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ABSTRACT 

Digitaria californica is a warm-season grass native to 

western hemisphere deserts. This study was conducted to 

measure :1) seed dormancy, and the effects of 2) wetting and 

drying on germination, and 3) glumes on water uptake and loss. 

Dormancy was measured with weekly germination trials for 12 

weeks. Complete and naked caryopses were exposed to a 24-h dry 

period after 12, 24, 36, and 48-h imbibition, and rewetting 

for 2 weeks. Water uptake and loss patterns were also 

measured. Germination percentage increased from about 40% 

initially to 94% after 9 weeks. Germination speed decreased 

from 5 days to about 2 days over the same period. Drying 

reduced percent germination of the 36- and 4 8-h imbibition 

treatments for complete caryopses, and that of the 24-, 36-, 

and 48-h imbibition treatments for naked caryopses. Complete 

caryopses also seemed to imbibe faster. Moisture loss for 

complete and naked caryopses appeared similar. Short 

imbibition periods do not induce germination in this species. 
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INTRODUCTION 

Depleted rangelands may be improved by appropriate 

grazing management that restores vigor and accelerates the 

spread of the remaining desirable plants. When populations of 

remaining desirable forage plants are insufficient, artificial 

seeding may be used. Deliberate revegetation is one method of 

improving rangeland productivity, reducing soil erosion, or 

improving grazing capacity. Native plant species may have the 

advantage over introduced ones for deliberate rangeland 

revegetation in that they have evolved at the site and may 

therefore be best adapted to its particular ecological 

conditions (Vallentine, 1971). Among the perennial grasses in 

the southwestern USA that have been regarded as being highly 

palatable to cattle and able to tolerate heavy use over long 

periods is Digitaria californica (Benth.) Chase (Arizona 

cottontop)(Cable, 1979), which makes it potentially a valuable 

species for range revegetation. 

Digitaria californica is a perennial warm-season grass 

native to the southern Rocky Mountains, plains, plateaus, and 

southwest desert region, at elevations ranging from 300 to 

1800 m (USDA, 1981). It is also found in nine states in north 

and central Mexico, and in South America (Cable, 1979). Mature 

plants reach a height of about 60 cm. Roots and culms are 

long-lived, generally living at least 3 years. Plants produce 
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many axillary buds that produce shoots throughout the growing 

season, which begins with the onset of summer rainfall. D. 

californica is useful in range seedings, critical area 

stabilization, and mineland reclamation (USDA, 1981). Its high 

palatability in all seasons, ability to produce green growth 

from axillary buds on older culms, and wide adaptability to 

different soils and climates, make it a desirable grass for 

revegetation of many rangeland sites (Cable, 1971) . 

Germination characteristics of Digitaria californica 

A problem that arises when sowing Digitaria californica 

is that the caryopses are covered by long, fluffy hairs on the 

glumes, which make them difficult to run through traditional 

seeding machines (B. Roundy, pers. comm.). One way to minimize 

this problem is to physically separate caryopses from the 

glumes and sow the naked caryopses, but the removal of these 

seed appendages is expensive and may affect germination 

processes. That is, germination percentage and rate may be 

influenced by the presence of the seed appendages. Temporal 

and spatial distribution of germination may also be regulated 

by factors such as inhibitors that can be present in the seed 

coat or appendages. Pilot experiments with D. californica have 

in fact shown an increased germination rate for naked 

caryopses (caryopses with the glumes removed) compared to 

complete caryopses (S.E. Smith, unpublished data). These 
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results may indicate that a drought following the unusually 

rapid germination of naked caryopses could kill the resulting 

seedlings, leaving few viable seeds for the next period of 

suitable soil moisture for seedling establishment (Elberse and 

Breman, 1990). 

It has also been observed that freshly harvested 

caryopses of D. californica from southern Arizona show lower 

germination percentage than do those that have been stored for 

a year or more (S.E. Smith, pers. comm.). In other warm-season 

perennial grasses native to the same region, such Aristida 

contorta F. Muell. and Bouteloua curtipendula (Michx.) Torr., 

dormancy of the recently matured seed is so great that removal 

of the seed coats does not immediately improve germination, 

but does promote it some months later (Bewley and Black, 

1994). In D. californica this period of dormancy would prevent 

caryopses from germinating in late summer when environmental 

conditions are still permissive, but which are followed by 

decreasing temperatures that would subsequently kill the 

seedlings. 

These observations have suggested the following 

hypotheses: 

a. Caryopses of Digitaria californica have low 

germination percentage immediately after maturity and 

they may possess some kind of dormancy. 
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b. Caryopses with glumes have lower germination rates and 

percent than naked caryopses and this represents an 

adaptation to variability in precipitation patterns in 

arid climates. 

It is thought that the presence of glumes may delay water 

absorption by the caryopsis, and therefore, germination. This 

may prevent caryopses from germinating after a small rain 

showers that do not thoroughly wet the soil. Therefore, short 

imbibition periods do not induce germination, but after a 

certain number of hours of wetting, germination begins and 

cannot be reversed. 

The objectives of this study were to evaluate variation 

in the germination of D. californica as influenced by seed 

age, the presence of glumes, and the inclusion of a drying 

phase during the imbibition process. These can be described as 

follows: 

a. Determine if the caryopses of D. calif ornica have 

post-harvest dormancy, and if so, the time needed to 

break it (Dormancy experiment). 

b.l. Compare the effects of various wetting and drying 

periods on the germination of D. californica caryopses 

with and without glumes (Wetting and drying experiment). 

b.2. Determine the water uptake and caryopsis moisture 

loss pattern of caryopses with and without glumes in 
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order to explain the effect of glumes on seed water 

absorption and desiccation (Water uptake experiment). 
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LITERATURE REVIEW 

Seed dormancy 

Definitions and physiology 

Dormancy is defined in a broad sense, as the state in 

which ungerminated seeds survive (Heydecker, 1973). It is a 

state of "suspended animation" that permits the survival of 

plants under suboptimal conditions (Cohen, 1987). Bewley and 

Black (1994) express that dormancy is the inability of the 

embryo to germinate because of some inadequacy, and it is a 

device for optimizing the distribution of germination in space 

or time, which generally enhances the spread and survival of 

the species. Some authors classify dormancy as being either 

"primary" or "secondary." Primary dormancy is designated as 

the state of the seed as shed from the mother plant, while 

secondary dormancy is when a seed does not germinate because 

it is under certain environmental conditions that are 

unfavorable to germination. Other authors separate primary 

dormancy into "innate" (when the embryo itself is dormant) and 

"induced," the second being dormancy that is only manifest 

under certain environmental conditions (Bewley and Black, 

1994). 

Khan and Samimy (1982) explained that the embryo 

coverings (e.g., endosperm, testa, pericarp) exert influences 

in the breaking of both primary and secondary dormancy by 
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reducing or preventing the accessibility of gasses, water and 

light to the embryo. In a study by Wareing et al. (1973) on 

hormones controlling seed dormancy, in some cases only the 

complete seed is dormant, and the embryo can germinate if the 

seed coat is damaged or removed. This condition is called 

"coat-imposed dormancy." In other species the embryo itself is 

dormant ("embryo dormancy"). These are not mutually exclusive; 

a seed may pass through both before germinating. This fact is 

illustrated by the results of an experiment performed by 

McDonald (1987) with Indian ricegrass (Oryzopsis hymenoides 

(R.&S.) Ricker). He found that scarifying seeds with H2S04 

(67%) for 40 minutes increased percent germination from 5 to 

67%. Germination percent was also increased in this species 

with the application of gibberellic acid to scarified seeds. 

The author concluded that Indian ricegrass seeds had possessed 

both coat-imposed and embryo dormancy. 

Embryo dormancy is caused mainly by the presence of 

chemical inhibitors in the cotyledons. Removal of the 

cotyledons in these cases often allows the embryo to 

germinate. In barley (Hordeum spp.) dormancy can be decreased 

by removal of the scutellum, a modified cotyledon (Bewley and 

Black, 1994). It appears that a certain substance present in 

the cotyledons, most likely abscisic acid, inhibits 

germination. 
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The seed coat has several effects that may inhibit 

germination: interference with water uptake (impermeable 

coats), mechanical restraint (hard coats that the embryo 

cannot break), interference with gas exchange (by restricting 

02 entry and C02 release), preventing exit of inhibitors 

present within the seed, and the storing of inhibiting 

substances. All these factors can work alone or in different 

combinations. 

Cohn (1987) explained that light, temperature, hormones 

and nonhormonal chemicals can break physiological dormancy 

(not attributed to the seed coat or immature embryo) , but 

mechanisms of action are generally poorly understood. For 

instance, it is known that the application of gibberellins, 

cytokinins and ethylene break the dormancy of many seeds and 

abscicic acid inhibits germination. In addition, in many plant 

species seed dormancy is controlled by light. Some seeds 

require exposure to white light for a certain time, while 

others need intermittent exposure (Bewley and Black, 1994). 

Dormancy in rangeland plants 

The role of seed dormancy in rangeland plants and its 

importance can be appreciated in the results of the-studies 

described below. Seed dormancy is produced by various factors, 

and its duration may vary with species, season, and location, 

but the net result is the delay of germination for a period of 
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time until the environmental conditions are appropriate for 

the establishment of the seedling. Many species may have a 

drought avoidance mechanism which includes innate dormancy and 

an afterripening period (Veenendal and Ernst, 1991). 

Some rangeland plants have specific requirements to break 

dormancy, such as stratification under certain temperature and 

moisture regimes. For example, bitterbrush (Purshia tridentata 

(Pursh) DC.) needs a stratification period at 0-5°C for at 

least two weeks and available soil moisture for one or two 

weeks to germinate. As a result, this species becomes 

established only in years of normal or above normal 

precipitation (Evans and Young, 1987). 

Certain species can have cycles of dormancy as 

demonstrated by Baskin (1993) in a study of two desert winter 

annuals native to the Chihuahuan desert in Arizona. Freshly 

harvested seeds of Eriogonum abertianum Torr. and Eriastrum 

diffusum (Gray) Mason that were produced in the fall showed no 

dormancy during that season, but did show it during the 

following winter. Seeds were non-dormant again in the next 

fall. The author indicated that this type of dormancy-

nondormancy cycle is characteristic of annuals in habitats 

with unpredictable precipitation. Another example of this type 

of seed dormancy cycle was found in Penstemon palmeri (A. 

Gray) by Meyer and Kitchen (1992). P. palmeri is a short-lived 



perennial herb from the semiarid southwestern United States. 

The authors observed that most seeds were non-dormant at fall 

temperatures (15°C) and required light for germination. Moist 

soil at winter temperatures (1°C) induced dormancy in about 

50% of the seeds, while moist soil at summer temperatures 

(30°C) removed the chilling-induced dormancy. As a result, 

most seeds of this species can germinate only during fall, 

leaving the rest within the soil seed bank. 

Philippi (1993) tested germination of several desert 

annuals over time. He found that seeds that do not germinate 

under appropriate environmental conditions in the first year, 

germinate under the same conditions in succeeding years. This 

extended seed dormancy is thought to be an adaptation to the 

unpredictability of precipitation in Arizona. In another 

study, Philippi (1993) showed results of dormancy testing of 

Lepidium lasiocarpum Nutt. Dormancy varied with the origin of 

seeds. Sites with higher annual mean precipitation produced 

seeds with less dormancy than seed produced at sites with less 

precipitation. Plant size also had an influence on dormancy. 

Larger plants that produced more seeds had less germination 

percentage (higher dormancy) during the first year. 

Grasses also show variation in seed dormancy patterns, as 

observed by Veenendaal and Ernst (1991) in a semiarid savanna 

in southeastern Botswana. Species of the genera Aristida, 
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Chloris, Eragrostis, Heteropogon, Rhyncellytrium, Schmidtia, 

Tragus and Cynodon were studied. All the grasses, except 

Cynodon dactylon (L.) Pers. showed low germination percentage 

for recently dispersed seeds. Seeds of C. dactylon remained on 

the plant during the dry season following the growing season. 

Germination percentage increased after 6 to 12 months of 

storage, varying with species and season the seed was produced 

(year). It is thought that seed dormancy in these grasses 

helps avoid germination during dry season and ensures survival 

in years of very low precipitation. 

Imbibition 

Basic processes 

Imbibition is water uptake by the seed that occurs prior 

to germination (Bewley and Black, 1994). Germination of seeds 

involves a sequence of processes that occur when certain 

requirements (e.g., temperature, aeration, water uptake) are 

met. Water uptake is a necessary step toward the rehydration 

of tissues in a dry seed, and initiates a number of metabolic 

processes that may eventually result in germination. The 

amount of water required for germination and the rate of water 

uptake by the seed depend upon several factors. These can be 

grouped into two main categories: water relations within the 
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seed and interrelations between the seed and soil (Khan, 

1982). 

A water potential gradient between the seed and soil 

causes water uptake, but its rate is determined mainly by the 

permeability of seed coat and appendages. When a seed is in 

contact with the soil, the difference in water potential 

between the seed and soil determines the availability and rate 

of flow of water to the seed. As the seed moisture content 

increases due to the absorption of water, and the tissues 

hydrate, the water potential of the seed increases, while that 

of the immediate surrounding soil decreases (Bewley and Black, 

1994). The rate of water penetration into the seed is very 

important in determining whether germination will occur. If 

the rate is too slow, germination might not occur due to 

deterioration of the seeds, while if water uptake is too fast, 

seeds may undergo imbibitional damage leading to the loss of 

electrolytes, sugars and proteins, which may be fatal (Bewley 

and Black, 1994). 

The uptake of water by dry seeds is a process 

characterized by three different phases and is influenced by 

seed water potential and diffusivity to water, the soil water 

potential, conductivity and diffusivity to water of the soil 

surrounding the seed, and the hydraulic properties of the 

seed-soil contact (Khan, 1982). Bewley and Black (1994) 



described the three phases in water uptake by dry seeds under 

optimal conditions (Fig. 1). Phase I or initial phase: the 

pattern of water uptake is this stage is characterized by an 

abrupt front separating wet and dry portions of the seed, and 

continued swelling of the tissues as water reaches new areas. 

The average water content of the hydrated area increases as a 

function of time. Phase II or transition phase: in this phase, 

the wetting curve levels off. A number of metabolic processes 

begin that eventually result in the emergence of the radicle. 

The water potential of the seed is mainly a balance between ¥n 

and 'Pp. Phase III or final phase: the third phase is only 

entered by seeds that germinate, as evidenced by radicle 

elongation. The increase in water uptake is related initially 

to the elongation of the cells of the radicle, and then to the 

production of low molecular weight substances during the 

hydrolysis of stored reserves. 

Currie (1973) explained that during imbibition, the 

initial rate of water movement into the seed is determined by 

the difference in water potential between soil and seed. As 

imbibition continues, the seed gets wetter and the soil 

surrounding it gets drier. Within the soil and the seed, the 

hydraulic conductivity is a function of the water content. In 

a saturated soil, water movement is entirely in liquid phase; 

in a dry soil, it is mainly by molecular diffusion in vapor 



cr> 

i * 
i« 
0 S 
® c 
1 I 
5* 8 

§ 

Phase 2 Phase 1 Phase 3 

Time 

Fig 1. Triphasic pattern of water uptake by germinating seeds 
(Bewley and Black, 1994). 
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phase. Hence, for the same seed, water uptake will be faster 

in wet soils than in dry ones. 

Come and Tissaoui (1972) point out that in some plant 

species, even though the seed coat is permeable to oxygen when 

it is dry, once imbibition begins, there is a poor supply of 

oxygen to the embryo. This is because the imbibed seed coat 

forms a continuous layer that oxygen must go through in 

solution. For a given temperature, the thickness of this layer 

will determine the rate of oxygen transfer to the embryo. 

The conditions when imbibition occurs are important in 

determining the outcome of germination, as demonstrated by 

Booth (1992). He imbibed seeds of winterfat (Eurotia lanata 

(Pursh) Moq.) at temperatures ranging from 0 to 20°C and at 

oxygen concentrations from 0 to 40%. Oxygen had little effect 

on germination, except at 0%. However, post-imbibition dry 

seed weight and seedling axial length decreased as imbibition 

temperature increased. These results suggested that the 

probability of establishment of winterfat decreases when seeds 

are imbibed at 15-20°C as compared to 5°C. 

Treatments to increase imbibition rate 

The low permeability of seeds with hard seed coats has 

led many scientists to find methods to increase permeability, 

and therefore the rate of imbibition especially in plants of 

agricultural importance. Hou and Simpson (1994) studied the 



effects on dormancy and water uptake of immersing dry seeds of 

dormant lines of wild oat (Avena fatua L.) in KOH and NaOH 

solutions. They found that the initial rate and amount of 

water uptake by the KOH-treated seeds were higher than the 

control (no chemical treatment). Apparently, the increased 

water uptake is caused by the hydrolysis of the polymers in 

the seed coat. The seed coat seems to be able to limit the 

entry of water into the seed, but it is not an impermeable 

barrier. 

Presowing treatments such as mechanical or chemical 

scarification, osmotic priming and hardening were applied to 

seeds of Acacia Senegal (L.) Willd. in an experiment by Black 

and El Hadi (1990) . The use of HC1 for 60 seconds and 3 

minutes of hand scarifying improved germination rate without 

changing germination percentage. Osmotic priming with K3P04 (-

0.05 MPa) and PEG-6000 (-0.1 MPa) also increased the 

germination rate of the treated seeds. All the treated seeds 

showed the triphasic wetting response: rapid initial water 

uptake, followed by a lag phase with little change in water 

content, and then another phase with rapid uptake of water. 

Chemical and mechanical scarification allowed more rapid 

imbibition by rupturing and penetrating the seed coat. 

Different times of immersion in boiling water and in 

concentrated H2S04 were used to break the seed coat dormancy 
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of Racosperma auriculiforme (Cunn. ex Benth) Pedley (Khasa, 

1993). Soaking seeds in 10 volumes of initially boiling water 

until cool was the best treatment among the boiling treatments 

for increasing percent germination. From the chemical 

scarification treatments, immersion for 15 minutes gave the 

best results, raising the germination percentage from 23.5% to 

93.0%. Immersion of seeds in boiling water stimulates 

germination by rupturing the lens tissue of the seed coat, and 

hence allowing water uptake. But if the immersion is too long 

it may kill embryos, resulting in lower germination. The same 

problem occurs when exposing seeds to the acid for more than 

45 minutes'. A similar problem was found by Mc Donald (1987) 

when scarifying Indian ricegrass with H^O,,, the acid released 

dormancy, but caused reduction in soluble proteins. 

Imbibition in grasses 

Since im bition is fundamental for the germination of 

seeds, scientists have tried different treatments to increase 

it in order to obtain higher germination percentages in 

grasses. The effects of interrupting the imbibition process 

before radicle emergence have also been studied with the 

purpose of improving germination. 

In a study carried out by Hardegree and Emmerich (1994) 

caryopses of sideoats grama (Bouteloua curtipendula), 

buffelgrass (Cenchrus ciliaris L.), Lehmann lovegrass 
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(Eragrostis lehmanniana Nees), and Panicum coloratum L. were 

primed using PEG-8000 at matric potentials ranging from -1.6 

to -17.5 MPa, and then germinated at matric potentials ranging 

between 0 and -1.6 MPa. It was observed that priming at -1.6 

MPa generally increased germination percentage and rate at 

reduced water potential. Priming at water potential less than 

that sometimes had detrimental effects on germination in 

comparison with the control. Priming at the correct water 

potential might allow the establishment of more seedlings in 

range sites when soil water potential is low. 

Grasses can also benefit from mechanical treatments to 

enhance germination, as demonstrated by Hardegree and Emmerich 

(1993). Germination percentage of Lehmann lovegrass was 

increased by seed after-ripening and by mechanical 

scarification of the seed (caryopsis) coat. Seeds were hand 

threshed and germinated at different water potentials ranging 

from 0 to -1.55 MPa during 88 weeks after harvest. Seeds that 

were not scarified showed very low germination at all water 

potentials. The highest percent germination of scarified seeds 

was reached after 34 weeks. Unlike other studies, it was noted 

that the difference in water uptake between scarified and non-

scarified seeds was not proportional to the increase in total 

germination. 
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Seed priming has been shown to improve the germination 

and emergence of native species used for reseeding of 

rangelands. A particular case is that of buffalograss (Buchloe 

dactyloides (Nutt.) Engelm.). Fry et al. (1993) performed a 

series of field studies to evaluate the influence of seeding 

month and priming on the establishment of buffalograss in the 

Great Plains. They found that soaking buffalograss burrs in 

water produced more seedlings (33 and 53% more in first and 

second years) than without this treatment. 

The effects of imbibition on germination under unusual 

environmental conditions have been determined for a number of 

species to evaluate the ecological significance of the 

germination outcome in such situations. For instance, an, 

experiment carried out by Allen et al. (1994) showed the 

effects of hydration-dehydration cycles on two grass species, 

Lolium perenne L. and Poa annua L. Seeds were exposed first to 

liquid (0 MPa) and then to vapor (-4 and -10 MPa) phases for 

8, 16 and 24 hours. The exposed seeds germinated more 

uniformly, but later than the control (unexposed seeds). They 

also required less imbibition time to germinate as compared to 

continuously hydrated seeds. This fact suggested that wetting-

drying-wetting periods improves germination for these species 

by decreasing imbibition time. 



In a similar study, Allen et al. (1994) observed the 

effects on germination of Lolium perenne caused by 

interrupting imbibition by dehydration prior to radicle 

emergence. Imbibed seeds were dehydrated at water potentials 

ranging from -4 to -150 MPa for 0 to 40 hours, then 

rehydrated. Treatment differences in germination percentage 

and seedling growth were not significant, but dehydration at 

-150 MPa produced a delay in radicle emergence. According to 

the authors, response to late-occurring dehydration may be 

ecologically important as seeds able to survive this way 

emerge when soil moisture is adequate for seedling 

establishment. 

Germination and survival of seedlings of Bouteloua, 

Eragrostis and Panicum grass species in different combinations 

of wetting and drying periods were studied by Frasier et al. 

(1987). Seeds were tested in the field for a total of 14 days, 

the initial wet period varied from 2 to 5 days, followed by a 

5-day dry period and then rewetting until day 14. Seeds wetted 

for 2 days did not germinate but survived the dry periods as 

viable seeds. Seeds wetted for 5 days germinated and produced 

seedlings.that were able to survive the dry period. With a 3-

day initial wet period, seeds also germinated, but fewer 

seedlings survived. 
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The literature reviewed in this paper indicates that 

imbibition is a critical process in the germination of seeds. 

It is subject to different factors that determine whether 

germination will be achieved. Control of imbibition in wild 

species by the presence of hard seed coats or other means 

constitutes a mechanism to increase survival, as suggested by 

Marconi et al. (1993), by ensuring germination when ecological 

conditions are appropriate. 
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MATERIALS AND METHODS 

Plant materials: caryopses of Digitaria californica were 

collected during the first week of October 1994 from a native 

population in southeastern Arizona. The stand is located on a 

sandy loam upland range site at an elevation of 1155 m in 

Exclosure 2B at the Santa Rita Experimental Range, 40 km 

southeast of Tucson, Arizona. Seed harvest was done by hand, 

shaking the panicles gently to obtain only mature caryopses 

from approximately 100 plants. After collection, the seeds 

were kept in paper bags at 22-21°C (room temperature) until 

they were used in the experiments. Moisture content of 

caryopses at time of collection was 20%. It was calculated as 

the difference between weight of a sample of caryopses 

immediately after collection and the weight of the same sample 

taken after being dried in an oven at 60°C for two days. 

Three different experiments were carried out to test the 

hypotheses, based on the objectives previously stated: 

dormancy, wetting and drying, and water uptake. In the wetting 

and drying and water uptake experiments, naked caryopses were 

used. Glumes were removed manually using forceps under a 

dissecting microscope. Only plump and undamaged caryopses were 

used in these experiments. The wetting and drying and water 

uptake experiments were carried out after the dormancy 

experiment was finished, thus the caryopses used for them were 
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at least 15 w old. Additional details of procedures used in 

each experiment are provided below. 

Experiments 

a. Dormancy: Variation in percent germination in relation to 

seed age was tested by germinating caryopses weekly during 12 

successive weeks following harvest. A completely randomized 

design with 4 replications was used each week. The treatments 

consisted of seed lots of increasing age (1 week increments) 

beginning with the date of harvest. Four sets of 25 well-

filled caryopses selected by hand were placed in Petri dishes 

containing Whatman No. 2 filter paper wetted with 3-4 ml of a 

solution of Captan (0.1%) in distilled water to prevent fungal 

infections. They were placed in sealed plastic bags in a 

germinator at 28°C (constant) with 24-h light for 14 days. 

Daily counts of germinated caryopses were made during this 

period to obtain values for total germination and days to 50% 

germination. A caryopsis was considered as germinated when the 

length of the radicle was ^2 mm. 

Days to 50% germination is an expression of rate of 

germination, and was calculated using a regression equation 

that fit days (Y) to percent germination (x) . Computations 

were done using the program Table Curve. Equations were fitted 

using the "curve-fit simple equations" option in Table Curve. 

The total number of germinated caryopses and the number of 
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days until the last caryopsis germinated were considered as 

100% for x and Y, respectively. Percent germination was 

calculated relative to the total number of filled caryopses, 

which were assumed to be viable to avoid counting unfilled 

caryopses as not germinated. 

b.l. Wetting and drying: The second experiment involved 

exposing caryopses with and without glumes to different 

periods of wetting, followed by a 24 h drying period, and then 

rewetting for 2 weeks to allow caryopses to germinate. This 

procedure represented an attempt to simulate a 24-hour drought 

period after a rain to see how it would affect the germination 

of caryopses that had begun imbibing water. Caryopses would 

either germinate in the first wet period and then die in the 

dry period, or germinate only in the second wet period, thus 

surviving drought. 

The experimental design used was a completely randomized 

design with 7 replications of 40 caryopses per treatment 

(wetting periods). Caryopses were placed in Petri dishes with 

filter paper wetted with a Captan solution (0.1%) as in the 

dormancy experiments. Four initial wetting periods were used: 

12, 24, 36, and 48 hours (= treatments). After this period, 

treated caryopses were placed on dry filter paper inside a 

sealed desiccator containing CaCl2 for 24 hours. After that, 

the caryopses were rewetted on filter paper as before and kept 



inside the growth chamber for 14 days. At all times the 

temperature was 28°C with 24-hour light. Daily counts of 

germinated caryopses were made for each treatment. In the 36-

and 48-hour treatments some caryopses germinated before the 

desiccation period began and then died. These caryopses were 

considered as not germinated since they did not survive as 

seeds, and did not germinate in the second wet period. 

b.2. Water uptake: The third experiment involved determining 

the rate of water uptake and loss from caryopses with and 

without glumes. To obtain the curves describing water uptake, 

four sets of 20 caryopses with glumes were weighed before 

imbibition to the nearest 0.1 mg and then placed on wet filter 

paper in Petri dishes at 28°C with 24-hour light as in other 

experiments. These caryopses were weighed 2, 4, 6, 8, and 10 

hours after first wetting. To weigh the caryopses, they were 

taken individually from the Petri dish, placed between two 

layers of dry filter paper for 20 seconds to blot the excess 

water from the glumes, and then weighed to the nearest 0.1 mg 

(20 caryopses together). The caryopses were then placed back 

on wet filter paper. The same procedure was used with another 

four replications of 20 caryopses, but they were weighed after 

12, 14, 16, 18, 20, and 24 hrs of wetting. Both sets of 

replications were then weighed 24 hours afterwards to obtain 

weights of samples at 36 to 48 hours. Following this approach, 
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weights of imbibing or germinating caryopses were obtained 

every 2 hours over the period from 0' to 4 8 hours following 

initial wetting. To construct the imbibition curves, the 

relative increase in caryopsis weight (weight as percent of 

initial weight before imbibition) was used to eliminate the 

effects of differences in initial caryopsis weight. This 

method was used to construct curves of water uptake for 

complete and naked caryopses. 

For the desiccation curves, four replications of 20 

caryopses were weighed before imbibition and then placed in 

Petri dishes with wet filter paper for 20 hours, and weighed 

as in water uptake experiments at the end of the period. 

Caryopses then were placed in open Petri dishes inside a 

closed plastic sandwich box (about 250 ml volume) containing 

a dish with saturated solution of NaOH. The saturated solution 

of NaOH was used in order to have the relative humidity within 

the chamber at about 10% (Young, 1967). Individual caryopses 

were placed on a plastic screen over the dish containing the 

solution to dry. During the desiccation period the caryopses 

were weighed every hour to measure relative water loss. The 

experiment was considered complete when the caryopses reached 

the initial dry weight before wetting (about 4 hours). As in 

the previous experiments, temperature was held constant at 

28°C and lights were on continually. 
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Statistical analyses 

Since some of the results of the germination experiments 

are expressed in percentages resulting from counts, the 

normality of the distribution of data was analyzed to 

determine whether it was necessary to perform transformations. 

Three rules were followed, as suggested by Gomez and Gomez 

(1984): 

1. For percentage data lying within the range of 30 to 

70%, no transformation was done. 

2. For percentage data lying within the range of either 

0 to 30% or 70 to 100%, but not both, the square-root 

transformation was used. 

3. For percentage data that do not follow the ranges 

specified in either rule 1 or 2, the arc-sine 

transformation was used. 

Analysis of variance and comparisons of means were done 

using transformed data when appropriate and the results of 

these analyses applied to the actual data. Means separation 

was done using the Least Significant Difference (LSD) when 

treatments were compared to a control, and Tukey's Honestly 

Significant Difference (HSD) when making multiple comparisons 

among treatments. Throughout, a difference was considered 

statistically significant when PsQ.05. 
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RESULTS 

a. Dormancy 

Two parameters were used to evaluate seed dormancy: 

percent germination and days to 50% germination. Fig. 1 shows 

variation in percent germination from 1 to 12 weeks after seed 

harvest. A test for normality of these data revealed they were 

not normally distributed. Therefore, based on the rules of 

Gomez and Gomez (1984), the arc-sine transformation was done 

prior to statistical analyses. Analysis of variance indicated 

that there were significant differences among the means. In 

order to identify those differences, a Tukey's Honestly 

Significant Difference test (HSD) test was done. Fig. 1 shows 

that there were no significant differences in total 

germination percentage among the last five weeks evaluated (7-

12). Mean germination over this period was 89.8%. For the rest 

of the samples, significant differences were found for seed 

ages differing by three weeks. The highest total percent 

germination was 93.7%, which was reached 10 weeks after seed 

collection. 

Data for days to 50% germination were normally 

distributed, and the statistical analyses were done on the 

untransformed data. Analysis of variance indicated significant 

differences among means, which were then compared using the 

HSD test. 
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Fig. 2. Total percent germination of Digitaria califomica caryopses of 

different ages at 28°C. Bars represent one standard error. Points 

with the same letter do not differ significantly (P<0.05). 
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No significant differences were found in days to 50% 

germination among the last five seed age groups (Fig. 2). Mean 

days to 50% germination over this period was 1.9. Week 4 was 

not different from the previous group either, probably due to 

an error caused by a power failure that affected the 

germinator (see Discussion). 

b.l. Wetting and drying. 

A test for normality of data revealed that final percent 

germination data for the four wetting periods were not 

normally distributed, and an arc-sine transformation was done 

following the rules of Gomez and Gomez (1984). Analysis of 

variance of transformed data showed that there were 

significant differences in final percent germination between 

the control and the wetting treatments for both the complete 

and naked caryopses groups. To compare the means with the 

control (continually wet), the LSD test was used on the 

transformed data. For the experiment with complete caryopses, 

percent germination in the control was significantly greater 

than that with the 36- and 48-hour wetting treatments. The 

highest total percent germination in this experiment was that 

of the 24- and 12-hour treatments (87.7% and 87.1%, 

respectively) (Fig. 3a) . With naked caryopses, there were 

significant differences between the control and the 48-, 36-, 
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Fig. 3. Number of days to 50% germination of Digiiaria californica 

caryopses of different ages at constant 28°C. Bars represent one 

standard error. Points with the same letter do not differ significantly 

(P<0.05). 
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and 24-hour wetting treatments. The 12-hour wetting period 

produced the highest percent germination in this experiment 

(81%) (Fig. 3b). 

Comparing complete and naked caryopses, complete 

caryopses produced higher germination percentages in all the 

treatments, but only that of 24-, 36-, and 48-h wetting 

periods were significantly different from those of naked 

caryopses. 

b.2. Rates of imbibition and desiccation. 

Fig. 4 shows the change in weight of complete and naked 

caryopses during the first 46 hours of wetting. The increase 

in weight is presented as percent increase in relation to the 

dry weight of the caryopses. Both curves appear similar, 

although they seem to differ in slope in two sections: from 0 

to 10 hours and from 32 to 40 hours after initial wetting. In 

the first section, complete caryopses seem to gain weight 

faster than naked caryopses (probably due to faster water 

uptake), while in the second section naked caryopses increase 

weight faster. 

The desiccation curves for complete and naked caryopses 

are shown in Fig. 5. Both types of caryopses were imbibed for 

20 hours, which is about the time that corresponds to the 

middle of the section where the curves level off (Fig. 4). The 
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end of the "plateau .section" of the curves indicates the 

beginning of irreversible germination. That time was 

considered to be the maximum for the caryopses to imbibe water 

without starting to germinate. The initial increase in weight 

is the imbibed water in relation to dry weight of caryopses. 

From about 2 0 hours on, the curves describe the decrease in 

weight due to water loss. As in Fig. 4, caryopsis weight 

variation is expressed relative to initial dry weight, which 

corresponds to the origin on the y-axis. Resulting moisture 

loss curves indicate no differences between the patterns of 

desiccation of complete and naked caryopses. 
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DISCUSSION 

Dormancy 

Results of the aging experiment show a gradual increase 

in total percent germination with time after seed harvest. In 

the 12 weeks the experiment lasted, the highest percent 

germination was reached at 7 weeks. It seems that this 

represents the maximum percent germination for this lot of 

caryopses. Percent germination at 15 weeks after seed 

collection remained the same as was seen at 7 weeks (93%). 

Once this maximum is reached, percent germination would be 

expected to eventually decrease with time, as evidenced by a 

low germination percentage (43%) of a three-year-old lot of 

seeds from the same site (data not shown). Another reference 

for comparison is a study conducted by Biedenbender (1994), 

where 2-year-old naked caryopses yielded 64% germination at 

25°C. The ultimate origin of caryopses in Biedenbender's study 

differs from that of the present one, but the results give an 

idea of range of variability in rate and percent of 

germination of D. californica under controlled conditions. 

The variation in percent germination for the samples 

(coefficient of variation, C.V.) tended to decrease with age, 

and appeared to be smallest 12 weeks after seed harvest 

(2.5%). This suggests that the number of germinated caryopses 

was more consistent across samples at 10-12 weeks than at the 
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beginning of the experiment. Decreases in variability in 

germination can be an indication of loss of dormancy. 

There were two age samples that did not agree with the 

general patterns shown by the rest of the samples. These were 

for weeks 2 and 4, which had very low percent germination 

(11.9 and 8.7%, respectively) as compared to samples from the 

previous and following weeks. The standard errors of these 

samples are not markedly higher than those of the other 

samples, meaning that the percent germination was relatively 

consistent for all replications. For week 2, one reason why 

the percent germination was low could have been that the 

caryopses chosen for the experiment may have come from a 

single inflorescence or plant that had caryopses with immature 

or poorly developed embryos. This might have occurred due to 

the lack of thorough mixing of all the caryopses from the seed 

lot. The likely cause of the low germination percentage of the 

samples in week 4 is related to problems with the germinator 

caused by a power failure that produced variation in 

temperature. The result was a few days with varying 

temperatures above and below the expected 28°C. 

Rate of germination, expressed by the number of days to 

50% germination, decreased with seed age in these experiments. 

The lowest value was 1.7 days, which was seen for weeks 8 to 

10, after that there was a small, but statistically 



insignificant increase in days to 50% germination. As with 

germination percentage, the rate of germination at 15 weeks 

after seed harvest remained about the same (2.4 days) as that 

of week 12 (2.1 days). Variability among treatments as 

measured by the coefficient of variation also decreased with 

time, which resulted in more uniform germination, especially 

in the last weeks of the experiment. At week 2, the C.V. was 

21% and at week 9 it was only 2%. This decrease in 

variability, along with the increase of germination rate may 

also, indicate the loss of dormancy. 

Since the caryopses used in this experiment were the same 

as those used in the experiments to measure percent 

germination, unusual values were also observed for weeks 2 

(7.1 days) and 4 (2.4 days). They were higher and lower, 

respectively, in relation to their adjacent samples. The 

likely reasons for the this variation previously mentioned for 

percent germination, agree with the results of days to 50% 

germination. Caryopses with immature embryos or not fully 

developed likely take longer to germinate (Bewley and Black, 

1994). Also, the change in temperatures caused by the power 

failure resulted in a decrease in the number of days to 50% 

germination. Since the room temperature was higher than the 

germinator's (28°C), when the power was off the caryopses were 

exposed to increased temperatures, and germinated faster. 
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Results of these experiments agree with the general 

pattern of increase of percent germination and germination 

rate with seed age observed by Veenendaal and Ernst (1991)in 

several species. Data indicate that D. californica from 

southern Arizona, 2-3 months after caryopses are shed from the 

plant, can produce high percent germination with relatively 

fast germination rate. This dormancy period is important for 

survival of the species, because germination of caryopses 

during late summer could result in the loss of all seedlings 

during fall or early winter. The reason why caryopses do not 

germinate in winter, even with available soil moisture, may be 

attributed to secondary dormancy induced by low temperatures 

or other factors (Bewley and Black, 1994). Thus, germination 

is only possible for D. californica when environmental 

conditions are appropriate, most likely with the onset of 

summer rains in the year following seed production. 

Imbibition 

Wetting and drying experiments 

Twelve and 24-hour wetting periods followed by 24-hour 

drying and then rewetting produced final germination 

percentages similar to that of the control (continually wet) 

for both complete and naked caryopses. Significant differences 

between the control and 36-hour and 48-hour wetting for 
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complete caryopses were found, however. This indicates that 

the number of caryopses that germinated after the drying 

period was significantly less as compared to the control. In 

all the treatments, some caryopses began to germinate before 

the drying phase and then died due to lack of water to sustain 

growth (Table 1). The caryopses that did not germinate during 

the initial wetting are the ones that survive the dry period 

and are able germinate after rewetting. With naked caryopses, 

the percent germination of the control was significantly 

higher than the samples imbibed for 24, 36 and 48 hours. As 

with complete caryopses, there were caryopses that germinated 

during the initial period that did not survive the drying 

phase. It seems that an imbibition period of only 24 hours is 

sufficient to induce irreversible germination of most naked 

caryopses. Comparing the curves of the four treatments for 

complete and naked caryopses (Fig. 3), it can be seen that 

naked caryopses generally germinated faster than the complete 

ones. Hence, it is possible that glumes produce a delay in 

germination, probably due to a chemical inhibitor. 

The presence of hairs on the glumes of caryopses of 

Arizona cottontop may facilitate its dispersal by wind (Booth, 

1987), but they may also play an important role in the 

establishment of new seedlings. It appears that these may 

prevent caryopses from germinating after short showers that 



Table 1. Percent germination and number of days to 50% 
germination of D. califomica imbibed for different periods, then dried 
for 24 hours, and finally rehydrated for 14 days. 

% germination during 
Type of Treatment Days to Initial Second Notgermi-

caryopsis 50% germ, wetting wetting nated 
Complete Control 1.9 93.5 *** 6.5 

12 hours 2.7 5.1 87.1 7.8 
24 hours 2.5 5.5 87.7 6.8 
36 hours 2.4 26.3 64.4 9.3 
48 hours 1.9 40.1 49.6 10.3 

Naked Control 1.9 83 *** 17 
12 hours 1.2 1 81 18 
24 hours 1.6 37 43 20 
36 hours 1.4 49 29 22 
48 hours 1.9 55 25 20 

*** Control was continually wet. 
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wet the soil for a few hours and that are then followed by 

several days of drought. In this way, caryopses only germinate 

when the moisture in the soil is appropriate for the 

establishment of new seedlings. Also, glumes may be important 

in the placement of caryopses in the seedbed. Since seeds of 

D. californica are small, they need to be buried near the soil 

surface, otherwise they will not emerge (Booth, 1987). From 

the point of view of revegetation, it seems advisable to use 

complete caryopses when seeding, since they have more 

probabilities for the establishment of new seedlings for the 

reasons previously mentioned. 

Water uptake and desiccation 

Water uptake curves for complete and naked caryopses 

appear very similar (Fig. 4). They show an initial increase in 

weight in the first 12 hours, then the weight stays about the 

same for about 24 hours, and finally it increases again as 

germination begins. This type of imbibition curve concurs with 

the typical curve described by Bewley and Black (1994). 

Complete caryopses imbibed more water than naked ones in 

relation to their initial dry weight. Until 32 hours of 

imbibition, seed weight increase may be due to the uptake of 

water, from then on the increase may be produced by the 

germination of the seed, since radicles began emerging at this 

time. It was thought that naked caryopses would absorb water 
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faster than complete ones, but these results do not show that 

this occurred. It seems the hairs on the glumes have the 

ability to absorb water faster than the naked caryopsis alone. 

The role of glumes might be to absorb water rapidly from the 

soil, and supply it to the caryopsis, which absorbs water more 

slowly. This can be advantageous for the caryopsis in order to 

use soil moisture rapidly, before it dries out. 

The water loss experiment also showed an apparently 

higher seed weight increase for complete caryopses as compared 

to naked ones after 20 hours of imbibition. From then on, 

water loss curves were very similar, differing only in the 

first hour. This difference is related to the higher seed 

weight increase of complete caryopses, but after that both 

curves almost coincide. No significant differences (based on 

standard errors) were found at any point of the water loss 

section of the curves. 

From the point of view of rangeland seedings, the 

advantages and disadvantages of using either complete or naked 

caryopses should be considered in relation to the 

predictability of precipitation. Naked caryopses are easier to 

seed with seeding equipment, and germinate faster when 

moisture conditions are appropriate (Table 1). Complete 

caryopses need more imbibition time, but this can be an 

advantage when there are brief rains followed by dry periods 



that can kill seedlings, since most complete caryopses will 

apparently not germinate when the soil has been wetted for 

only a few hours. Results showed that a wetting time of 24 

hours followed by a dry period of 24 hours yielded about 88% 

germination as compared to 93% of the control (continually 

wet). This means that only 5% of the caryopses germinated in 

the first wetting period, and the rest survived the drying 

period germinating during the second wetting period (i.e., 

following rehydration). Certainly those germination 

percentages would not make any difference in the establishment 

of new seedlings. Similar results were obtained by Frasier et 

al. (1987) with other grasses. It should be noted that the 

desiccation was severe in these experiments, probably under 

field conditions moist soil does not dry out so rapidly, and 

the seedlings have a better chance to survive dry periods. 

Results of these experiments are not conclusive regarding 

the role of glumes in the germination and establishment of D. 

californica. Even though complete caryopses seem to have 

advantages over naked ones, they may also be important for 

dispersal of the species. Hairs on the glumes facilitate 

dispersion by animals since caryopses can adhere to animals, 

and by wind that can blow complete caryopses more easily than 

naked ones. Booth (1987) explained that in rangeland plants 

besides the function of seed dispersal, seed appendages may 
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interact with the environment in seed positioning and 

anchoring, and hydraulic conductivity, protection, dormancy 

(physically and chemically). Additional studies of these 

functions are needed to determine the importance of the 

presence of hairs in the glumes of D. californica. 
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CONCLUSIONS 

Germination percentage of D. californica from southern 

Arizona increased with time, reaching highest values 9-12 

weeks after caryopses were shed from the plant. Days to 

50% germination decreased with seed age, being lowest at 

8-10 weeks. These results may indicate the presence of 

dormancy that is released within 2 to 3 months. 

Short imbibition periods (12-24 hours) followed by a 24-

hour dry period did not result in germination. This 

allows complete caryopses to survive droughts after an 

initial wetting as viable seed. 

Complete caryopses imbibed more water than naked ones in 

relation to their initial dry weight. It appears that 

glumes have the ability to absorb water faster than naked 

caryopses alone. Water loss in a dry environment did not 

differ between complete and naked caryopses. 

Naked caryopses are easier to seed with seeding 

equipment, and germinate faster when moisture conditions 

are appropriate. Complete caryopses need more imbibition 

time, but this can be an advantage when there are short 

rains followed by dry periods that may kill seedlings. 
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