization of 

diploids similar to G^ procera and G^ camporum with subsequent 

chromosome doubling and dlploidization. Dunford characterized this 

hybrid as an autopolyploid because the genomes of the putative parents 

are nearly identical in chromosome morphology. 

Tetraploid G^ camporum is an herbaceous perennial. The 

vegetative phase of its life cycle is spent as a basal rosette of 

leaves. Figure 1A shows a G^ camporum rosette beginning to bolt. 

Tetraploid G. camporum grown at Tucson, Arizona, bolts in its first 

year of growth; diploid G. camporum usually does not bolt until its 

1 



FIGURE 1. Growth habit of 4N Grlndella camporum 

(A) Basal rosette starting to bolt, (B) Experimental field plot of G. camporum after bolting, (C) Small 

plant showing indeterminate growth habit. Note flowers in many stages of development, 
(D) Reproductive phase of G. camporum growing in shade house. 
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second year. Bolting results in formation of erect, occasionally 

semi-woody, paniculately-branched stems, 0.5-1.5 m. tall. Figure IB 

shows an experimental field plot of G. camporum at this stage. In the 

desert climate of southern Arizona where this study was conducted, 

flowering begins in May or June and continues through September or 

October. Figure 1C shows a small plant with flowers in various stages 

of development exemplifying the indeterminate flowering of G. 

camporum. The typical Asteraceae capitula are entomophilous. Figure 

ID shows mature G^ camporum in its reproductive stage. Once flowering 

is completed the stems die back and the plant overwinters as a 

perennial woody rootstock. In the warm days of spring, root crown 

buds develop and the flowering process is repeated. The total life 

span of an individual is unknown. 

Throughout its life cycle G^ camporum is covered with a layer 

of sticky resin. This resin arises from multicellular glands on the 

plant's surfaces. The highest concentration of these glands is on the 

involucres of the flower heads, with less on the leaves and even fewer 

on the stems (Hoffmann and McLaughlin, 1986). Grindelia resin is 

obtained by cutting the plant above the woody base which is left to 

regrow. Many accessions regrow enough to produce 2 harvests per year. 

The bulk of the plant is dried and hammermilled. The resin can then 

be extracted with dichloromethane or other nonpolar solvents. Whole-

plant crude resin yields are highest when Grindelia is harvested at 

peak flowering (Hoffmann and McLaughlin, 1986). 
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Grindelia resin is composed of a mixture of labdane diterpene 

resin acids similar to those found in pine rosin. The major 

components of Grindelia resin are grindelic acid and its derivatives 

(Timmermann et al., 1983). These resin acids resemble abietic acid of 

pine rosin in both structure and physical properties. Hoffmann (1983) 

and Hoffmann et al. (1984) suggest that Grindelia resin might 

substitute for pine rosin in the naval stores industry. Pine rosin is 

used in a variety of products including rubber and other chemicals, 

ester gums, synthetic resins, paper sizing, paints, varnishes and 

lacquers (Bratt, 1979). At the present time, domestic sources of high 

grade pine rosin are virtually nonexistent in the United States. 

Recovery of gum rosin (obtained by tapping living trees) is highly 

labor intensive and the supply of wood rosin from old pine stumps has 

been depleted (Hoffmann and McLaughlin, 1986). For this reason, 

development of Grindelia as a resin crop would be a worthwhile 

endeavor. 

Tetraploid Grindelia camporum has potential as a new crop for 

the arid regions of the Southwestern United States. G. camporum is 

indigenous to the drier areas of the Central Valley and foothills of 

the South Coast Ranges of California. Comparison of climate data for 

these regions to that for Tucson, Arizona (Table 1) suggests that the 

arid Tucson area might provide a favorable environment for cultivation 

of G^ camporum. Although Tucson is slightly warmer and gets more of 

its preciptation during the summer, its overall climate is comparable 

to that for the native habitats of G^ camporum. Studies conducted at 
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Table 1. Climate data for selected stations within the natural and 
potential growing area of Grindelia camporum. 

Station 

Mean Temperature (°C) 

Jan. July 

Precipitation (mm) 

Oct.-Mar. Apr.-Sep. Total 

San Joaquin Valley 

Los Banos 9.5 26.6 

Merced 7.8 26.9 

Tracy 8.2 26.6 

South Coast Ranges 

Paso Robles 8.9 21.9 

Livermore 8.9 21.2 

Sacramento Valley 

Gait 8.7 24.9 

Colusa 7.3 25.0 

Tucson 10.1 30.1 

174 

232 

215 

359 

319 

401 

346 

121  

32 

47 

46 

43 

54 

206 

279 

261 

402 

373 

73 474 

56 402 

162 283 
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the University of Arizona Bioresource Research Facility in Tucson 

confirm that 4N camporum grows well under cultivation in the 

deserts of the Southwest. Optimum yields of 12.5 tons ha~*yr~* of 

biomass and 1180 kg ha~*yr~* of crude resin were obtained from 2 

harvests/yr with an average of only 66.7 cm of irrigation water 

(McLaughlin, unpublished). Tetraploid G. camporum seems to fit the 

criteria for selecting new crops for arid regions as outlined by 

McLaughlin (1985). It grows well under arid conditions, provides a 

high-value chemical, and probably would not grow well in more humid 

regions where production costs would be lower. Hoffmann and McLauglin 

(1986) contend that successful development of camporum as a resin 

crop could bring as much as $300 million or more into the economy of 

the Southwest. 

Successful development of tetraploid G. camporum as a cash 

crop, however, would require improvement of resin yields through 

breeding. To date collections of 4N G^ camporum yield approximately 

10% crude resin. Under current economic conditions, Grindelia resin 

cannot compete with imported pine rosin. Hoffmann and McLaughlin 

(1986) estimate that breeding G^ camporum to yield 15-20% crude resin 

in the aboveground biomass would lower production costs enough to make 

it economically competitive. Studies on mass selection and the 

heritabilities of characteristics contributing to resin yield have 

shown that an increase in resin yield of 5-10% of the aboveground dry 

weight is possible (McLaughlin, 1986a and 1986b). 
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Improvements in resin yield would most likely be made by 

selecting for high resin yield, good regrowth, and high biomass yield. 

Biomass yield is a function of both plant size and earliness since 

greater earliness allows for greater regrowth before a second harvest. 

Table 2 shows that camporum populations vary greatly in these 

economically significant traits. No one population has all the 

desired traits so that recombination must be achieved through 

breeding. 

Flower Morphology of Grindelia camporum 

Grindelia camporum capitula are typical of those found in 

members of the Astereae tribe. The flower head consists of many 

small, yellow florets surrounded by an involucre of bracts or 

phyllaries. The ray florets are ligulate or strap-shaped and 

pistillate; the disc florets are tubular and hermaphroditic. The 

styles within the disc florets are surrounded by 5 stamens fused to 

form an anther column. Both ray and disc florets are epigynous. The 

G. camporum fruit is an achene which is crowned by a calyx that has 

been modified to form pappus bristles. Figure 2 illustrates a G. 

camporum capitulum. 

Objectives 

Of importance to a successful breeding program for G. 

camporum is an understanding of its basic reproductive processes. 

This study was designed to provide insight into several of these 

processes. Description of the flowering phenology of <« camporum was 



8 

Table 2. Economically important characteristics of Grindelia camporum 
populations. 

+ = favorable characteristics, 0 = average, - = unfavorable 
characteristics 

Seed Collection Blomass Resin Rebolting 
Collection Locality Earliness Yield Yield & Regrowth 

2826 Santa Margarita + 0 + 0 

2832 Pacheco Pass + 0 + 0 

2830 Firebaugh — ++ - + 

2831 Los Banos — + - -

2838 Gait + 0 0 ++ 

2840 Colusa + + ++ — 

2834 Vernalis 0 + 0 0 

2835 Altamont ++ - - 0 

2837 Rio Vista + — - -

2839 Arbuckle 0 + ++ — 
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Anther column 

Achene 

Phyllaries 

Pappus Bristle 

Receptacle Peduncle 

FIGURE 2. Flower morphology of Grindella campomm. 
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undertaken to provide information which might be of use in improving 

pollination techniques. The intercrossability of selected populations 

of G^ camporum was also investigated to further improve breeding 

efficiency. Previous investigations of G. camporum (Dunford, 1962, 

1964) suggest that it is a self-incompatible species. This study 

attempts to further document this self-incompatibility. The 

possibility of outbreeding depression occurring in G. camporum is also 

examined. Several investigators have found evidence that outbreeding 

depression is expressed in crosses between isolated populations of the 

same species (Kruckeberg, 1957; Martin, 1963; Hughes and Vickery, 

1974; Hogenboom, 1975; Vickery, 1978; and Banyard and James, 1979). 



MATERIALS AND METHODS 

Flowering Phenology 

Phenological observations were made on 100 flower buds of 4N 

Grindelia camporum in 2 rows of an experimental field plot. Buds 5-8 

mm in diameter were chosen at random and tagged. The experimental 

field plot was located at the University of Arizona Bioresource 

Research Facility (BRF) in Tucson, Arizona. This plot was made up of 

2 half-sib families from 2 plants of seed lot A-121. The A-121 seed 

lot originated from tetraploid camporum achenes collected by S. P. 

McLaughlin near Vernalis in San Joaquin County and just north of 

Firebaugh in Fresno County, both San Joaquin Valley localities in 

California. 

Description of the flowering phenology of tetraploid G. 

camporum is based on observation of the development of flowers from 

unopened buds to 100% achene dispersal. Flowering stages that could 

be easily distinguished were determined from preliminary greenhouse 

observations. The stages were as follows: (1) disc visible; (2) ray 

corollas emerging; (3) ray corollas beginning to unroll (ray corollas 

unroll laterally rather than uncurling from base to tip); (4) first 

disc florets open; (5) approximately half of disc florets open; (6) 

all disc florets open; (7) flowering complete; (8) involucre brown 

(first mature achenes); (9) 100% achene dispersal. The dates at 

which flower heads were first observed in a particular stage were 
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recorded. Phenology data were collected every Monday, Wednesday and 

Friday morning from May through September. By late September all 

achenes had been dispersed. 

Crossing studies 

Crossing studies were conducted by hand-pollinating plants 

grown from the achenes of 6 wild populations of 4N Grindelia camporum. 

These accessions, collected in California by S. P. McLaughlin, are: 

2826 and 2832 (South Coast Ranges); 2830 and 2831 (San Joaquin 

Valley); 2838 and 2840 (Sacramento Valley). Approximate locations of 

these populations are shown in Figure 3. These plants were confirmed 

as tetraploid by cytological examination of root tip cells. 

Achenes from the 6 populations were planted in flats in the 

greenhouse. Five families within each population and 8 individual 

plants per family were selected at the seedling stage for a total of 

240 plants. Seedlings were then transplanted into 5 gallon pots. 

Four plants in each family were grown in a shade house (Figure 4A) and 

the other 4 in a greenhouse (Figure 4B). The shade house consisted of 

a permanent metal frame covered with shade cloth that gave 

approximately 47% shade (Figure ID). It was designed to keep 

potential insect-pollinators away from the plants. The greenhouse and 

shade house were also sprayed occasionally with malathion for pest 

control and to further protect against insect-pollinators. 

Six different pollination treatments were applied to each 

plant in this study. One flower head per plant was bagged just prior 
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FIGURE 3. Distribution of Grindelia camporum populations. 
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FIGURE 4. Grlndella camporum grown for hand-pollination studies 

(A) Shade house plants, (B) Greenhouse plants. Note the extreme height of greenhouse plants as compared 

with shade house plants, (C) Bagged flower after hand-pollination. 



to anthesis without pollination. A second flower head was self-

pollinated by rubbing pollen from another flower head of the same 

plant onto it. A third flower head on each plant was pollinated using 

pollen from a plant in the same family (sib-pollination). A fourth 

flower head on each plant was pollinated with pollen from a plant 

within the same population but outside the family. Fifth and sixth 

flower heads were pollinated using flower heads from outside the 

population; one from within the same region (for example, 2826 X 2832 

which are both from the South Coast Ranges) and one from outside the 

region. 

Emasculation of camporum flowers is not possible. The 

hermaphroditic disc florets are small and are covered with a layer of 

sticky resin until they open. The stigmas also emerge from the anther 

columns already covered with pollen. The small percentage of achenes 

resulting from self-pollen during crossing could be deduced by 

comparison with self-pollinations actually made on the same plant. 

All of the hand-pollinations were conducted as capitula at the 

right stage were available. Capitula were considered ready to use for 

pollinating when all or as many florets as possible had opened, and 

the stigmas had protruded from the anther columns. Immediately after 

pollination the flower heads were bagged in glassine bags labeled with 

cross number and date (Figure 4C). A total of approximately 1440 

hand-pollinations were made and the achenes resulting from them were 

harvested six weeks after pollination. 
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Achene numbers and average achene weights were determined for each 

pollination. 

Nested analysis of variance (families nested within 

populations) was used to examine differences in achene numbers and 

achene weights produced by populations used as seed parent and pollen 

parent. One-way anaylsis of variance was used to evaluate the 

fertility and achene weights of different pollination and outcross 

types. The greenhouse and shade house served as 2 blocks in the 

statistical analyses. 



RESULTS AND OBSERVATIONS 

Flowering Phenology 

The capitula of tetraploid Grindelia camporum require from 49-

112 days to mature from 5-8 mm buds to 100% achene dispersal at 

Tucson, Arizona. The flowering process begins with the appearance of 

tiny flower buds at the terminal and axillary nodes after bolting. 

The buds enlarge slowly. A 5-8 mm bud takes an average of 16.3 days 

to open just enough for the disc florets to be visible within the 

involucre. At this point the involucre is green and spherical, and 

covered with a thin layer of sticky resin. The opening in the 

involucre may also be filled with a large amount of milky resin. 

Figure 5A shows an example of this. The disc florets tend to be 

greenish at this point. 

Once the disc is visible, flowering events occur more rapidly. 

The involucre continues to open revealing the spiral files of unopened 

disc florets. After about 3.4 days, the ray florets begin to emerge 

from the periphery of the receptacle. A single whorl of approximately 

30 ray florets encircles the disc. The ray corolla remains tightly 

rolled around the ray style and is covered with a thin layer of resin 

(Figure 5B). By this time the disc florets have also started to turn 

yellow. Within approximately 1.8 days the ray corollas reach their 

full length and start to unroll. This lateral unrolling exposes the 



FIGURE 5. Flowering stages of Grlndella camporum 

(A) Involucre opening filled with resin, (B) Ray florets beginning to emerge, 
(C) First disc florets open. Note resin on unopened florets, (D) Nearly all 
disc florets open. Stigmas covered with pollen, (E) Involucre closing around 
dry florets. Ray corolla wilted, (F) Brown involucre starting to shatter. 
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ray stigma and style. The inner surface of the ray corollas does not 

appear to be resinous. 

On average, the outermost disc florets open on the same day as 

the ray corollas unroll, with a mean of 0.2 days between them. Only a 

few disc florets at a time may open or the entire outer rank or more 

may open the first day (Figure 5C). Opening of the disc florets 

nearly always begins with the outermost florets and progresses in 

succession toward the center of the disc. Soon after the disc corolla 

opens the style surrounded by the anther column emerges from the 

floret. The stigma protudes from the anther column covered dorsally 

with pollen. The 2 stigmatic lobes split and open to expose their 

receptive inner surfaces sometime later. Some never seem to split 

open and may require triggering by insect- or hand-pollination. After 

an average of 2.3 more days approximately half of the disc florets 

have opened. The unopened florets may still be covered with a thin 

layer of resin. All of the remaining disc florets open in 

approximately 0.9 more days. Figure 5D shows a flower head before the 

last few disc florets have opened. 

Flowering was considered complete when all of the styles had 

protruded and the ray corollas had started to wilt. This occurred in 

an average of 1.4 days after all the disc florets had opened or 

approximately 4.6 days after anthesis. As the ray corollas wilt and 

turn brown the styles also dry and seem to recede back into the 

florets. In some plants the ray styles and outer disc styles may 

recede before all of the central disc florets have opened. It is 



probable that in at least some cases, this is due to pollination by 

insects. Further evidence of this is provided by the fact that in a 

greenhouse protected from insects, flower heads last several days with 

all their styles protruding. 

After flowering is completed the involucre starts to close 

around the drying florets. The ray corollas continue to wilt and dry 

(Figure 5E). Eventually the involucre dries and turns brown. This 

takes an average of 21.9 days after flowering is complete. At this 

point the first achenes have matured within the involucre. The 

involucre does not reopen allowing achene dispersal until sometime 

later. The majority of achenes are dispersed by gravity because the 

pappus of Grindelia, which consists of short, usually curled, 

deciduous bristles, is not useful for animal or wind dispersal. The 

time for dispersal varies greatly with the plant and weather 

conditions. As might be expected, high winds and rain tend to 

facilitate achene dispersal. The plants in this study averaged 30.9 

days from involucre browning to 100% achene dispersal. Figure 5F 

shows a dry involucre beginning to shatter. 

A summary of the flowering process is presented in Figure 6. 

Approximately 80 days elapse between buds 5-8 mm in diameter and 100% 

achene dispersal. Individual flower heads can be pollinated for about 

5 days but there is only an average of 1 day when all the disc florets 

are open. Achenes are completely dispersed an average of 53 days 

after flowering. 
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80 -i 
100% achene dispersal 

50 
•Involucre brown (First mature achenes) 
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Approximately half of disc florets open 

First disc florets open 

•Ray corollas beginning to unroll 

•Ray corollas emerging 

10 
•Disc visible 

Buds 5 - 8mm. in diameter 

FIGURE 6. Average number of days between flowering stages in GrtndaUa camporum. 
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Crossing studies 

Data on achene number and achene weight from pollinations on 

4N Grindelia camporum were analyzed in several different ways. First, 

the data were grouped by 5 pollination types: none (bagged without 

pollination), selfed, sibs, outcrosses within a population and 

outcrosses between populations (includes within a region and outside 

the region). Table 3 gives the average achene number and weight for 

each pollination type. The bagged (none), selfed, sib and outcross 

types are all significantly different in terms of achene number. Only 

a few achenes are set without hand manipulation (an average of 2.5 

achenes for bagged flowers). Nearly 4 times as many achenes result 

when plants are selfed by rubbing flowers from the same plant 

together. Approximately 3 times as many achenes develop in sib-

matings and more than 4 times as many in outcrosses as compared with 

selfs. Achene numbers for crosses within a population and outside the 

population do not differ significantly. Mean achene weight is 

slightly but significantly greater for selfed plants than for all 

other pollination types. Analysis of variance for achene number and 

achene weights for pollination types (Tables 4 and 5) show that the 

block effects were significant. On average, plants grown in the shade 

house produced more and heavier achenes than those from the 

greenhouse. The mean achene numbers for the shade house and 

greenhouse were 30.3 and 26.1, respectively. The mean achene weights 

for the shade house and greenhouse were 2.46 and 2.33, respectively. 



23 

Table 3. Average achene number and achene weight for pollination 
types. 

Means within a column not followed by same letter are significantly 
different (p < .05) as determined by Duncan's Multiple Range Test. 
Sample sizes for achene weight data include only heads producing 
mature seed. 

Pollination Mean No. Sample Size Mean Achene Sample Size 
Type Achenes/head (no. heads) Weight (mg) (no. heads) 

None 2.5d 235 2.42b 49 

Self 9.7c 234 2.67a 164 

Sib 29.6b 234 2.40b 187 

Within 
Population 43.5a 234 2.35b 205 

Between 
Populations 42.1a 463 2.33b 395 
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Table 4. Pollination-type ANOVA for achene number. 

Source df Sums of Squares Mean Square F P<? 

Blocks 1 6256 6256.3 4.88 .05 

Pollination Types 4 380397 95099.3 74.19 .001 

Error 1394 1787082 1281.9 

Total 1399 2173735 

Table 5. Pollination-type ANOVA for achene weight. 

Source df Sums of Squares Mean Square F P<? 

Blocks 1 3.698 3.698 6.748 .001 

Pollination Types 4 13.839 3.460 6.314 .001 

Error 991 543.236 0.548 

Total 996 560.773 
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Analysis of achene number and achene weight were also made by 

grouping the data according to the population used as the seed and 

pollen parent in between-population crosses. The results of these 

analyses are given in Tables 6-11. The average achene number and 

achene weight were not significantly different for any of the 

populations used as seed parent (Table 6). A nested analysis of 

variance (Tables 7 and 8) shows that although the blocks and 

populations do not differ significantly, the variation between 

families within populations was highly significant for achene number 

and achene weight. 

The results of the analysis made by grouping the data by 

population used as pollen parent in between-population crosses is 

summarized in Table 9. The population used as pollen parent did not 

significantly affect achene number. The nested analysis of variance 

(Table 10) shows that significant differences in achene numbers do not 

result from.blocks or families within populations either. It was 

found, however, that the average achene weight when population 2830 

was used for pollen was significantly less than that for all other 

populations except 2832 (Table 9). The blocks and families within 

populations were not significant for achene weight (Table 11). 

Data for achene number and achene weight were also analyzed by 

outcross type. For this analysis all crosses between the same two 

populations were grouped together. For example, crosses between 2826 

and 2832 were designated as one type and crosses between 2826 and 2830 

were designated as another type. Reciprocal crosses were thus placed 
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Table 6. Average achene number and achene weight for populations as 
seed parent. 

Means within a column not followed by same letter are significantly 
different (p < .05) as determined by Duncan's Multiple Range Test. 
Sample sizes for achene-weight data include only heads producing 
mature seed. 

Mean No. Sample Size Mean Achene Sample Size 
Population Achenes/head (no. heads) Weight (mg) (no. heads) 

2826 58.9a 76 2.28a 69 

2832 39.2a 78 2.08a 61 

2830 25.8a 77 2.27a 66 

2831 32.5a 76 2.11a 65 

2838 45.4a 78 2.78a 63 

2840 50.9a 78 2.49a 68 
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Table 7. Achene-number ANOVA for populations as seed parent. 

Source df 
Sums of 
Squares 

Mean 
Square F P<? 

Blocks 1 173 173.0 0.10 NS 

Populations 5 56646 11329.2 2.12 NS 

Families Within Populations 24 127980 5332.5 3.10 .001 

Error 432 743667 1721.5 

Total 462 928466 

Table 8. Achene-weight ANOVA for populations as seed parent. 

Sums of Mean 
Source df Squares Square F P<? 

Blocks 1 0.187 0.187 0.11 NS 

Populations 5 21.690 4.338 2.46 NS 

Families Within Populations 24 42.260 1.761 4.54 .001 

Error 361 140.155 0.338 

Total 391 204.292 
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Table 9. Average achene number and achene weight for populations as 
pollen parent. 

Means within a column not followed by same letter are significantly 
different (p < .05) as determined by Duncan's Multiple Range Test. 
Sample sizes for achene-weight data include only heads producing 
mature seed. 

Mean No. Sample Size Mean Achene Sample Size 
Population Achenes/head (no. heads) Weight (mg) (no. heads) 

2826 38.4a 77 2.39a 63 

2832 49.7a 78 2.30ab 69 

2830 36.8a 76 2.08b 62 

2831 31.5a 76 2.42a 62 

2838 53.1a 77 2.36a 69 

2840 42.9a 79 2.44a 67 



29 

Table 10. Achene-number ANOVA for populations as pollen parent. 

Sums of Mean 
Source df Squares Square F P<? 

Blocks 1 173 173.0 0.09 NS 

Populations 5 25505 5101.0 2.19 NS 

Families Within Populations 24 55939 2330.8 1.19 NS 

Error 432 846849 1960.3 

Total 462 928466 

Table 11. Achene-weight ANOVA for populations as pollen parent. 

Sums of Mean 
Source df Squares Square F P<? 

Blocks 1 0.187 0.187 0.354 NS 

Populations 5 5.392 1.078 3.210 .05 

Families Within Populations 24 8.057 0.336 0.636 NS 

Error 361 190.656 0.528 

Total 391 204.292 
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in the same group. Within-population crosses excluding selfs and sibs 

were also included for a total of 21 different outcross types. 

Table 12 shows that there are significant differences in the 

number of achenes produced by these outcross types. The crossing 

polygon in Figure 7 suggests that in almost all cases, crosses with 

2830 and 2831 do not produce as many achenes as with other 

populations. 2826 X 2838 produced the most achenes. Other 

combinations of 2826, 2832, 2838 and 2840 produced intermediate number 

of achenes except 2832 X 2838 which produced fewer achenes. Many 

achenes resulted from within-population outcrosses for populations 

2826, 2838 and 2840. Within-population outcrosses for 2831 and 2832 

resulted in fewer achenes than other populations except 2830 X 2830 

which produced the fewest number of achenes. In general, the 

populations that produced many achenes in withiir-population crosses 

also produced many achenes in between-population crosses. 

The mean achene weights for the various outcrosses are given 

in Table 13. There are also significant differences between the 

achene weights produced by certain outcrosses. In general, crosses 

with populations 2826, 2838 and 2840 resulted in the heaviest achenes. 

Crosses including 2831 and 2832 produced intermediate achene weights 

and crosses including 2830 tended to produce the lightest achenes. 

Analysis of variance for outcross type (Tables 14 and 15) show no 

significant differences between blocks in achene numbers or achene 

weights. 
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Table 12. Average achene number for outcrosses. 

Means within a column not followed by same letter are significantly 
different (p < .05) as determined by Duncan's Multiple Range Test. 

Sample Size Mean No. 
Outcross (no. heads) Achenes/head 

2826 X 2838 18 71.5a 
2838 X 2838 39 62.2ab 
2826 X 2826 39 61.0ab 
2838 X 2840 77 52.8abc 
2826 X 2832 79 51.8abc 
2832 X 2840 19 49.0abc 
2826 X 2840 20 47.4abcd 
2840 X 2840 39 47.0abcd 
2832 X 2838 20 39.9bcd 
2832 X 2832 38 38.2bcd 
2831 X 2838 20 37.8bcd 
2826 X 2831 18 37.lbcd 
2830 X 2840 20 35.5bcd 
2832 X 2831 19 32.2cd 
2831 X 2831 40 32.led 
2832 X 2830 20 32.0cd 
2830 X 2838 19 31.led 
2826 X 2830 19 30.5cd 
2830 X 2831 75 30.2cd 
2831 X 2840 20 28.4cd 
2830 X 2830 39 20.8d 
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FIGURE 7. Crossing polygon of achene number for outcrosses. 

Width of line is proportional to number of achenes produced 
by between-population crosses. 

Diameter of circles is proportional to number of achenes 
produced by within-population crosses. 
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Table 13. Average achene weight for outcrosses. 

Means within a column not followed by same letter are significantly 
different (p < .05) as determined by Duncan's Multiple Range Test. 

Sample Size Mean Weight 
Outcross (no. heads) (mg.) 

2840 X 2840 34 2.74a 
2838 X 2838 35 2.71ab 
2826 X 2838 17 2.69abc 
2838 X 2840 69 2.66abc 
2826 X 2831 15 2.58abcd 
2832 X 2838 16 2.53abcde 
2826 X 2840 18 2.44abcdef 
2826 X 2830 16 2.43abcdef 
2832 X 2831 17 2.36abcdef 
2831 X 2838 14 2.36abcdef 
2826 X 2826 37 2.32abcdef 
2831 X 2840 16 2.26bcdef 
2830 X 2838 15 2.22cdef 
2830 X 2840 16 2.21cdef 
2830 X 2831 65 2.14def 
2832 X 2840 15 2.14def 
2826 X 2832 67 2.12def 
2832 X 2832 31 2.lief 
2831 X 2831 37 2.lOef 
,2830 X 2830 31 2.08ef 
2832 X 2830 16 2.03f 
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Table 14. Achene-number ANOVA for outcross type. 

Source df 
Sums of 
Squares 

Mean 
Square F P<? 

Blocks 1 11 10.8 0.01 NS 

Outcross Types 20 110879 5544.0 2.91 .001 

Error 675 1284693 1903.2 

Total 696 1395583 

Table 15. Achene-weight ANOVA for outcross type. 

Sums of Mean 
Source df Squares Square F P<? 

Blocks 1 0. ,758 0. .758 1.641 NS 

Outcross Types 20 36. .001 1. ,800 3.896 .001 

Error 575 265. ,686 0. ,462 

Total 596 302. .445 



DISCUSSION 

The reproductive processes of tetraploid Grindelia camporum 

enhance gene flow between individuals and populations and thus 

maintain variability within the species. Variability is important to 

the evolution of organisms because it provides numerous diverse 

genotypes, at least one of which will be adapted to a range of 

environmental conditions. It thus assures maintenance of a population 

in the face of changes which might wipe out a uniform, specialized 

population. Variability is especially important for a colonizing 

species such as Grindelia, for establishment in new environments. 

Self-incompatibility is one way that variability has been 

maintained in Grindelia camporum. Dunford (1962) suggested that 

Grindelia populations including G. camporum are self-incompatible 

based on achene set of 346 flower heads bagged without pollination. 

Only 121 flower heads produced achenes with an average of 2.1 achenes 

per head in those. Results from this study (Table 3) provide 

substantial evidence for self-incompatibility in G. camporum. The 

fertility of self-pollinations was considerably reduced below that of 

cross-pollinations in 1400 pollinations. In most cases no achenes 

were produced without pollination or by self-pollination, but in 

several cases a few achenes were produced and in a few cases many 

achenes were produced. The latter cases may have resulted from 

pollination by an occasional insect that penetrated the greenhouse or 

35 
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shade house, or by other experimental error. The intermediate 

fertility of sib-matings between that of selfs and outcrosses also 

supports the contention that camporum is a self-incompatible 

species. Lewis (1979) theorizes that the advantage of self-

incompatibility systems is that they protect against sib-matings which 

tend to reduce the heterozygosity (variability) of a population in a 

manner similar to selfing but at a slower rate. 

Although this study was not designed to determine the genetics 

involved in the self-incompatibility system of camporum, certain 

suggestions can be made from other studies. It is most probable that 

a homomorphic, sporophytic self-incompatibility system is operational 

in camporum since all other members of the Asteraceae family 

studied to date exhibit this type of system. These Asteraceae self-

incompatibility systems involve 1 gene with multiple alleles (Lewis, 

1979). Willson (1983) notes that in general, the more alleles 

involved, the less effective the 6elf-incompatibility system will be 

in reducing sib-matings. In camporum, there probably is a moderate 

number of alleles involved since sibs produce approximately 75% the 

achenes of outcrosses. Apparently tetraploidy does not break down 

self-incompatibility in sporophytic systems as it frequently does in 

gametophytic systems (Frankel and Galun, 1977 and Lewis, 1979). This 

further suggests that tetraploid G. camporum exhibits sporophytic 

self-incompatibility. Since sporophytic systems with multiple alleles 

and hierarchical dominance relations between alleles are complex, an 



extensive genetic study would be required to characterize the self-

incompatibility system in 4N G. camporum. 

Additional deductions can be made based on examination of the 

data in Table 3. Selfed flower heads produced significantly more 

achenes than unpollinated flower heads which indicates that some sort 

of manipulation is required for achene set. It may be that hand- or 

insect-pollination triggers opening of the stigmatic lobes to expose 

the receptive inner surfaces or that manipulation facilitates 

distribution of pollen on these receptive surfaces, or both. It 

should also be noted that even for outcrosses only an average of 42-43 

achenes were set out of a potential of approximately 250 achenes. The 

reason for this may be that insect-pollination is much more efficient 

than hand-pollination because it does not damage the stigmas and 

because several visits are made to each flower head. It is also 

possible that achene numbers were reduced because all the stigmas on 

the flower head are not receptive at the same time and pollinations 

were made only once. Or, there may be some cross-incompatibility 

expressed, but this Is likely only if few alleles are involved in the 

S-gene of camporum. 

Data from Table 3 also indicates that outbreeding depression 

is not expressed in crosses between populations of G. camporum. It 

was thought that G«_ camporum might show outbreeding depression based 

on findings of several investigators that outbreeding depression is 

often expressed in crosses between disjunct populations within a 

species (Kruckeberg, 1957; Martin, 1963; Hughes and Vickery, 1974; 



Hogenboom, 1975; Vickery, 1978; and Banyard and James, 1979). This 

expression of outbreeding depression is often attributed to 

dissimilarity between mates of isolated populations due to their 

genetic divergence and adaptation to local environments. Kruckeberg 

(1957) and Waser and Price (1983) correlate the degree of genetic 

divergence and thus outbreeding depression with the physical distance 

between parents of a cross. McLaughlin (1986c) found divergence 

between the 6 populations of («_ camporum used in this study based on 

measurement of 17 phenological, physiological and morphological 

traits. Since these («_ camporum populations are small, isolated, and 

show significant differentiation it might be expected that outbreeding 

depression would be expressed in between-population crosses. This was 

not the case, however. There was no reduction in the fertility of 

between-population crosses as compared with within-population crosses. 

G. camporum seems to conform to the more common trend among plants of 

no relation between fertility and the distance between parental 

strains within a species (Kruckeberg, 1957). 

Two theories have been presented which might explain the 

discrepancy among plant species in expression of outbreeding 

depression. Stebbins (1950) believes that linkage may exist between 

genetic factors that influence the morphology and fertility of a 

species where correlation has been found between them. Where no 

correlation exists he theorizes that the genetic linkage has been 

broken by crossing over within the linkage group or that linkage does 

not occur in those species. Roberts and Lewis (1955) suggest that 
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morphological divergence and genetic isolation are independent events 

either one of which may or may not result from geographic isolation 

and subsequent genetic divergence of a population. For whatever 

reason, expression of outbreeding depression is lacking in G. 

camporum. This should enhance gene flow between its populations and 

thus act further to maintain variability within the species. 

Evidence of this variability within camporum can be seen in 

the results from analysis of.the reproductive success of populations 

used as female parents in cross-pollinations (Tables 6-8). It appears 

that the population used as seed parent in crosses does not affect its 

relative reproductive success (achene number and achene weight in this 

case). Interpretation of these results, however, is obscured by the 

highly significant variation found between families within the 

populations. It is possible that the populations differ significantly 

in fertility or achene weight but that the differences cannot be 

detected because of the high level of variation between families 

within the populations. 

Results from analysis of the reproductive success of male 

parent populations are more easily interpreted (Tables 9-11). The 

population or family used as pollen parent does not significantly 

affect the fertility of the cross. One would assume then, that the 

pollen production and quality are not limiting in any population. 

Tables 9 and 11 show, however, that population 2830 does produce 

significantly lighter achenes than all other populations except 2832. 

This trend also seems to hold for outcrosses which exclude self- and 



sib-pollinations (Table 13). In general outcrosses with 2830 as one 

parent tend to produce lighter achenes than outcrosses with other 

populations. Population 2830 flower heads are relatively small so it 

is not unreasonable that achenes it produces are lighter. 

Interpretation of the achene number and achene weights 

produced by crosses between different combinations of populations in 

G. camporum suggest analogy to the "general" and "specific combining 

ability" concepts used in development of hybrid corn. General 

combining ability refers to the ability of an inbred to cross with an 

open-pollinated variety, and gives a general measure of its 

performance as a parent in the production of hybrids (Briggs and 

Knowles, 1967). For this study, any trends in the fertility or achene 

weights produced by a population in combination with all other 

populations may give an idea of its "general combining ability". For 

example, results for achene number produced by outcrosses including 

2830 (see Table 12) might suggest that the "general combining ability" 

of 2830 is relatively poor. All of the crosses which include 2830 are 

in the lower half of the fertility range for outcrosses. Trends may 

be noted for other populations as well (Figure 7). Assessment of 

"general combining ability" for some populations might prove difficult 

since there are no clear separations in fertility for those 

populations. For example, population 2840 which is involved in 

crosses spread throughout the range of fertility. Evaluation of the 

fertility of specific outcrosses might be of more use to a plant 

breeder. This would be analogous to evaluation of inbreds for 



"specific combining ability" or the ability to combine in specific 

single, three-way or double crosses (Briggs and Knowles, 1967). For 

the example above, we see that even though population 2830 has poor 

"general combining ability", the fertility of the specific cross 2830 

X 2840 is not significantly less than that for any of the outcrosses 

above it in Table 12, except 2826 X 2838. Population 2840 may somehow 

complement population 2830 to improve achene production. Similar 

interpretations can be made for the weight of achenes produced by 

different outcross combinations. 

Further examination of outcross data suggests that gene flow 

is not restricted between geographically isolated populations of 4N G. 

camporum. Achenes are produced for every outcross type so all of 

these populations are interfertile. Dunford (1962) found no apparent 

structural differences in chromosomes of 4N Grindelia varieties 

collected from the same regions as populations in this study. He also 

found high fertility in tetraploid X tetraploid hybrids of Grindelia 

species and suggests that barriers to gene exchange between tetraploid 

varieties in nature may be geographical and ecological rather than 

genetic. Phenological observations of 4N G. camporum revealed that 

individual flower heads are only available for pollination for 

approximately 5 days under normal conditions. This should not hinder 

gene flow between populations, however, since Grindelia has 

indeterminate flowering and a long flowering season. There should be 

plenty of overlap in flowering of populations, even with locally-
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adapted seasonal variation, to allow gene exchange between 

populations. 

Evidence from this study and others suggest that recombination 

of economically important traits in 4N camporum is possible through 

breeding. The inter fertility of G. camporum populations, lack of 

outbreeding depression and indeterminate flowering in G. camporum 

should facilitate gene exchange between populations. The high 

variability within families of G^ camporum, in part due to self-

incompatibility, provides a wide genetic base from which to select 

desirable traits for breeding. McLaughlin (1986a) also found highly 

significant heritabilities for traits contributing to resin yield in 

San Joaquin Valley populations which further implies that breeding for 

improvement of these economic traits can be achieved. Since G. 

camporum is an obligate outcrosser mass selection would probably be a 

productive breeding technique. Mass selection has the advantage of 

maintaining genetic variability within outcrossing species and thus 

reducing expression of inbreeding depression. It is most effective 

when there is a high level of variability in a species and when 

heritabilities are high for traits being selected for (Briggs and 

Knowles, 1967), as is the case for 4N G. camporum. Mass selection 

already in progress at the University of Arizona has improved crude 

resin yields 0.8%/yr (McLaughlin, 1986b). 

This study provides other information that would be of use in 

breeding 4N G^ camporum. There were no significant differences 

between the 2 blocks (greenhouse and shade house) used in this study 



except in the analysis for pollination type. Though the differences 

between blocks were significant for pollination type they were 

relatively small. In all other cases there were no statistical 

differences between the greenhouse and shade house suggesting that 

both were equally effective in preventing insect-pollination and 

providing a suitable environment for culture of camporum. A shade 

house or similar structure might prove most efficient for pollination. 

G. camporum plants grown in a greenhouse tend to become very etiolated 

making hand-pollinations difficult (see Figure 4B). A shade house 

also more nearly simulates the conditions under which G. camporum 

would be grown for commerical use. This study also suggests that seed 

increase fields of 4N G. camporum would provide maximum achene yields 

when harvested by hand. Phenological observations of the flowering 

behavior of G^ camporum showed that the time required for shattering 

to occur is highly variable. This together with the indeterminate 

flowering pattern of G. camporum would make it difficult to obtain 

good achene yields by machine-harvesting. Since relatively small 

acreages of G^ camporum could meet the demand for rosin products 

(Hoffmann and McLaughlin, 1986), harvesting achenes by hand from 

breeding fields would probably be a feasible task. Mechanized harvest 

of achenes from seed increase plots could be attempted when the 

majority of the involucres had turned brown but before shattering; 

approximately 30 days after peak flowering. 
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