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i 

 

Há que se viver o árido 

como se cálido 

 

há que se viver o breu 

como se brio 

 

há que se viver o nada 

como se nada, 

nada, nada até sangrar 

 

que só dão água 

para quem já tem o mar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One must live the arid  

Impassioned and torrid  

 

One must live the vile  

with valor, with style   

 

 one must live nothingness  

as if it were nothing 

nothing, nothing to the very last drop  

 

they only give water  

to one who already has the sea  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Salgado Maranhão, Blood of the Sun) 
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Abstract  

 

Although seedling establishment has a significant role in the maintenance of plant 

diversity, productivity and biochemical cycles in the rangeland. However, little is known 

about the influence of environmental factors in the seedling establishment, as well as, the 

differences in the morphological development among species.  Also, better understand of 

seedlings establishment becomes of crucial importance to improve the success of 

reseeding of natural ecosystems. This dissertation based its hypotheses that morphological 

differences exist between grasses species according to successional seral stage (late and 

mid-seral). The dissertation is divided into six pieces of research; each one is showed as a 

chapter.  In addition, in chapter 7 I have a general conclusion about the studies carried on 

this dissertation. Chapter 1 is shown a brief introduction about state-of-art about the 

profitability of risk of failures in the reseeding with native grasses of the United States. 

This chapter also introduces the challenges which we seek to be elucidated with this 

research.  Chapter 2 is shown a literature review concerning the environmental and non-

environmental factors that cause failures in the seedling establishment in the rangelands of 

the United States.  In Chapter 3 we studied the effect of amount and frequency of watering 

events in two species: Blue grama (late seral) and Kleingrass(Mid-seral). The study was 

conducted in greenhouse conditions simulating the warm season temperature and 

humidity (May-August) in the South Plains of Texas. There were simulated three rainfall 

condition: Dry year, normal year and wet year based on Long-term Precipitation Average 

of Lubbock Texas. 120 days after planting the plants were washed from the pots with cold 

water and we measured the following variables: Biomass total (g of dry-matter), shoot and 

root length (mm). The data was subjected to analysis of variance and means were 
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compared by Tukey test (P<0.05).    Our results suggest the existence of an optimum 

range between frequency and amount of water inputted to the system of each plant 

species. This optimum range allows the seedling survival, establishment success, and 

initial development. Chapter 4 and Chapter 5 were conducted to evaluated the 

germination, survival, and morphological development of seedling in nine rangeland 

grasses species, being 3 for each seral stage (early, mid, and Late seral).  In chapter 4 I 

analyzed the dates grouping the nine species in three groups according to seral stages 

(early, mid and late seral), and in Chapter 5 I analyzed the morphological development 

individually for each grass species. The study was conducted in germination chamber 

condition with sunlight simulation of 12 hours-long; temperature (Day 33oC – Night 

25oC), and air humidity (60%). There were used pots (123.31 cm3) filled with sterilized 

sand soil and watering with deionized water added Hoagland solution (0.25 strength). In 

total 144 seedlings were analyzed for each species, which represents 432 seedlings in each 

seral group during 12 times. Every day was accounted the germination and each 4 days we 

evaluated the seedling survival and development. In the evaluation the seedlings were 

washed from the pots with cold water and measured the following variables:  Shoot length 

(mm), number of adventitious roots (mm), the length of seminal and adventitious roots 

(mm). Data were subjected to analysis of variance and means were compared by Tukey 

test (P<0.05).  For chapter 4 I concluded that germination is not a good indicator of 

success in the reseeding; and reseeding with late seral species is a practice with low 

chances of success due to a high mortality of seedlings in the juvenal phase. In chapter 5 I 

concluded that Blue grama, crabgrass, and Texas panicum are not recommended for 

reseeding due to a high mortality of seedlings in the juvenal phase and against other 
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reports we found that adventitious root sprout does not limit the seminal root survival in 

grasses species. Chapter 6 the objective was to evaluate the effect of mycorrhizal fungi on 

the germination and seedling development of rangeland grasses species. The study was 

conducted using similar methodology of chapter 4 and 5, but with the inclusion of 

inoculation of mycorrhizal fungi in one treatment.  I studied the Blue grama, Kleingrass 

and Texas Panicum variables of chapter 4 and 5 were measured, and we conclude that 

mycorrhizal fungi promoted better germination, establishment and development of 

seedlings in all three species. The mycorrhiza fungi improve the seedling development in 

rangeland grasses. Finally, chapter 7 are shown management implication based on results 

found in this dissertation. 

Keywords: Rangeland grass, seedling establishment, adventitious root, soil 

microorganisms.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Aldo Sales, May 2017  

 

 

x 

 

List of Tables 

Table 3.1 Growing season average monthly precipitation, and maximum and minimum 

temperatures in Lubbock, Texas, 1984 to 2014. ................................................................ 51 

Table 3.2 Watering regime treatments (cm3 of water applied per watering) based on long-

term precipitation data for Lubbock, Texas. ...................................................................... 52 

Table 3.3. Results of three analysis of variance (ANOVA) tests to determine significance 

of three treatment factors (species, water regime, watering frequency) and interaction on 

1) root biomass, 2) shoot biomass, and 3) root:shoot ratio for kleingrass and blue grama 

combing. ............................................................................................................................. 53 

Table 3.4 Kleingrass (Panicum coloratum L) and blue grama (Bouteloua gracilis) biomass 

(g/plant) for five-month-old seedlings under greenhouse conditions at three watering 

regimes (dry, moderate, and wet). ...................................................................................... 54 

Table 3.5 Kleingrass and blue grama biomass (g/plant) for five-month-old seedlings under 

greenhouse conditions at three watering frequencies. ........................................................ 55 

Table 3.6.  Shoot and root length (cm) and root/shoot ratio for five-month-old kleingrass 

and blue grama seedlings under greenhouse conditions. ................................................... 56 

Table 3.7. Effect of frequency of watering on shoot and root length (cm) in five-month-old 

seedlings of kleingrass and blue grama under greenhouse conditions under three 

precipitation regimes. ......................................................................................................... 57 

Table 4.18Species selected according to seral stage .......................................................... 76 

Table 5.19Species selected according to seral stage .......................................................... 96 

Table 6.1.9Myco Blast microorganism composition........................................................ 117 

 

 

 

 

 

 

 



Texas Tech University, Aldo Sales, May 2017  

 

 

xi 

 

List of Figures 

Figure 2.1 Importance of soil temperature and moisture associated with risk of failures in 

the grasses seedling establishment of grass seedlings in the rangelands of the United 

States*†. .............................................................................................................................. 13 

Figure 2.2 Seedling morphology (right festudicoid plant); left (panicoid plant) ............... 18 

Figure 3.1. Percentage survival in five-month-old kleingrass and blue grama seedlings 

under three moisture regimes, (M) moderate, (D) dry and (W) wet year, and three watering 

frequencies (2, 4 and 6 events).. ......................................................................................... 58 

Figure 3.2 Water use efficiency (grams of biomass per cm of water applied) in five-month-

old seedling of kleingrass (Panicum coloratum L) and blue grama (Bouteloua gracilis) (A) 

shoot biomass and (B) root biomass under greenhouse conditions and three moisture 

regimes (dry, moderate, and wet).. ..................................................................................... 59 

Figure 4.1  Emergence and establishment rate of seedling grasses according to seral stage 

grown in germination chamber condition.. ........................................................................ 77 

Figure 4.2  Shoot average size (mm) of seedlings grasses according to seral stage grown in 

germination chamber condition until 55 days after germination. ...................................... 78 

Figure 4.3  Seminal root average size (mm) of seedlings grasses according to seral stage 

grown in germination chamber condition 55 days after germination.. .............................. 79 

Figure 4.4  Percentage of seedlings grasses that exhibited adventitious roots* according to 

grasses a in different seral stage grown in germination chamber condition 55 days after 

germination** ..................................................................................................................... 80 

Figure 4.5  Average root length (mm) of adventitious roots of seedlings grasses according 

to seral stage grown in germination chamber condition 55 days after germination. .......... 81 

Figure 4.6 Root/shoot ratio average of seedlings grasses according to seral stage grown in 

germination chamber condition 55 days after germination. ............................................... 82 

Figure 4.7 Shoot (A), root (B) length and root/shoot ratio (C) of seedlings grasses 

according to seral stage (late, mid, early succession) under germination chamber 

conditions. . ........................................................................................................................ 83 

Figure 5.1 Emergence and seedlings survival rate of nine species of rangeland grasses 

until 58 days after germination*. ........................................................................................ 97 

Figure 5.2. Average relative growth rate of shoot length (mm mm-1 day -1) in nine species 

of rangeland grasses until 58 days after germination*. ...................................................... 98 

file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794379
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794379
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794379
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794380
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794385
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794385
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794386
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794386
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794386
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794387
file:///C:/Users/aldo.sales/Google%20Drive/Thesis%202/Dessertation/Chapters/SEEDLING%20DEVELOPMENT%20ON%20FORAGE%20SPECIES%20Corrections!.docx%23_Toc482794387


Texas Tech University, Aldo Sales, May 2017  

 

 

xii 

 

Figure 5.3. Relative growth rate of seminal root length (mm mm-1 day -1) in nine species of 

rangeland grasses until 58 days after germination*+ .......................................................... 99 

Figure 5.4. Percentage of seedlings that show adventitious root in nine species of 

rangeland grasses until 58 days after germination. .......................................................... 100 

Figure 5.5. Relative growth rate of adventitious roots length in nine species of rangeland 

grasses until 58 days after germination. ........................................................................... 101 

Figure 5.6. Root/shoot ratio in nine species of rangeland grasses until 58 days after 

germination. ...................................................................................................................... 102 

Figure 6.1 Effect of mycorrhizal fungi in the emergence rate of grasses species 

(Kleingrass, Texas Panicum and Blue grama) in germination chamber condition on day 

10. ..................................................................................................................................... 118 

Figure 6.2. Effect of mycorrhizal fungi in the seedling survival rate of grasses species 

(Kleingrass, Texas Panicum and Blue grama) in germination chamber condition. ......... 119 

Figure 6.3. Effect of mycorrhizal fungi in average of total length of shoots of blue grama, 

Texas panicum, and kleingrass seedlings grown in germination chamber condition until 55 

days after germination.. .................................................................................................... 120 

Figure 6.4. Effect of mycorrhizal fungi in the average length of seminal root of blue 

grama, Texas panicum, and kleingrass seedlings grown in germination chamber condition 

until 55 days after germination. ........................................................................................ 121 

Figure 6.5. Effect of mycorrhizal in the length of adventitious root of blue grama, Texas 

panicum, and kleingrass seedlings grown in germination chamber condition until 55 days 

after germination. Means followed by the same letters are not significantly different by 

Tukey test (P≤0.05). ......................................................................................................... 122 

Figure 6.6.Effect of mycorrhizal fungi in the root/shoot ratio of seedling grasses species 

(blue grama, Texas panicum and kleingrass) grown in germination chamber condition 

until 55 days after germination. ........................................................................................ 123 



Texas Tech University, Aldo Sales, May 2017  

 

 

1 

 

 

                         CHAPTER I                                                                                                                   

INTRODUCTION 

 

 

Rangelands occupy about 50% of the world’s land area (Friedel et al., 2000), and 

they are the most important feeding resource for the livestock in extensive system. Not 

only that, rangelands are of great ecological significance, once that protect the fragile soil 

profiles or by capturing a large amount of carbon dioxide (CO2) and be a natural habitat 

for wildlife.  Thus, promoting the sustainable ecosystems use is essential to maintain the 

biological cycles that support life on Earth. Holechek (2004) affirms that continuous 

grazing with excessive stocking rates has been occurring for many decades in West of the 

United States, and together with drought have contributed to loss of diverse in plant 

species on many rangelands. 

Some projects in many parts of the world (such as Mexico, USA, Canada, and 

Argentina) are trying to compensate these plant diversity losses with the reseeding of 

native grass species. However, the high costs involved in the process of reseeding and the 

insufficient knowledge about the physiological mechanisms in seedlings seems to be a 

barrier to the success of this conservationist practice.  Garnier (1992) reported that the 

plant life cycle has a considerable influence on the establishment and survival of the plant 

in the seedling phase, especially in arid environments where the weather is highly 

unpredictable.  

Several studies have indeed shown that annual plants have higher seedling growth 

rates (James and Drenovsky, 2007; Jackson & Roy 1986) and higher allocation to 

reproductive structures (Bazzaz et al. 1983; Hancock & Pritts 1987) when compared to 

mid-seral and late successional plants. 
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Esau (1960) was the first that reported that the seedlings establishment is 

correlated with the development and extension of the adventitious roots. Afterward, a 

considerable number of papers were published about the ideal condition to germinate 

seedling grass.  Germinate a seed grass is not big a problem if we have optimum 

environmental conditions (Soil temperature and moisture). The heart of the matter is to 

ensure the survival and growth of these seedlings until the complete establishment as 

plant.  Hyder (1971) reported this problem for Blue grama seeds that emerge quickly and 

abundantly, but the seedlings died between six and ten weeks of age. For the author, this 

phenomenon occurs when seedling root growth failure. For example, the plant can 

germinate and sprout the primary roots, however, for an unknown reason the plant no-

sprout the adventitious root.  

Aforementioned problem was reported in several grasses rangeland species, such 

as Kleingrass(Tischler et al., 1989), Boer love grass (Herbel and Sosebee, 1969) and 

Crested wheatgrass (Ries and Svejcar, 1991). The velocity and size that develop the 

adventitious roots will define the success of the seedlings survival.  Hyder and Bement 

(1970) conclude that morphological differences in the seedling morphology promote 

variations in the successful establishment.  Actually, lack of knowledge that it compares 

the seedling root morphology pattern among grass species. Thus, we believe that to study 

differences in the seedlings development in rangeland grasses it will contribute to the 

scientific knowledge about rangeland management 
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2.                                                      CHAPTER II                   

                                     LITERATURE REVIEW                                                                        

Re-seed or not re-seed? Factors affecting rangeland grass-seedling establishment 

 

 

2.1. Introduction 

Rangelands are widely diverse, including grasslands, savannas, shrublands, 

deserts, tundras, marshes and meadows.   Rangelands cover about 50% of land area in the 

world. In the United States, Friedel et al. (2000) estimates that 770 million acres are 

classified as rangelands. During the last century, man has increased the ways to use 

rangelands due to expansion of croplands, urbanization, and mainly the expansion of 

livestock production. Overuse of these ecosystems promotes a non-natural phenomenon 

denominated “Rangeland degradation”. There are two factors that it might cause rangeland 

degradation: natural cycles lead by droughts, and the second one, related with human 

factors addressing the overuse of natural resources. 

D’Odorico et al. (2013) affirms that the combination of both factors are the 

primary cause of global degradation of rangelands. The effects of climate catastrophes and 

human land use promote the depletion of soil nutrients, and decline in water retention, 

causing a breakdown in soil structure. In addition, intensification of land use without 

proper rangeland management reduces the biomass productivity, which may lead to 

further agricultural expansion in even more marginal areas.  

Brown (2001) mentioned that the human activities that degrade rangelands, 

overgrazing as the main factor for the losses of species diversity on rangeland. The fast 

increase of the world’s livestock population has been causing an overuse of rangeland. 

Overgrazing of rangelands initially reduces biomass productivity, breaking all natural bio-
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cycles in the ecosystems. Overall, overgrazing converts the rangeland into a desert place 

(desertification).  Currently worldwide more than 680 million hectares of rangelands are in 

some degradation stage, which is five times more than the U.S. cropland area (Valdez 

2015). Holechek et. al., (2004) affirm that continuous grazing with excessive stocking 

rates has been occurring for many decades in western United States. Excessive stocking 

rates in combination with droughts; both have contributed to loss of diversity in plant 

species on many rangelands. 

The previous situation has stimulated several projects aiming to mitigate the 

effects of rangeland degradation, among these the reseeding of the rangelands with native 

or exotic plant species.    Reseeding attempts to restore the ecosystem to a condition near 

the original. Bradshaw (1984) affirms that reseeding aims to increase the percentage of 

desirable grass species in the rangeland, increasing the forage available to livestock and 

wildlife, and consequently a higher stocking rate. 

Currently some reeseding projects in several parts of the world (such as Mexico,  

USA, Canada, and Argentina) are trying to compensate for the lost of  plant diversity 

using  native grass species. However, the high cost and risk involved in the process of 

reseeding and the lack of  knowledge of the physiological mechanisms in seedlings seems 

to be a big obstacle to the success of this practice.  In addition, Rector (2000) mentioned 

that the high risk of reseeding rangelands is associated with the temporal and spatial 

unpredictability of rainfall during the seedling establishment period.  

The chance of success decreases dramatically in arid zones due to the short rainfall 

season. Rector (2000) also states that the rate of success in reseedings programs is greatest 

in areas with annual rainfall superior to 35 inches. Conversely, in areas with precipitation 



Texas Tech University, Aldo Sales, May 2017  

 

 

7 

 

inferior to 14 inches per year the probability of risk of failure in seeding establishment is 

more than 80%. According to  Jones and Jonhson (1998)  rangeland reseeding promotes 

multiple benefits, such as, 1) increasing plant diversity;  improving forage quantity and 

quality for livestock; 2)  Producing large or abundant seeds for wildlife; 3) promoting a 

beautiful spring view, and 4) facilitating soil stabilization in disturbed areas. If all 

environmental conditions (Soil temperature and moisture) are met,  germinating of a seed 

grass will be completed . The problem is to ensure the survival and growth of these 

seedlings until the complete establishment as plants.After a considerable number of papers 

were published,  supporting in regards to seedling establishment  failure and   addressing 

by not ideal conditions to germinate seedling grass. Esau (1960) was the first that reported 

that seedling establishment is correlated with the development and extension of the 

adventitious roots. Thischer et. al., (1989) mentioned that the success in the establishment 

of grasses in semi-arid climates is mostly determined by its ability to initiate growth of 

adventitious roots and the subsequent elongation of these roots in the seedling stage.    

According to what is mention by Thischer et. al., (1989), we determined that there 

are three factors that could be associated with seedling failures establishment: inadequate 

environmental conditions, seed size, and genetics factors.  Regarding the 

environmental factors associated with the seedling establishment in perennial grasses, 

most of the published literature mentioned  four factors as the most important for 

seedlings establishment : 1) Inadequate soil moisture, especially in the surface (Newman 

& Moser, 1988); 2) Inadequate environmental temperature, especially the soil temperature 

(Briske and Wilson, 1978); 3) Competition for sunlight and nutrients among species 

(Grime and Jeffrey, 1965), and 4) planting depth (Carren et al. 1987).   
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In relations with the environmental factors, Briske and Wilson (1977) studied the 

optimum temperature and moisture in blue grama seedlings, and they conclude that even 

with optimum environmental conditions, there are some other unknown factors that affect 

seedling establishment.  

Size and weight of seeds are also reported as a factor that affects the seedling 

development. Whalley et al. (1966) concluded that not only the size but also the weight of 

seeds has influence in the seedling survival in Hardinggrass. Hyder et al. (1971) affirm 

that unknown genetic factors could also promote failures in the seedling establishment. In 

addition, Tischler et al. (1999) suggest that photomorphogenic factors associated with the 

seed and crown could cause failures.  Several approaches have shown which mechanisms 

affect seedling establishment; however, all concluded that development and extension of 

adventitious roots is the most important process associated with seedling establishment.   

Therefore, in this review we are discussing the main factors that cause failures in 

the seedling establishment of native grasses in rangeland conditions.  

 

2.2. Environmental factors that affect the seedlings establishment and survival  

There is no  single environmental attribute that could entirely explain seedling 

vigor in grasses. Thus, environmental influences on seedling establishment in grasses 

should be analyzed together.  Most literature indicates that interaction among moisture, 

temperature, and light are the main environmental factors that affect the success of seed 

germination and seedling survival. 

Van Der Sluijs & Hyder (1974) affirm that in blue grama, adventitious root grows 

out of tillering crowns and becomes successfully established when damp and cloudy 
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weather persists for 2 or 3 days after germination; if the roots are exposed to harsh 

environmental conditions the chances of root survival are poor (Ries & Svejcar 1991).  

However, neither author determines which environmental condition is optimal for seedling 

establishment.  The effect of environmental factors on seed germination has been broadly 

studied (Bedunah & Sosebeen 1995); however, few studies tried to understand the impact 

of environment after germination until complete establishment (juvenile phase).  In this 

segment of this review, the effect of environmental factors on seedling establishment will 

be discuss it.  

Temperature 

Temperature seems to have more influence on seed germination than seedling 

establishment. Overall, environmental temperature determines the rate of development in 

all organisms. Booth and Haferkamp (1995) affirm that soil temperature is the major 

factor associated with seedling emergence, because it controls evaporation and 

transpiration rate in ecosystems.  Hsu et al. (1985) affirmed that the ideal temperature of 

seedling growth for warm-season grasses is between 25 and 30 oC.  While, for cool-season 

grasses, McGinnies (1960) stated that a temperature around 20 oC promotes the best root 

development in these species groups.   Briske and Wilson (1978) studied the effect of 

moisture and temperature in the adventitious root development in blue grama. They 

concluded that a temperature lower than 15 oC resulted in delays in the blue grama 

establishment caused by an inefficient root distribution in the soil.  

Soil temperature seems to be more important tha air temperature. Hsu et al. (1985) 

suggested that a high soil temperature in the first 30 cm of soil is a major factor associated 
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with failures in root emergence.  Therefore, the faster the root reaches the deepest soil 

layers, the greater the chance of the plant surviving and establishing in the rangeland. 

Hsu et al. (1985) affirm that the optimum soil temperature for root grow for warm-

season grasses ranges between 9.4 and 11.4 oC. However, this temperature is usually 

higher during the summer in the arid southwestern region of the U.S., which probably is 

one of many factors associated with failures in the reseeding on drylands.  Briske and 

Wilson (1978) stated that for success seedling establishment in drylands the seedling roots 

of grass need to develop quickly in order to avoid the excessive exposure to high 

temperatures.  The optimum temperature for shoot and root shows to be different; Aguirre 

and Johnson (1991) showed that optimum temperature for shoot growth in grasses is lower 

than temperature for optimum root growth.  Frischknecht (1951) suggested that reseeding 

in the central part of Utah should occur in late fall, on that root growth can be maximized 

due to low temperature in early spring. 

Moisture  

 There is no doubt that moisture has an important role for plants in the seedling 

stage. Moisture seems not to be limited in pasturelands, which can receive an additonal 

water by irrigation. In contrast, rangelands, rainfall is only source of water. Gurevitch et 

al. (2002) affirmed that moisture in the soil is not a limiting factor to grass growth in 

tropical lands, because, the moisture in soil has a positive potential gradient a large part of 

the year. However, this is a limiting factor for seedling establishment in semiarid and arid 

environments.  

 Concerning the U.S. rainfall pattern, Rajagopan and Lall (1998) affirm that U.S 

rangelands western of the 100o of meridian longitude exhibit considerable complexity in 
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precipitation magnitude, time and variation, in comparison to rainfall patterns in the 

eastern part of the country. Thus, an analysis based on annual or monthly precipitation for 

drylands does not allow conclusive results about water availability for the native plants.  

 Loik et al. (2004) mentioned  that it is necessary to appreciate that rain 

precipitation does not imply that rainfall water will be available 100 % to the plants. 

Therefore, it is important to understand the hydrology patterns and its implication in the 

ecosystem. This could be the initial step to comprehend the influence of environmental 

factors in seedling establishment. Noy-Meir (1973) addressed the response of plants with 

pulses of precipitation. The pulses of precipitation theory suggests that frequency of 

precipitation has the same importance as the volume precipitated in an area.  Frasier et al. 

(1984) state that it is necessary to have two wet days for the seed to germinate and five 

wet days for the seedling to establish. After this time, the seedling can resist up to seven 

dry days consecutively. In arid lands, the growth of plants is primarily controlled by soil 

water availability than any other factor. Water has an intrinsic ratio with all aspects of 

plant growth including anatomy, morphology, physiology and biochemistry (Kozlowski 

1972, Hsiao 1973, Herbel & Sosebee 1969). 

 The key for seedling establishment in rangelands seems to be a positive balance 

in soil water available. In other words, there should be more rainfall than evaporation in 

that area. Frasier et al. (1984) studied the effect of drought on Sideoats grama seedlings 

and concluded that five dry consecutive days promoted a mortality over 50% of the 

seedlings. Drought and soil desiccation are the main factors for the limits of seedling 

establishment in many environments (Moles & Westoby 2004).  Ackerly (2004) suggested 

that differences exist in seedling survival among grass species during drought. The 
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development and extension of adventitious root play an important role in the plant 

establishment.  

 Studying blue grama, Briske and Hyder (1978) conclude that optimum moisture 

for a maximum development of adventitious root is 90% of soil saturation. However, the 

adventitious root could grow slowly in low soil water potential conditions. Harrington 

(1991) studied the effect of soil moisture on shrub seedling survival in semi-arid grassland 

in Australia and concluded that to obtain success in the seedling establishment it was 

necessary to apply at least 100 mm of supplementary irrigation during summer on three 

occasions after the pre-sowing irrigation in early spring and twice after late-spring 

irrigation. It is important to highlight that the author reached a seedling survivorship above 

80% in irrigated plots when compared with zero survivorship on the unirrigated plots.  

Davis (1989) affirms that most native species of the California chaparral have seedlings 

adapted to drought showing shallow-roots and high efficiency of water available. 

Plummer (1943) concluded that failures in the root establishment and development of 12 

grass species of common occurrence in the California chaparral occur during droughts in 

the summer. 

 According to Holechek et. al., (2004), moisture and temperature in the soil are the 

most important factors associated with failures in the seedling establishment of grasses of 

North American rangelands. Thus, using this affirmation, we reviewed several articles 

which studied the influence of these environmental factors in the seven main rangelands 

ecosystems of the United States.  Figure 2.1 represents graphically the level of importance 

of moisture and temperature in the soil reported in the scientific literature associated with 

failures in the seedling establishment of grasses in the rangeland of the United States.  
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Figure 2.1 Importance of soil temperature and moisture associated with risk of failures in the grasses 

seedling establishment of grass seedlings in the rangelands of the United States*†. 

† The figure is based on results of 16 studies in the 7 rangeland ecosystems of the United stated  

*The level of importance had been set based on number of scientific reports which associate failures in the seedling 

establishment with soil temperature and moisture. Thus, the closeness of ecosystems (name) with signal (+ and –) 

represents graphically the level of importance of these variables in the ecosystem. 
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In hot deserts, the combination between soil moisture and soil temperature 

have similar level of importance in the seedling establishment of rangeland grasses. 

For examples, short-grass prairie, California grassland, and Palouse prairie soils were 

reported to have moisture more correlated with failures with seedling than temperature 

during failures. In cold deserts the literature reported a strongly association between 

failures in the seedling establishment and soil temperature. In the tall grass and mid-

grass prairies the combination between this two factors seem to be important during 

the seedling phase. 

 

Others (light, soil, and Planting depth)  

The light can also control the seedling establishment, because a low light 

intensity reduces the leaf and root size.  McGinnies (1960) affirms that shade could 

reduce the soil temperature but it did not increase survival of grass seedlings. 

Tiedemann & Klemmedson (1971) studying the effect of shade in growth response of 

four perennial southwestern grasses concluded that morphological, physiological, and 

yield responses were high in plants in full sunlight condition than plants under 

different levels of shade. Although the light affected the size of leaves and roots, this 

variable did not affect directly the seedling establishment.   

Concerning soil properties that affect seedling establishment, the hydraulic 

conductivity seems to be the most important, in other words, the capacity of moisture 

retention and water availability to the plants. Whalley et al (1966) stated that hydraulic 

conductivity is the most important soil variable related with seedling development, 

once that 75% of time during the seedling establishment, the seedling is not dependent 
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on nutrient content in the soil. The physical soil features such as texture, structure, 

density and capillarity determine the water retention in the soil and the contact surface 

between soil moisture and the seed. Miller and Owsley (1994) studied the seedling 

establishment of switchgrass in different soil types and they concluded that seedling 

emergence is 25% faster in sandy soil than in clay soils. Aiken and Springer (1995) 

stated that soil texture had effect on seedling emergence in some tropical grasses.   

Planting depth also has been reported as a factor that influences the 

development of seedlings in grasses. Newman and Moser (1988) affirm that planting 

depth affects the seedling establishment mainly during the emergence stage. 

Analyzing the influence of planting depth in the seedling emergence of native grasses 

Lueck et al. (1949) stated that Bromegrass planted deeper than 1.3 cm in a silty clay 

loam soil decreased the emergence, and consequently seedling survival. Newman and 

Moser (1988) studied the influence of planting depth in the emergence, morphology, 

and establishment of big bluestem, indiangrass, and switchgrass. They concluded that 

results obtained from these experiments were not convincing to affirm that planting 

depth affects in the seedling survivorship.  

Switchgrass when planted in clay loam of medium or low moisture content and 

a depth between 5.0 to 7.5 cm has a greater probability of emerging than when planted 

at shallow depths (Hudspeth and Taylor, 1961).  

Anderson (1956) affirms that optimum planting depths for Texas native 

grasses are between 6 to 12-mm, the difference inside this range is according to grass 

species and soil type. 
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Contrarily, researchers found that planting depth did not influence the seedling 

establishment in some native grass species. Cox et al. (1984) studied emergence of 

Lovegrass seedlings in four planting depths and conclude that for this species the 

planting depth is not a limiting factor of seedling establishment.    Murphy & Arny et 

al. (1939) tested 5 depths of planting concluding that until 25 mm the planting depth 

did not affect the seedling emergence. Differences in the rate of utilization of seed 

reserves may explain why certain species emerge at greater planting depths than others 

(Tischler and Voigt, 1984). Other authors suggested that optimum planting depth is 

correlated with the amount of carbohydrate reserves content in the seed.    

 

2.3. Non-environmental factors that affect the seedling establishment 

Plants have innumerous anatomorphological adaptations in order to compete 

with each other plants for resources (Light, water, nutrients, soil and air).  Harris 

(1977) stated that in a general concept the perennial grasses have a natural competitive 

advantage over annual grasses, so that, it is not necessary for them to seed following 

each dormant period. However, annual plants have a fast seedling establishment.  

Thus, Gross (1984) studied the influence of growth form and plant morphology 

in the seedling establishment of six monocarpic perennials. He concluded that neither 

variable affected emergence, survival, nor relative growth rates in all growth forms 

studied. 

Booth and Haferkamp (1995) mention three major non-environmental factors 

related to seedling establishment:  morphology, physiological and genetic 

characteristics intrinsic for each species (seral stage) and competition among species. 



Texas Tech University, Aldo Sales, May 2017  

 

 

17 

 

Below we did a brief review of how these factors affect the seedling establishment in 

rangeland grass species.   

  

 Morphology 

Grass seedlings are hypogeal, which means that the cotyledon in most cases 

remains below ground during the germination. The elongation of the coleoptile is 

different between cool and warm season grasses. In the cool season grasses, the 

coleoptile is long with short sub-coleoptile; contrarily the warm season grasses have a 

short coleoptile and short sub-coleoptile (Figure 2).  
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Figure 2.2 Seedling morphology (right festudicoid plant); left (panicoid plant)  
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The extension of coleoptiles and sub-coleoptiles have an important role in the 

emergence of seedlings, because near the top of these structures are located the 

meristematic points where the first leave will grow.The roots are also important in the 

seedling establishment; Booth and Haferkamp (1995) affirm that the root system in 

seedling grasses consists of seminal and adventitious roots. The seminal roots start to 

grow immediately after germination; they arise directly from a structure in the seed 

called scutellar note. The seminal roots are divided into primary roots and lateral roots. 

Weaver and Zink (1945) stated that seminal roots are entirely dependent on adequate 

levels of water content in the young plant, as well, moisture in the soil.   

After the entire development of seminal roots, the seedling starts to release the 

adventitious root from the coleptilar node. Tischler and Voight (1989) affirm that 

adventitious are considered the mature root system. Some authors suggest that 

establishment of seedlings is associated with the development of adventitious roots 

(Booth and Haferkamp 1995).   

The seminal roots start growth after 1 or 2 consecutive wet days; once the 

seminal roots are developed, plants begin to sprout the adventitious root. This phase is 

called the transitional stage (Whalley 1966). In other words, the transitional stage 

consists of development and extension of the adventitious root, and a weakening and 

death of the seminal root (Ries and Svejcar 1991). Hyder et al. (1971) affirm that in 

field conditions where blue grama seedlings fail in the extension of adventitious roots, 

the seedlings die between 6 to 10 weeks of age. Briske and Wilson (1978) state that 

for successful seedling establishment, the rate of root elongation of adventitious roots 
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should be sufficiently fast to keep a portion of the root in moist soil ahead of the 

drying soil. 

Newman and Moser (1988) advocate that adventitious root development 

undoubtedly controls the seedling establishment. However, little is known about how 

many and extensions of adventitious roots will be enough to affirm when a plant is 

established. Even though some authors associate the establishment of seedlings with 

the transitional stage, Weaver (1926) studied the development and activities of roots of 

cultivated grasses and concluded that the seminal roots remain alive and active until 

the time of harvest in crop plant species. 

Weaver and Zink (1945), after examining the root systems of 14 perennial  

grasses, conclude that in these species the seminal root grew deep and spread widely, 

and they remained alive and active as absorbing organs during four months of 

experimental analysis. Most of the articles reviewed affirm that adventitious root 

development in the transitional stage determines the seedling establishment, and  the 

death of seminal roots is required for the development of adventitious roots. However, 

there is not a consensus about this hypothesis, since some researchers indicate that 

seminal roots remain alive for a long time after the plant reaches the mature phase. 

 

Competition between species  

The competition among plants occurs when the demands of neighboring plants 

exceed the resource supply, inducing the stress and then death of less effective plants. 

Plant completion could occur in two levels, among individuals in the same species 

(inter-species) or among individuals of different species (intra-species).  Whatever the 
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level, competition affects the availability of environmental resources for plants. Wedin 

and Tilman (1993) affirm that initial densities and timing of establishment promote 

changes in the dynamics of plant competition because they lead to asymmetries in 

plant size and resource capture. Range plants have many adaptations (morphological, 

anatomical, physiological, and phenological) suiting them to a place in the ecosystem. 

Therefore, understanding the effect of competition among species is a basic 

requirement to increase the chances of success of rangeland reseeding (Blaisdell, 

1949).  Stands of perennial grasses have a natural competitive advantage over annual 

grasses. Since it is not necessary for them to begin from seed following each dormant 

period (Hsu and Nelson, 1986). Ries and Svejcar (1991) reported that seedlings of 

annual plants readily invade and become established on disturbed sites. Favorable root 

phenology is one of the adaptive strategies allowing this superior competitive ability. 

Harris (1977) defines five most important phenological characteristics in 

seedlings concerning competitive relationships in juvenile plants. The features are: (1) 

easy germination, (2) precocious initial root growth, (3) rapid extension of root-soil 

contact, (4) easy dormancy break, and (5) survival of drought. 

Plant competition also could be divided according to the zone where it occurs. 

In this classification, we can divide the competition into two levels: above and 

belowground.  Several studies have provided evidence that in arid environments the 

belowground competition is more important than aboveground (Coll et al. 2004).  

Harris (1977) suggested that in areas where the season of favorable moisture 

coincides with the season of low temperature, the ability of seedlings to continue root 

growth at low temperatures can be a deciding factor in the outcome of competition 
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between species.  Harris and Wilson (1970) studied the effect of moisture among 

seedling grasses at low temperatures and concluded that in areas where root growth 

occurred at low temperatures the Bromus tectorum and Taeniatherum asperwerum 

were more successful than seedlings of Agropyron spicatum. 

Invasive species have shown be more efficient in the seedling establishment 

than native species. Haggar (1979) affirms that invasive species germinates before 

native species, getting an advantage in the competition for light, space, and moisture. 

As mentioned, more studies are necessary to know how to occur the interaction 

between plants in the seedling stage in native grasses.  

 

Seral stage  

Several studies have indeed shown that annual plants have higher seedling 

growth rates (James and Drenovsky, 2007; Jackson & Roy 1986) and higher allocation 

to reproductive structures (Bazzaz et al. 1983; Hancock & Pritts 1987) when compared 

to mid-seral and late successional plants. Newman and Moser (1988) compared the 

seedling development among 12 grass species. They conclude that annual plants 

sprouted the first leaf faster than late seral species. Early seral species seem to allocate 

more energy to the shoot development than to the root system. Contrarily, mid and late 

seral seem to allocate more energy to root development. Booth and Haferkamp (1995) 

advocate that if the proportion of shoots is more than the roots in the seedling, higher 

are the risks of failure in the establishment caused by seedling acidification or an 

inefficient control in the water uptake. 
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2.4. Importance of the seminal and adventitious root pattern in the 

plant establishment (implications in the seedling survival) 

 Establishment and survival of a plant is intrinsically correlated with 

emergence and extension of seminal and adventitious roots (Booth and Haferkamp. 

1995). Tischler et al., (1989) support the idea that a plant cannot be considered 

established until it shows a plausive development of adventitious roots, which will 

allow extending down, catching moisture in deep levels of soil. To facilitate 

understanding the chronological sequence of morphological events that occurs in a 

plant until development of adventitious root, the description mentioned   by Whalley 

et al. (1966) was used. The author divides the growth of seedlings in three stages: the 

heterotrophic stage, a transitional stage, and the autotrophic stage.  

The heterotrophic stage begins when the seed has contact with water. Except 

for water, this stage is very independent of other environmental factors, which means 

that the plant uses in its metabolism the energy reserves (starches) stored in the seed. 

After that phase the plant still does not have photosynthetic tissue.  Hyder et al. (1971) 

affirm that plants easily surpass this stage in field conditions. Most of the researchers 

mistakenly consider the percent of seeds germinated as an indicator of seedling 

establishment. Hyder et al. (1971) affirm that less than eight percent of seeds 

germinated will reach the adult phase. The next transitional stage as the name suggests 

is a transition evolution to a photosynthetic phase. In this stage, the plants begin 

photosynthesis but still use energy reserves from the seeds for the expansion of root 

systems and the formation of new leaves. This phase can be divided  into three sub-

stages based on the development of the root system.  
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In the first step, the seedling shows only seminal roots. The seminal root 

system consists of one to five roots that developed from radicle and two pairs of lateral 

roots. Dahl (1995) affirms that seminal roots only are able to absorb water; while all 

nutrients necessary for the seedling come from the seeds reserves. The thick of 

seminal roots has a limited capacity to absorb and translocate water in the plant. In the 

second step of this stage, the plants start to sprout the adventitious roots from the 

nodes in the crown. Some authors report this type of roots as true roots, because they 

are able to absorb moisture and nutrients for the plant. In this step the seedlings show 

these two types of roots. Little is known about the interaction between these types of 

roots.  

The third stage is often marked by the weakening and death of seminal roots 

and the strength, extension and consolidation of adventitious roots as real roots. 

Hitchcock (1935) states that seminal roots persist only a short time after germination, 

their place being taken by adventitious roots. Some authors assert that the third 

seedling stage as the most important time in seedling establishment (Esau 1960; Hyder 

et al., 1971 and Briske and Wilson., 1977). If the plant starts to lose its seminal roots 

before the adventitious roots reach a reasonable deep penetration in the soil profile, 

there is a high probability of failure in the establishment.  

Due to a misunderstanding of physiological bases of seedlings, most range 

managers associate the seedling establishment with the development of shoots. 

Newman and Moser (1988) studied the root and shoot development in native grasses; 

they conclude that the stage of root development did not coincide with the stage of 

shoot development among species, which means that a simple visual analysis based on 
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the emergence of seedlings is not a good indicator of success in the reseeding. Tishler 

et al. (1989) studied the relationship between size and age in the Klein grass seedling, 

concluding that seedling age was more important in the seedling establishment than 

seedling mass.  

Smart et al. (2003) selected cultivars of big bluestem based on shoot weight 

and tiller number and they conclude that seedling tiller number and weight are not 

good indicators of seedling establishment success.  The development and extension of 

adventitious roots seem also to be associated with Genetic factors. Detling (1979) 

affirms that genetic variability appeared to correlate with adventitious root elongation 

in the Blue grama, and that, in plants under the same edaphoclimatic conditions 

showed a broad diversity of development that could not be explained by 

environmental factors. 

Conversely, Weaver et al., (1926) after numerous investigations on the root 

systems of several crops, concludes that the seminal root remains alive and active until 

the time of harvest.  Simmonds (1939) states that the seminal root of a wheat plant 

remains functional throughout the entire life of the plant. Same results were reported 

for barley and ryegrass (Krassovsky, 1926).  
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2.5. Summary  

Numerous studies have been conducted to examine the factors associated with 

failures in the establishment of rangeland seedling grasses. We found that failures in 

the seedling establishment could be addressed to genetic or environmental factors. The 

development and extension of adventitious roots are the most genetic factor reported 

as causing failures in the seedling establishment.  In addition to the genetic factors, 

there are some environmental factors related with the failure or success of reseeding.  

The level of moisture and temperature in the soil are the factors that are most reported 

in association with failure in the establishment of grasses seedlings on rangeland of 

North America and other countries.  

In the articles revised we could detect that the studies about the seedling 

establishment of rangeland species are concentrated for a small group of species. 

Thus, we also recommend that enlarge the number of rangeland species studied, as 

well as, to study the interaction between species in order to gain a better understanding 

of why those factors play in the establishment of more rangeland species. 
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3.CHAPTER III                                                                                                             

VARIABILITY IN AMOUNT AND FREQUENCY OF WATER SUPPLY              

EFFECTS ON DEVELOPMENT AND PRODUCTION IN SEEDLINGS OF 

TWO RANGELAND GRASSES 

This chapter was formatted according to  

Publications Handbook and Style Manual of the Crop Science Journal 

 

3.1. Abstract 

Moisture is the major factor determining the success of seedling establishment in arid 

lands. Thus, our goal was to investigate the effects of amount and frequency of 

watering on kleingrass and blue grama, two common grass species in the southwestern 

United States. The study was conducted under greenhouse conditions, simulating 

warm-season (May–August) temperatures and humidity (May-August) in the Southern 

High Plains of Texas. Five-month precipitation regimes  were simulated based on 

long-term precipitation average (LPA) of Lubbock, Texas. The precipitation regime 

treatments were: 1) LPA, 2) dry (75% of the LPA), and 3) wet (average of ten years in 

the LPA with highest precipitation). We also used the monthly precipitation to 

simulate three watering patterns: 1) monthly precipitation distributed in six events 2) 

monthly precipitation distributed in four events, and 3) monthly precipitation 

distributed in two events. Blue grama (Bouteloua gracilis) and kleingrass (Panicum 

coloratum) were grown in 90 pots each containing 19 kg of soil. Germination and 

survival rate were measured weekly.  After 120 days the plants were washed from the 

pots with cold water and we measured the following variables: shoot biomass (g /dry 

weight), root biomass (g /dry weight), shoot height (mm), and maximum root length 

(mm). The data were subjected to analysis of variance and the means were compared 
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Tukey test (α < 0.05).   Both species showed highest mortality under the dry regime 

when the monthly precipitation was divided into six events.  In blue grama root 

biomass increased linear with the amount of moisture available in the soil, but this 

pattern was not observed in kleingrass. Kleingrass a had a higher root/shoot ratio 

under dry regime whereas blue grama showed a higher root/shoot ratio in the LPA 

regime. Both species showed higher water use efficiency for shoot biomass in the wet 

regime. In the dry regime, blue grama had a higher water use efficiency for root 

biomass.  We believe that these results are related to genetic factors associated with 

adaptations to water-limited conditions. Our results suggest the existence of an 

optimum range between frequency and amount of water inputted to the system of each 

plant species. This optimum range allows the seedling survival, establishment success, 

and initial development.  

 

3.2. Introduction  

Seedling establishment is dependent on climatic conditions, especially 

moisture, temperature, and light (Bedunah and Sosebee, 1995). Of these, moisture is 

most often the primary factor determining the success of the seedling establishment in 

arid lands (Hsu et al. 1985).  In drylands, soil moisture is the primary control factor for 

all biological cycles. Thus, changes in precipitation cycles would likely affect seedling 

germination and establishment, thereby resulting in a low rate of natural reseeding. 

Analyzing the economic feasibility of the rangeland reseeding in the Chihuahuan 

desert, Ethridge et al. (1997) concluded that the risk of failure is greater than 75%, 

primarily because of unpredictable rainfall.  Holechek et al. (2004) stated that, in 
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addition to annual rainfall, timing and frequency of rainfall are important variables in 

initial growth of seedlings.  

 Frasier (1986) found that successful reseeding practices in semiarid regions 

require an understanding of seed germination and seedling responses to water quantity 

and frequency following planting. Initial stages of plant development in arid lands are 

often hampered by unpredictable precipitation patterns and high soil temperatures, 

which promote rapid evaporation of water available to the plants (Welch et al. 2001).  

MacGillivray (1955) measured the effect of soil moisture on 22 plant species and 

found that seedling emergence was retarded and reduced as moisture stress increased. 

MacGinnies (1960) studied the effect of moisture stress and temperature on the initial 

development of grasses and concluded that there is a strong interaction between 

temperature and moisture regarding all phases of the plant development, especially in 

the seedling establishment.  Based on this information, Marietta and Britton (1989) 

suggested that the best time to reseed is immediately before the season of the most 

reliable rainfall. 

Rainfall pattern has an important influence in the way which the plants allocate 

energy to grow vegetative parts (shoot and roots).  Thus, the study the shoot and root 

allocation is a prerequisite for correctly predicting the effects of environmental 

conditions in the initial developmental stages of grasses (Ericsson, 1995). An 

understanding of morphogenesis during the seedling phase can be useful in the 

development successful reseeding plans (Gleeson and Tilman, 1990). 

The relationship between environmental conditions and shoot and root 

development has been studied extensively in crop plants, but less so in native grasses. 
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To supplemnt our  knowledge concerning these relationships in rangeland grasses, 

especially during the seedling phase, our goals in thus study were to investigate the 

effect of amount and frequency of watering events in the survival and morphological 

development on kleingrass and blue grama seedlings, two grass species of the 

southwestern U.S.  

 

3.3. Materials and Methods 

This study was designed to simulate three moisture regimes and three 

frequency of rainfall during the growing season conditions (May-August) in the 

Southwestern High Plains of Texas, where 80% of the precipitation available for the 

plants generally occurs during these five months (Wilson and Briske, 1978). Two 

perennial grasses, blue grama (Bouteloua gracilis) and kleingrass (Panicum 

coloratum) were grown in a greenhouse for 120 days. The two species were selected 

to represent different morphologies and seral stages. Blue grama is a native sod-

forming, late-seral species and kleingrass is as introduced mid-seral grass. The 

experimental design was a split-plot factorial (2x3x3): two grass species, three soil 

moisture regimes, and three watering frequencies, with ten replications per treatment, 

for a total of 90 pots per species.    

The first factor treatment (amount of moisture) consisted of three moisture 

regimes:  Dry , moderate, and wet. The moderate treatment was defined using monthly 

precipitation occurred during the last 30 years in Lubbock, Texas (TTU Mesonet 

climate database) (Table 3.1). For the dry regime, we used 75% of the long-term 

monthly average precipitation based on SRM (1989) definition for a drought year. For 
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the wet regime, we used the monthly averages of the ten years with the highest 

precipitation during 1984 to 2014.  

The second purpose of this study was to evaluate the frequency of monthly 

precipitation on seedling establishment. The corresponding treatment factor consisted 

of three watering frequencies: 1) monthly amount distributed in six events 2) monthly 

amount distributed in four events, and 3) monthly amount distributed in two events 

(Table 3.2).   

A greenhouse climate control system was used to simulate monthly 

temperature, based on data from the TTU Mesonet climate database (mesonet.ttu.edu). 

We calculated the average minimal and maximal temperature for the warm season 

(May to September; Table 3.3) over the last 30 years. The greenhouse environmental 

simulation system was set-up to change temperatures each hour oscillating between 

the range of minimal and maximal temperature, such that high temperature was 

applied for 5 hours and low temperature for 5 hours each day. Humidity was held 

constant (75%) throughout the experiment.    

Plastic pots 29 cm in diameter (0.66 m2 surface area) and 30 cm in height were 

filled with  of coarse-textured soil collected on a rangeland area on the Texas Tech 

University Campus. Prior to planting, the soil was steamed for four hours to kill 

microorganisms and seeds.  The pots were packed to a bulk density 1.45 g.cm-3 

(Sanderson and Elwinger, 2004). Watering was conducted at 8:00 am and the water 

supplied to the plots was regulated with a flow meter.  

Three seeds of the respective species were planted in each pot. After 

germination, each pot was thinned to one seedling. The plants were harvested four 
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months after planting. The soil was gently washed from the roots using running tap 

water. Once cleaned, each plant was photographed in high resolution and this 

photograph was used to measure the root and shoot length of each plant by means of 

digital analysis (Kato and Okami, 2011) the software ENVI 2.4.  After being 

photographed, the shoots and roots biomass were separated, placed in paper bags, 

dried in 55 oC for 48 hours, and then weighed. The data was analyzed by analysis of 

variance (SAS Institute, 2003) and the significant differences among means were 

tested using Tukey test (α <0.05).  

3.4. Results  

 Seedling biomass 

Kleingrass seedlings produced approximately twice as much shoot biomass 

after five months than did blue grama (α<0.05). However, blue grama seedlings 

produced about twice as much root biomass as did kleingrass seedlings (Tables 3.3 

and 3.4). Consequently, kleingrass seedlings had substantially lower root:shoot ratios 

based on total biomass than did blue grama.  

There were significant interactions among species, amount of water, and 

frequency of watering (Tables 3.3-3.5). Amount of water (moisture regime) applied 

had a significant effect on seedling shoot and root biomass for both species (α<0.05) 

(Table 3.4). Overall, kleingrass seedlings produced 20% less shoot biomass under a 

dry regime compared to the moderate regime and 30% more under the wet regime. 

Under the wet regime, kleingrass seedlings produced 15% more shoot biomass than 

under the moderate regime (Table 3.4).  Amount of water did not have a significant 

effect on kleingrass seedling root biomass (α<0.05). In blue grama seedlings, the wet 
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regime resulted in 28% more shoot biomass than dry regime and 20% more shoot 

biomass than the moderate regime (Table 3.4). The dry year regime produced 10% 

less shoot biomass, than the moderate regime. Blue grama root biomass was not 

significantly different between moderate and wet regimes, but the dry regime in less 

root biomass than the moderate (-19%) and the wet (-27%) regimes. There was a 

significant effect root:shoot ratio in both species (α<0.05). Dry and moderate regime 

were statistically similar (α<0.05), but for both species watering regimes resulted in 

higher root:shoot ratios than the wet regime (Table 3.4).    

Frequency of watering had a significant effect on shoot biomass but not root 

biomass in kleingrass seedlings (α<0.05) (Table 3.5).  Kleingrass produced more shoot 

biomass under the most frequent watering level (6 events). Root:shoot ratio in 

kleingrass seedlings was also affected by frequency of watering with the highest ratio 

at the lowest watering frequency (2 events) and the lowest ratio under the most 

frequent watering (Table 3.5). Blue grama seedlings produced less shoot biomass 

under the lowest watering frequency treatment and produced more root biomass at the 

intermediate watering frequency treatment (Table 3.5). Root:shoot ratio in blue grama 

seedlings was lower at the most frequent watering treatment.    

Seedling morphology  

Overall, kleingrass seedlings had greater total length and shoot length than 

blue grama seedlings but blue grama seedlings had longer roots and a higher 

root/shoot ratio based on length (α<0.05) (Table 3.6). The wet regime resulted in 

greater total length and shoot length in kleingrass seedlings than under the dry and 

moderate regimes. However, root length and root:shoot ratio in kleingrass were not 
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affected by watering regime. In blue grama total length and root:shoot ratio were 

lower under the moderate regime. Shoot length was highest under the wet regime and 

root length was higher under the wet regime than under the moderate regime but not 

under the dry regime.  

In kleingrass seedlings, total length was not affected by watering frequency but 

under most frequent watering kleingrass seedlings had longer shoots than under the 

least frequent watering treatment (Table 3.7). Conversely, increasing the frequency of 

watering promoted shorter root lengths and lower root:shoot ratios in kleingrass. In 

blue grama, watering frequency did not affect total length, root length, or root/shoot 

ratio, but the least frequency watering treatments did result in shorter shoot lengths 

(Table 3.7). 

Seedling survival and water use efficiency  

Kleingrass seedlings exhibited lowest seedling survival (20%) under the dry 

regime with the most frequent watering treatment (6 events) (Figure 3.1). Dry regime 

with intermediate and lowest watering frequencies resulted in 40% higher seedling 

survival than the dry regime under highest watering frequency.  Wet and moderate 

regimes resulted in 28 and 33% survival of kleingrass seedling, respectively.  Under 

the dry regime, blue grama seedlings had lower (19%) survival than seedlings under 

the moderate (27%) and least watering frequency (29%). Under the wet regime with 

lowest frequent watering (2 events) blue grama seedlings had higher survival (29%); 

which was lower than least frequent watering (23%) and the intermediate frequent 

watering (22%).  The highest survival of blue grama seedlings was under the moderate 
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regime, with the intermediate frequency resulting in the highest survival rate in all 

treatments studied (32%).  

For the both species, water use efficiency for shoot biomass increased when 

the amount of water increased although the differences were not significant at α=0.05 

(Figure 3.2).  Water use efficiency based on root biomass, kleingrass also increased in 

water use efficiency as the amount of water increased (Figure 3.2). Water use 

efficiency for root biomass in kleingrass under the moderate and wet regimes were not 

significantly different. Under the dry regime, the water use efficiency for shoot and 

roots in kleingrass were 50% lower than in the wet regime. Based on root biomass, 

blue grama seedlings had a higher water use efficiency under the moderate and wet 

regimes (Figure 3.2).     

 

3.5. Discussion   

Seedling biomass 

Overall, kleingrass produced more shoot biomass than blue grama. But blue 

grama produced more root biomass than kleingrass. This resulted in higher a 

root:shoot ratio for blue grama than for with kleingrass. Seedlings of both species 

were affected by the amount of water received and the frequency of application, 

although the specific responses differed between the two species. Shoot production in 

both species was highest under high moisture and lowest under more sensitive to 

amount of moisture for blue grama than kleingrass. These responses in shoot root 

production consequently affected the respective root:shoot ratios. Under the highest 
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moisture level, root:shoot ratios decreased for both species and less frequent watering 

resulted in higher root:shoot ratios for both species.  

Sperry et al. (1998) stated that in most cases the reduction of biomass in 

grasses when exposed to drought conditions occurs because of a collapse in the 

suction of water in the root caused by cavitation, abscission, or suberization. Briske 

and Wilson (1978) studied the influence of six water levels in shoot biomass and root 

biomass of blue grama seedlings, reporting 25% reduction in soil moisture resulted in 

200% decrease in root biomass, compared to 27% in our results. The same authors 

reported that blue grama shoot biomass increased with decreasing in soil moisture. 

According to Wester et al. (1985), kleingrass seedlings exhibited the highest shoot 

biomass production when watered with at least 5 mm each two days. 

 Seedlings exposed to stress conditions may adjust their shoot and root biomass 

allocation to maximize the use of the limiting resources (Long and Jones, 1996), 

which would increase their chances of establishment success.  When introduced in the 

United States sixty years ago, kleingrass was planted in areas with annual precipitation 

greater than 45 cm, but in Texas it has spread throughout the state (Pitman et. al., 

1983). Plants originating in mesic and humid regions tend to have a rapid shoot 

growth. This allows the plants to start photosynthesis as soon as possible and gain an 

advantage in competition for light. However, this growth pattern results in a relativelly 

high water requeriment. This difference was illustrated in our study by higher rate of 

shoot growth in kleingrass compared to blue grama. Not only did kleingrass (the mesic 

species) produce more shoot biomass (+136%) under the wet regime than did blue 

grama (the semiarid species), kleingrass also had a higher ratio of shoot biomass under 
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the wet regime compared to under the dry regime (1.47) than did blue grama (1.39). 

This suggest that kleingrass seedlings are more efficient in utilizing higher available 

moisture than are blue grama seedlings.  Conversily, root biomass in blue grama 

seedlings responded more to change in amount of water applied than did root biomass 

in kleingrass seedlings. Root biomass in blue grama seedlings increased 38% under 

the wet regime compared to the dry regime, but root biomass did not increase between 

the two regimes in kleingrass. Our results were comparable to range reported by North 

and Nobel (1991) which studied the inter-annual fluctuation of the belowground 

biomass of grasses of the Mojave Desert, concluding that belowground biomass was 

reduced under drought years. Similar biomass for blue grama were reported by Ares ( 

1976) en Kibet (2016) for klein grass  

It has been hypothenized that plants from arid and semiarid regions, such as 

blue grama, allocate a higher proportion of their biomass in root systems than do 

plants from mesic regions (Sperry et. al., 1998). A higher root biomass would allow 

for greater potential uptake of limited soil resources such as moisture and nutrients. In 

our study, blue grama seedlings had an average root:shoot ratio three times as large as 

that of kleingrass, supoorting the hypothesis that arid and semiarid species have higher 

root allocation than mesis species.  

 

Seedling survival and water use efficiency  

Seedling survival in our study was higher in than those previously reported for 

the same species studied (Hyder et al. 1971 and Tishler et al. 1989). Boot and 

Haferkamp (1995) cautioned that experiments in controlled conditions (e.g. 
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greenhouse and germination chamber) in most cases would show better results, 

because several environmental factors are nullified (wind, water percolation, 

herbivory).  Delting (1979), reported that seedling recruitment and biomass production 

in blue grama was reduced by 40% under drought year when compared with moderate 

rainfall year in north-central Colorado. At most watering frequecies, seedling survival 

under the dry regime was higher for kleingrass than for blue grama. This is opossite to 

what might be expected since blue grama is the more arid species. Other researchers 

have reported similar results (Tischler et al. 1991). However, kleingrass seedligs 

survival was higher under the wet regime and blue grama survival was highest under 

the dry regime, which is the pattern that might be expected given their resprective 

region of origin. The main caracteristic arid and semiarid plants is not have a high 

seedling survival rate, but a elevate persistence of that plants that could survive the 

seedling phase.    

For blue grama, the more arid species, seedling surivival was lower under the 

most frequent watering than under the least frequent watering, under the moderate and 

wet regimes. In our study an increase in the frequence of watering implied in low 

amount of water in each watering. The results of our study allowed to achieve that in 

the least frequent watering water evaporated faster than the capacity of absorption in 

the plant. In other words, the water evaporated too fast and the plant was able to catch 

the enough to maintain their physiological process and thus ir died.        

Some studies reported that root:shoot ratio is associated with success in the 

seedling establishment of rangeland grasses, especially in drylands (Simanton and 

Jordan, 1986; Polen 2007). Conversely, our results support the theory that this 
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characteristic is not related to seedling recruitment in blue grama and kleingrass.   

Booth & Haferkamp (1995) which the same conclusion reached for sideoats 

(Bouteloua curtipendula) in Arizona. 

Kleingrass and blue grama had similar water use efficiency for shoot biomass. 

Although we did not find statistical differences between treatments, biologically there 

was a notorious difference.  For both species the highest water use efficiency was 

under the wet regime and lowest under the dry regime. It is important to mention that 

both species increased the water use efficiency for shoot biomass production as 

increase the amount of water. However, blue grama and kleingrass did not display the 

same water use efficiency tendency for root biomass. Unexpectedly, kleingrass had a 

higher water use efficiency for root biomass than blue grama. The water use efficiency 

of kleingrass root biomass increased exponentially as increase the amount of water. 

However, blue grama had an opposite pattern for water efficiency use of roots 

biomass, which blue grama was more efficient to water use under the dry watering 

regime.  Blum (2005) affirms that mid-seral plants rapid positively respond in biomass 

accumulation when increased the moisture available in the soil.  Blue grama was more 

efficient in accumulate root biomass in shortage moisture levels than kleingrass. Taiz-

seiger, (2005) that differences in water use efficiency are related to genetic factors 

associated with adaptations to water-limited conditions.  

Seedling morphology 

Kleingrass had total plant and shoot lengths values higher than blue grama, but 

blue grama had longer roots lengths than kleingrass, which made that blue had a 

higher root:shoot ratio based on shoot and root length than kleingrass.  Overall, blue 
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grama had a root:shoot ratio 2 times greater than kleingrass. Under the wet regime 

kleingrass and blue grama seedlings had the longest shoot length. In the other hand, 

dry regime affected the size of shoot length negatively (smallest values). The 

difference in shoot and root length when compared a dry year with wet regimes was 

higher in kleingrass than in blue grama. The shoot length growth in this study was 

similar than the reported in earlier studies.  Ries and Svejcar (1991) reported changes 

in the water available for plants affect the synthesis of photosynthate, caused by a 

decreasing in photosynthetic area. Similar results were reported by Denmead et al. 

(1960) in corn and Knipe and Herbel (1969) in six native grass species of western of 

the United States, where the limitation in water available caused reduction of 

vegetative parts. 

 Several reports support our results, where plants under water deficit (dry 

regime) primarily reduce the plant size and vigor (Knapp 1984; Stoddard et al. 1975). 

Booth & Haferkamp, (1995) stated that if the drought is longer than three weeks, the 

rangelands plants shorten their vegetative phases, aiming to reproduce as soon as 

possible. Although not measured, it was observed during this study that kleingrass 

under the dry watering regime had a stunted appearance, with notorious atrophy of 

leaf areas and premature senescence. Leaves and roots of seedling grass commonly 

consisted of more than 80% of water when turgid. If the water gradient decreases in 

the leaf tissue, all morphophysiological aspects of the plant will be affected (Hsiao, 

1973). 

Results from this study indicate that watering regime is more important than 

watering frequency in explaining the root length in kleingrass and blue grama 
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seedlings. Under the wet regime, both species had the longest root length, but the 

variation in root length between wet and dry regime was lower in blue grama, which 

indicates that blue grama is more adapted than kleingrass to grow in drylands. These 

results are diverging with those reported by Herbel and Sosebee (1969) which studied 

the influence of moisture regime in the first growing season of blue grama and boer 

love grass, concluding that root length was small when exposure to low levels of 

moisture in the soil. However, overall kleingrass could spread their root deeper into 

the soil than blue grama; Tilman (1988) reported that mid-seral species shows to be 

more efficient to elongate its vegetative part in the seedling stage than late seral 

species.   

 

3.6. Conclusions  

Seedling survival rate of kleingrass and blue grama is negatively affected under the 

dry regime and high frequency of watering, which we addressed to be due to a 

negative balance between the water evaporated from soil and water absorbed by the 

plant.  During the wet regime  and at least water regime studied in this the seedling 

survival rate is drastically reduced.  

The moisture does not affect the root/shoot ratio regime in kleingrass seedlings. 

Blue grama increase the water use efficiency for root biomass in dry moisture 

regimesOur results suggest the existence of an optimum range between frequency and 

amount of water inputted to the system of each plant species. This optimum range 

allows the seedling survival, establishment success, and initial development.  
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3.7. Figures and tables  

 

Table 3.1 Growing season average monthly precipitation, and maximum and minimum 

temperatures in Lubbock, Texas, 1984 to 2014. 

   May Jun Jul Aug 

      

Precipitation (mm)  55 52 45 44 

Air temperature  min (oC)  13 17 20 18 

Air temperature max (oC)  28 32 33.2 32 
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Table 3.2 Watering regime treatments (cm3 of water applied per watering) based on 

long-term precipitation data for Lubbock, Texas.   

Regime  Frequency May Jun Jul Aug 

      

Dry 2 events 0.067 0.067 0.057 0.057 

 4 events 0.100 0.100 0.085 0.085 

 6 events 0.200 0.200 0.170 0.170 

Moderate      

               2 events 0.090 0.087 0.073 0.073 

 4 events 0.135 0.130 0.110 0.110 

 6 events 0.270  0.262  0.221 0.220 

Wet  
    

 2 events 0.113 0.110 0.093 0.093 

              4 events 0.170 0.165 0.140 0.140 

 6 events 0.340 0.330 0.280 0.280 
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Table 3.3. Results of three analysis of variance (ANOVA) tests to determine 

significance of three treatment factors (species, water regime, watering frequency) 

and interaction on 1) root biomass, 2) shoot biomass, and 3) root:shoot ratio for 

kleingrass and blue grama combing. 

Response 

Variable  

Treatment variable  DF SS MS       F 

      

Root Species 1 3262.76 3262.76 785.70 ** 

 Regime (Amount) 2 155.35 77.67 18.70 ** 

 Frequency  2 153.84 76.92 18.52 ** 

 Species x Regime  2 88.88 44.44 10.70 ** 

 Species x Frequency 2 223.47 111.73 26.90 ** 

 Regime x Frequency 4 329.38 82.34 19.83 ** 

 Species x Regime x 

Frequency  

4 210.41 52.60 12.66 ** 

Shoot  Species 1 2115.61 2115.61 454.10 ** 

 Regime (Amount) 2 167.78 83.87 18.00 ** 

 Frequency  2 54.10 27.05 5.80 ** 

 Species x Regime  2 113.50 56.75 12.18 ** 

 Species x Frequency 2 41.41 20.70 4.44 * 

 Regime x Frequency 4 336.97 84.24 18.08** 

 Species x Regime x 

Frequency  

4 99.42 24.85 5.33 ** 

Root:shoot Species 1 1536.89 1536.89 76.63 ** 

 Regime (Amount) 2 303.47 151.73   7.56 ** 

 Frequency  2 557.66 278.83   13.90 ** 

 Species x Regime  2 167.63 83.81   4.17 * 

 Species x Frequency 2 128.66 64.81   3.20 * 

 Regime x Frequency 4 707.23 176.80   8.81 ** 

 Species x Regime x 

Frequency  

4 141.91 35.47  1.76 ns 

      
DF: Degrees of freedom; SS: Sum of squares; MS: Mean square; F: Variance ratio ** (p < .01); * ( p < .05);   ns (p >= .05) 
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Table 3.4 Kleingrass (Panicum coloratum L) and blue grama (Bouteloua gracilis) 

biomass (g/plant) for five-month-old seedlings under greenhouse conditions at three 

watering regimes (dry, moderate, and wet). 

Species  Regime Shoot Root Root/shoot 

     

Kleingrass Dry 34.86 c 10.88 b 0.31 a 
 Moderate 43.46 b 11.76 a 0.29 b 

  Wet 51.13 a 10.68 b 0.26 c 

 Average 43.15 11.11 0.29 

     

Blue grama  Dry 15.51 c 16.76 b 0.94 a 

 Moderate 17.26 b 20.57 a 1.00 a 

  Wet 21.66 a 23.06 a 0.87 b 

 Average 18.14 20.12 0.94 

     
The watering pattern was based on long-term precipitation data for the growing season in Lubbock County: Moderate year=5.4  

cm/month; dry year=4.5 cm/month, wet year=6.8 cm/year 
Blue grama and kleingrass averages represent the average of the three treatments for each species, and the letters represent the 

comparison between species by the Tukey’s test at 95% of probability.   
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Table 3.5 Kleingrass and blue grama biomass (g/plant) for five-month-old seedlings 

under greenhouse conditions at three watering frequencies. 

Species  Frequency  Shoot Root Root/shoot 

     

Kleingrass 2 events 40.81 b 11.70 a 0.31 a 
 4 events 42.86 b 10.26 a    0.29 ab 

  6 events 45.78 a 11.37 a 0.26 b 

     

Blue grama       2 events 16.68 b 18.92 b 1.03 a 

 4 events 18.28 a 21.79 a 0.90 b 

  6 events 19.47 a 19.68 b 0.88 b 

     
The watering pattern was based on long-term precipitation data for the growing season in Lubbock County.          
Means followed by the same letters in the column within species are not significantly different (P≤0.05). 
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Table 3.6.  Shoot and root length (cm) and root/shoot ratio for five-month-old kleingrass 

and blue grama seedlings under greenhouse conditions.  

Species  Regime Total  Shoot Root Root/shoot 

      

Kleingrass Dry 108.17 b 81.53 b 23.26 a 0.28 a 
 Moderate 104.03 b 80.96 b 23.00 a 0.30 a 

  Wet 115.98 a 89.97 a 26.01 a 0.29 a 
      

Blue grama  Dry 72.72 a 41.11 b  27.81 ab 0.77 a 

 Moderate 65.79 b  39.44 b 26.34 b 0.57 b 

  Wet 77.43 a 49.62 a 31.60 a 0.80 a 

 

Kleingrass 

              

Average  108.5 a 84.2 a 

 

24.1 b 

 

0.29 b 

Blue grama   Average    71.2 b  43.1 b    28.6 a 0.72 a 

      
The watering pattern was based on long-term precipitation data for the growing season in Lubbock County: Moderate year=5.4 
cm/month; dry year=4.5cm/month, wet year=6.8cm/year 

Blue grama and kleingrass averages represent the average of the three treatments for each species, and the letters represent the 

comparison between species by the Tukey’s test at 95% of probability.   
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Table 3.7. Effect of frequency of watering on shoot and root length (cm) in five-month-

old seedlings of kleingrass and blue grama under greenhouse conditions under three 

precipitation regimes. 

Species  Frequency  Total Shoot Root  Root/shoot 

      

Kleingrass 2 events 104.63 a 80.53 b   24.10 ab 0.30 ab 
 4 events 109.92 a   84.11 ab 25.79 a 0.31 a 

  6 events 110.28 a 87.13 a 22.48 b 0.26 b 
       

Blue grama  2 events 69.51 a 39.26 b 26.97 a 0.64 a 

 4 events 72.19 a 45.21 a 28.54 a 0.67 a 

  6 events 75.24 a 45.70 a 30.24 a 0.83 a  

      
The watering pattern was based on long-term precipitation data for the growing season in Lubbock County.          
Means followed by the same letters in the column within species are not significantly different (P≤0.05). 
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                                 Kleingrass                                                                               Bluegrama 

 

Figure 3.1. Percentage survival in five-month-old kleingrass and blue grama seedlings 

under three moisture regimes, (M) moderate, (D) dry and (W) wet year, and three 

watering frequencies (2, 4 and 6 events). Bars with the same letters within species and 

moisture regime are not significantly different by the Tukey’s test at 95% of probability.  
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Figure 3.2 Water use efficiency (grams of biomass per cm of water applied) in five-

month-old seedling of kleingrass (Panicum coloratum L) and blue grama (Bouteloua 

gracilis) (A) shoot biomass and (B) root biomass under greenhouse conditions and three 

moisture regimes (dry, moderate, and wet). Bars with the same letters within species 

and moisture regime are not significantly different by the Tukey’s test at 95% of 

probability.  
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4.CHAPTER IV                                                                                                      

Seedling development of native grasses species according to seral stage 
 

This chapter was formatted according to 

Publications Handbook and Style Manual of the African Journal of Range & Forage Science 

 

4.1. Abstract   

In the past few years there have been are increasing the number of projects 

aiming to reseed rangelands with native or introduced grasses. Conversely there are 

several reports showing failures in the seedling establishment of rangeland grasses. 

This study aimed to evaluate the emergence and survival rate, and morphological 

development of seedlings of selected rangeland grasses according to the seral stage. 

The study was conducted under germination chamber conditions with daylight 

simulation of 12 hours-long; temperature (Day 33oC – Night 25oC). Three grass 

species formed a seral stage group; we studied the following seral stages: early, mid 

and late seral, totaling 9 species studied.  Pots (123.31 cm3) were filled with sterilized 

sand.  

The pots were watered daily, five times per week with deionized and twice a 

week with deionized water containing a Hoagland solution (0.25 strength). Each pot 

was divided into four quadrants, and three seed were placed in each quadrant. Thus, 

each pot contained contained12 seeds. In the first 10 days, daily were counted the 

seedlings emergence, After the first 10 days the number seedlings were thinned to one 

seedling per quadrant. Between 10th to 54th every four days (12 times) there were 

counted every 4 days the survival rate and measured the morphogenesis of the 12 

seedlings. 
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For morphogenesis analyses, the seedlings were washed from the pots with 

cold water and measured the following variables: number of adventitious roots 

(count), shoot, adventitious roots, and seminal root lengths (mm). We repeated the 

procedure 12 times which represented a cycle. Each treatment was evaluated two 

times, thus in total, we analyzed 288 seedlings per species and 864 seedlings seral 

stage. The data was subjected to analysis of variance and means were compared by 

Tukey test (P <0.05). On average, less of 4% of late seral species survived more than 

55 days after emergence. We observed that failure in the establishment was caused by 

a low percentage of seedlings that showed adventitious roots. Tthe seedlings in the 

three seral stages studied showed growth in cycles marked by an apparent alternation 

in the energy allocation to grow, where times the seedlings concentrated more energy 

to the root growth and other cycles to the shoot grow. In conclusion, emergence rate is 

not a good indicator of success in the reseeding of rangeland grasses; and reseeding 

with late seral species is a practice with low chances of success due to a high mortality 

rate of seedlings in the juvenal phase. 

Keywords: Reseeding, rangeland, seedling establishment.  

 

4.2. Introduction  

   Currently, worldwide more than 680 million hectares of rangelands are in 

some stage of degradation, which is five times more than the U.S. cropland area 

(Valdez 2015). As a way to mitigate the effects of rangeland degradation, there is 

more and more interest in reseeding rangelands with native or exotic plant species. 
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However, high costs and risk of failures in the establishment make that reseeding are a 

barrier to the success of this conservationist practice.   

  Concerning reseeding with rangeland grasses Hyder, (1971) found that 

germination of rangeland grass seed is not big a problem if there are optimum 

environmental conditions (soil temperature and moisture). The heart of the matter is to 

ensure the survival and growth of these seedlings until the plant can be established. 

Seed germination and seedling growth are critical stages of plant development leading 

the establishment of new individuals in plant communities. Thus, a better 

understanding of the seedling establishment process could enhance in improvements 

in the effectiveness of reseeding rangelands (Booth and Haferkamp, 1995).  

Garnier (1992) reported that seral stages have an important role on the survival 

rates and establishment of seedlings of rangeland species, especially in arid 

environments where the weather is highly unpredictable. Several studies also have 

indicated that early seral species have higher seedling growth rates (James & 

Drenovsky, 2007), as well as, there are differences in the morphological development 

patterns (Hancock & Pritts 1987) when compared to mid-seral and late seral plants. 

These differences are a classical examples of mechanisms of environmental 

adaptations. However, there is a lack of studies that compare differences in the 

seedling establishment of rangeland grasses according to seral stage. Understanding 

the process involved in the seedling establishment of rangeland species could provide 

a means to improve the chances of success of reseeding in rangelands species. Thus, 

this study was conducted to evaluate the emergence rate and morphological 
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development of seedling establishment in selected rangeland grasses according to seral 

stage. 

 

4.3. Material and methods 

The experiment was conducted with nine species, grouped in 3 grass species to 

each seral stage (early, mid-, late-seral) (Table1) placed in a germination chamber. All 

species selected commonly occur in the southwestern United States (Holechek et al. 

2004). The germination chamber used was a model Hoffman, SC30SS with controlled 

temperature and light.  The chamber was programmed for two cycles (day/night).  The 

daylight period with 12 hours long with an average temperature of 33 oC and the night 

period with 12 hours long with an average temperature of the 25 oC following 

protocol described by Chou et al. (2012).  

  The seeds were acquired from comercial seed companies. Although the seed 

had been previously selected from the seed company; to assure that fully develop and 

undamaged seeds were used we further selected seeds according to protocol described 

by Knipe (1967). Plastic pots of 7.47 cm diameter and 8.84 cm height were filled with 

fine sand, each pot containing approximately 570 grams of sand.  The sand was 

previously autoclaved for 4 hours; to sterilize the sand of microorganisms and other 

seeds.  The pots were packed for a bulk density 1.45 g cm-3; Sanderson and Elwinger 

(2004) suggested that this value for bulk is similar to the soil conditions characteristic 

on many rangelands.  

The experimental design was completely randomized. For each grass species 36 

pots were prepared, thus for each seral stage were used 108 pots for each cycle. Each 
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pot was divided into four quadrants and three seeds were placed in each quadrant. The 

entire experiment was run twice as a time replication.  

The measurements consisted of comparing in the grasses species the seedling 

emergence and survival rates and the length of shoots, seminal roots, and adventitious 

roots in the nine selected species; here after called morphogenesis. The emergence was 

measured daily during the first 14 days of the experiment. From this information were 

calculated the emergence rates.   At this time the seedlings in each pot were thinned to 

one seedling per quadrant. On day 14, the number of seedlings still alive in each 

treatment were counted every four days to determine the survival rate, i.e., the number 

of live seedlings divided by the number of remaining pots x four potential seedlings. 

Beginning on the fourteen day, three pots from each grass species (potentially 12 

seedlings total) were randomly selected for destructive morphogenesis measurements. 

Seedlings were removed from the pots by gently washing with cold water. Shoot 

length (mm), number and length of adventitious roots (mm), seminal root length (mm) 

were recorded. Destructive sampling was conducted every fourth day between day 14 

and day 58 for a total of 12 periods.     

  The data were analyzed by analysis of variance (SAS-JMP Pro 12, 2015). By 

applying two-way ANOVA to evaluate the parameters measured and their interactions 

in the emergence and survival rates, and shoot and root development among the three 

selected seral stages. The means were compared by Tukey test (P <0.05). 
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4.4. Results  

The three seral stages group had an emergence rate above 70%.  The 

emergence rate of late and early seral grass species did not differ statistically (P> 

0.05). Mid-seral species exhibited a lower emergence rate than late and early seral 

species (P <0.05). On average, less than 30% of the mid and early seral seedlings that 

emerged reached survival until 55 days after emergence point. However, this value 

was much lower for late seral species where less than 4% survived for 55 days after 

emergence point. 

Figure 4.2 shows the average size of shoots in the grass species studied 

according to seral stage. Early species tend to have the longest average shoot lenght, 

although it was not statistically different from the average shoot height of mid-seral 

species (P>0.05). Late seral species had the smallest average shoot length of the three 

seral groups studied. The average size for each seral group was as follows: 43 mm for 

the late, 58 mm for the mid, and 60 mm for the early seral species. Figure 4.3 shows 

the average sizes of seminal roots by seral stages. The seminal root similarly the shoot 

length was statistically divided in two groups.  The average length of seminal root in 

early and mid-seral species were longer than late seral species (P >0.05). The average 

seminal root length of early seral was 43.85 mm, while the mid-seral was 43.14 mm.  

The length of seminal root on late seral was 13% shorter than those either the early 

and mid-seral grasses studied (37.84 mm).  

Figure 4.4 shows the percentage of seedlings which spread adventitious root. 

In early seral species 72% of seedlings showed adventitious root, against 59% of mid-

seral, but these differences were not statically significant (P >0.05). Late seral species 
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showed adventitious roots in 13% of their seedlings. Thus, a smallest value between 

the seral species evaluated (P <0.05), being 80% less than early and mid-seral species.  

The average length of adventitious root according to seral stages is shown in Figure 

4.5.  For this variable early and late seral species did not differ statistically (P >0.05).  

Mid-seral species had a larger average length of adventitious roots (27 mm) when 

compared with early (15 mm) and late (14 mm) seral species (P >0.05).  

Figure 4.6 shows the root/shoot ratio of the three seral stages studied. The 

root/shoot ratio for early and mid-seral species did not differ statistically. However, 

late seral species had a higher root/shoot ratio than mid and early species (P >0.05). 

Figure 7 shows the morphological development of shoots (A), roots (B), and the 

root/shoot ratio during 12th times of evaluation (55 days). It is important to mention 

that none of the three seral late species studied had enough seedlings to be measured 

after the 9th time of evaluation, suggesting that this seral group had a high mortality in 

the seedling development. Repeat pattern was observed in the two growth cycles. 

From the 6th to the 12th time of evaluation, early species showed high shoot growth, 

reflecting in a low root/shoot ratio in the seedlings evaluated during this period.  Mid-

seral grass species had a higher root/shoot ratio in most of times of evaluation than 

early and late seral species, except in eighth time of evaluation where the root/shoot 

ratio growth was similar to late seral species. It worth mentioning that early and late 

seral species exhibited  a length growth its vegetative parts oscillating in times of more 

growth rate for roots and times of more growth in the shoots (Figure 3.7). 
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4.5. Discussion  

Emergence rate was not a limiting factor in the seedling establishment of seral 

stages studied (Figure 1). Wester (1995) stated that when seeds are exposed to 

optimum environmental conditions,  native grasses show high germination and 

emergence rates. The range of emergences rates in this study were comparable to 

ranges reported by Redman (1992) and Taylorson (2012). However, high emergence 

rates did not reflect in high rates of seedling survival (Figure 1). Tishler et al. (1999) 

defined that even when seedlings grow in optimal conditions, intrinsic genetic factors 

do not allow high percentages of seedling survival.  Hyder et al. (1971) studied the 

seedlings morphology of blue grama and crested wheat grass (late-seral species) and 

concluded that less than 2% of seeds survived after the 22th day following a 

germination. On the other hand, Aguirre and Johnson (1991) found that cheatgrass 

(early-seral) and crested grass (mid-seral) exhibited a seedling survival up 50%  in 

germination chamber conditions 

Another observation in our study was that early species spread their shoots 

faster than late-seral species. McLendon et al. (1991) studied the morphological 

development of early and late rangeland species on semiarid sagebrush. They 

concluded that overall, early seral species accumulated more above-ground biomass 

than late seral species did. Harris (1977) showed that in disturbed sites (bare soil) 

annual plants invade and establish themselves faster than do late seral species. The 

three seral stages showed a similar growth trend to seminal root length and shoots 

length, reflecting in both variables the formation of two statistical groups (Figure 4.2 

and 4.3).  Although taller leaves in seedlings ostensibly suggest an early initiation of 
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photosynthetic activity, facilitating a fast independence of reserve energies from the 

seed. Van der Toorn and Pons (1988) suggest that fast shoot growth indicates low 

competitiveness with other plants because such tall leaves make seedlings vulnerable 

to grazing.  Wilson (1984) stated that mid-seral species establish more efficiently 

because they have an efficient mechanism of adjusting the leaf area according to water 

availability in the environment when compared with early-seral.  

Several authors reported that seedlings of late seral species had a low 

percentage of adventitious roots (Hyder 1971; Van der Sluijs and Hyder, 1974). The 

same pattern was observed in our research.   Booth and Haferkamk (1995) stated that 

mid and early seral species likewise have a rapid sprout of adventitious root four days 

after emergence; in turn, late seral has a slow adventitious root growth rate. Cornish 

(1984) demonstrated that even when rye grass seedlings are grown in similar 

conditions, there was a high variability in the percentage of seedlings that showed 

adventitious roots, as well as, he found a high variation in the morphological 

development of adventitious roots. For the author, these variations are caused by intra-

specific genetic factors. Although late seral species had a low percentage of seedlings 

that grown adventitious roots, our percentage was greater than those reported for blue 

grama and crested wheatgrass (Briske & Wilson, 1977; and Hyder et al., 1971).  

Although we did not measure it, we observed a high percentage of seminal 

roots grew concomitantly with adventitious root for all grass species in the three seral 

stages studied.  Supporting the theory that does not necessarily mean that the 

development of adventitious roots weakens the seminal root. Thus, based on our 
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observations we can assume that contrary to other reports, adventitious root sprout 

does not limit seminal root survival. 

The root/shoot ratio in all times of evaluation in our research showed 

root/shoot rates around 1 (0.7 to 1.3) which means a tendency for equal proportion of 

roots and shoots.  Horton et al. (2008) stated that an equal proportion of root/shoot 

ratio during the seedling establishment indicates a low risk of failures in seedling 

establishment caused by acidification or inefficient control in water uptake. Plants 

with high proportion of shoots tend to have an unbalance in osmotic control and 

carbon metabolism (i.e. high concentrations of CO2 in cells).  These problems could be 

more damaging in arid lands, where droughts are the most important contributor to 

seedling death.  Smart et al. (2003) analyzed the morphological development of shoots 

and roots in kleingrass seedling and they concluded that root/shoot ratio is not a good 

indicator of successful establishment.  Ehrenfeld (2003) reviewed six studies that 

compared root/shoot ratio, concluding that root/shoot ratios are lower in early seral 

species and high in late seral species. Thus, we believe that our results are largely 

consistent with the hypothesis by him, in which seral stage has a high influence in the 

root/shoot development in grasses.  
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4.6. Conclusions  

1. Emergence rate is not good indicator of success in the reseeding; 

2. Reseeding with late seral rangeland grass species is a practice with low 

chances of success due to a high mortality of seedlings in the juvenal phase; 

3. Mid and Early seral rangeland grass species shows more chances of success in 

the reseeding due to a better development and extension of adventitious than late seral 

species; 

4. Rangeland grasses species do not have a linear growth of their shoots and 

roots; the growth allocation is marked by time of more root growth and times of more 

biomass allocation to the shoot. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Aldo Sales, May 2017  

 

 

76 

 

4.7. Figures and Tables   

 

Table 4.18Species selected according to seral stage   

Seral stage Common name Scientific name 

   

Late seral Switchgrass Panicum virgatum L. 

 Blue grama Bouteloua gracilis 

 Big Bluestem Andropogon gerardii 

   

Mid seral Lehmann lovegrass Eragrostis lehmanniana 

 Old world B. Bothriochloa bladhii 

 Klein grass Panicum coloratum L. 

   

Early seral Tiffany teff grass Erogrostis tef 

 Crabgrass Digitaria Sanguinalis 

 Texas panicum Panicum Texanum 
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Figure 4.1  Emergence and establishment rate of seedling grasses according to seral 

stage grown in germination chamber condition.  Bars represent standard error of the 

mean. 
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Figure 4.2  Shoot average size (mm) of seedlings grasses according to seral stage 

grown in germination chamber condition until 55 days after germination. Bars with the 

same letters are not significantly different by Tukey test (P <0.05). 
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Figure 4.3  Seminal root average size (mm) of seedlings grasses according to seral stage grown 

in germination chamber condition 55 days after germination. Bars with the same letters are not 

significantly different by Tukey test (P <0.05). 
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*The percentage was calculated only for species that emerged and survived for five days after germination.    

**The bars represent standard error of the mean. 
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Figure 4.4  Percentage of seedlings grasses that exhibited adventitious roots* according to 

grasses a in different seral stage grown in germination chamber condition 55 days after 

germination** 
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The bars represent standard error of the mean. 
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Figure 4.5  Average root length (mm) of adventitious roots of seedlings grasses according to seral 

stage grown in germination chamber condition 55 days after germination. 
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Figure 4.6 Root/shoot ratio average of seedlings grasses according to seral stage 

grown in germination chamber condition 55 days after germination. Bars with the 

same letters are not significantly different by Tukey test (P <0.05). 
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Figure 4.7 Shoot (A), root (B) length and root/shoot ratio (C) of seedlings 

grasses according to seral stage (late, mid, early succession) under germination 

chamber conditions. The bars represent standard error of the mean. 
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5.CHAPTER V                                                                                                                                              

Seedling development of selected native grasses species 
This chapter was formatted according to  

Publications Handbook and Style Manual of the Crop Science Journal 

 

5.1. Abstract 

Range seeding is expensive and there is always a high risk of failure. Such failures in 

most cases may be attributed to a misunderstanding of the morphological and 

physiological development of seedlings. The purpose of this study was therefore to 

evaluate emergence and survival rates, and morphological development of seedlings 

among selected rangeland grass species. The study was conducted in a germination 

chamber with simulated daylight (12 hours-day) and controlled temperature (Day 

33oC/Night 25oC). There was studied 9 grass species (switchgrass, blue grama, big 

bluestem, lehmann lovegrass, old world bluestem, klein grass, tiffany grass, crabgrass, 

and Texas panicum). Daily there was measured the emergence and seedling survival 

rate and every four days we measured the morphogenesis of 24 seedlings. We repeated 

the procedure 12 times. For morphogenesis analyses, the seedlings were washed from 

the pots with cold water and the following variables were measured: Shoot length 

(mm), number of adventitious roots, and the length of seminal and adventitious roots 

(mm). The data were subjected to analysis of variance and the means were compared 

by the Tukey test (P<0.05).  58 days after emergence less than 4% of seedlings for 

blue grama, crabgrass, and Texas panicum survived. The shoot and root development 

were not a good indicator in the selection of species with more chances of success in 

reseed. In conclusion, blue grama, crabgrass, and Texas panicum are not 

recommended for reseeding due to a high mortality of seedlings in the juvenile phase. 
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5.2. Introduction  

Rangelands occupy about 50% of the world’s land area (Friedel et al., 2000), 

and they are the most important feeding resource for livestock in extensive grazing 

systens. Holechek (2004) affirms that continuous grazing with excessive stocking rates 

has been occurring for many decades in the western United States, and together with 

drought has contributed to the loss of plant diversity on many rangelands. Recently 

projects in many parts of the world are trying to compensate for these losses with the 

reseeding of native grass species. However, the high costs involved in the process of 

reseeding and the insufficient knowledge about the morpho-physiological mechanisms 

in seedlings seems to be a barrier to the success of this conservation practice.   

Rangeland species have many anatomical and physiological mechanisms to 

improve survival and reproduction in harsh rangeland environments. These 

particularities of each species also influence the germination and seedling 

establishment rates (Booth and Haferkamp, 1995).  Newman & Moser (1988) suggest 

that most failures in seedling establishment are a consequence of misunderstanding the 

morpho-physiological development of seedlings.  

Esau (1960) and Hyder (1971) reported that success in the seedling 

establishment is related with development and extension of the adventitious root. 

Development and extension of adventitious roots seem to be associated with genetic 

factors. Detling (1979) found that genetic variability appeared correlated with 
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adventitious root elongation in blue grama. Plants that were cultivated under similar 

conditions exhibited a broad diversity of development that could not be explained by 

environmental factors. Currently, there are insufficient studies that try to elucidate root 

and shoot morphology shoot in seedling establishment of rangeland grass species. 

Thus, the purpose of this study was to evaluate the morphology of seedling 

development among selected grass species. 

 

5.3. Material and methods 

The experiment was conducted in a germination chamber with nine grasses 

species that commonly occur on rangelands of the Southwestern United States (Table 

1) (Holechek et al. 2004). The germination chamber used was a Hoffman, model 

SC30SS that controlled temperature and light period (Hoffman, 2017).  The chamber 

was programmed for two cycles (day/night).  The daylight period was 12 hours long 

with an average temperature of 33o C and the night period was 12 hours long with an 

average temperature of 25o C following protocol described by Chou et al. (2012). The 

pots were watered daily with deionized water and a twice week with deionized water 

with added Hoagland solution (0.25 strength) to ensure that the system contained 

enough nutrients to promote seedling growth during the experiment. 

  The seeds were acquired from comercial seed companies. Although the seed 

had been previously screened by the seed company, we subjected the seed to an 

additional quality selection according to the methodology described by Knipe (1967), 

ensuring that only fully developed and undamaged seeds were used, plastic pots of 

7.47 cm diameter and 8.84 cm height were filled with fine sand, each pot containing 
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approximately 570 grams of sand.  The sand was previously autoclaved for 4 hours to 

sterilize the sand of microorganisms and other seeds.  The pots were packed for a bulk 

density 1.45 g cm-3; Sanderson and Elwinger (2004) suggested that this value for bulk 

is similar to the soil conditions characteristic on many rangelands.  

The experimental design was completely randomized. For each grass species 

36 pots were prepared so that 324 pots for each cycle were used. Each pot was divided 

into four quadrants and three seeds were placed in each quadrant. The entire 

experiment was run twice as a time replication.  

The measurements consisted of comparing seedling emergence and survival 

rates and the length of shoots, seminal roots, and adventitious roots in the nine 

selected species. Beginning on day zero, the number of pots with at least one seedling 

emerged were counted. After 60% of the pots had at least one seedling (14 days), the 

seedlings were thinned to one seedling per quadrant. Also on day 14, the number of 

seedlings still alive in each treatment were counted to determine the survival rate, i.e., 

the number of live seedlings divided by the number of remaining pots x four potential 

seedlings per pot.   

Beginning on the fourteith day, three pots from each grass species (potentially 

12 seedlings for each spp. were randomly selected for destructive morphogenesis 

measurements. Seedlings were removed from the pots by gently washing with cold 

water. Shoot length (mm), number and length of adventitious roots (mm), and seminal 

root length (mm) were recorded. Destructive sampling was conducted every fourth 

day between day 14 and day 58 for a total of 12 periods. The data collected for shoot 

and root growth were converted to average relative growth (RGT) rate according to 
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the formula of Hunt et al. (2002):  RGT = (loge variable2 - loge variable1) / (t1 – t2),  

which represent variable are the measurents and t the interval time. The RGT results 

were expressed as exponential daily increase of vegetative parts from the first day 

after emergence. The root/shoot ratio was based on total length (mm) of shoot and 

roots.  

The data were analyzed by analysis of variance (SAS-JMP pro 12, 2015), by 

applying one-way ANOVA to evaluate the parameters measured in the shoot and root 

development among seedling grasses species and the means were compared by the 

Tukey test (α<0.05).  

 

5.4. Results 

The emergence rate of all species was greater than 70% except for the old 

world bluestem (OWB) which displayed the lowest emergence rate of 62% The 

highest rate was 95% for switchgrass and kleingrass (Figure 5.1). However, these high 

percentages for seedling emergence did not imply seedling survival in some species. 

Only 2% of blue grama survived until 58 days after germination. Low seedling 

survival rates were also observed for crabgrass and Texas panicum where both grass 

species had a survival rate around 4%.  The average of seedling survival rate all for the 

other species studied was 17%.  Strikingly, big bluestem had a 34% seedling survival 

rate after 58 days of germination. Based upon seedling survival rates, we used the 

confidence interval to divide the species studied into three groups (P<0.05). Blue 

grama, crabgrass, and Texas panicum constituted one group because they had the 

lowest seedling establishment rates (Less than 4%). Big Bluestem was in its own 
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group because it had the highest seedling survival rate (34%). The species that had 

seedling survival rate between 10 and 20 % made up the third group (Figure 5.1).  

Figure 5.2 shows the average relative length growth rate for shoots. Tiffany 

teff grass and lehman love grass exhibited the lowest growth rate (P<0.05) in the grass 

species studied. they grew an average of 1.90 mm mm-1 day compared to an average 

of 2.93 mm mm-1 day for the other species studied.  The highest relative length growth 

rate of shoots was observed in Texas panicum (3.33 mm mm-1 day-1). The average 

relative growth rate for seminal roots is shown in figure 5.3. The relative growth rates 

of seminal roots ranged from 0.03 mm mm-1 day (for switchgrass) to 0.17 mm mm-1 

day for (for OWB). The seminal roots of seedlings of the grass species studied grew 

an average of 0.10 mm mm-1 day.  However, there were no statistical differences 

among the grass species studied (P<0.05). The probable reason for that result was the 

high variation in the relative length growth of seminal root, which could be evidenced 

by the standard error bars (Figure 5.3).   

Figure 5.4 shows the number of plants that produced adventitious roots. 

Switchgrass, OWB, and tiffany teff grass had a percentage rate of adventitious roots 

above 14%. Whereas Lehmann lovegrass (1%) and blue grama (1.5%) had the lowest 

percentage rates of plants which produced adventitious roots (P>0.05). Adventitious 

root of the other species had an average of 6.23% of their seedlings. However, 

kleingrass had 12% of their seedlings which produced adventitious roots (Figure 5.4).  

Average relative growth length of the adventitious roots is shown in Figure 5.5 

old world bluestem had the highest relative growth length (6 mm mm-1 day-1) of the 

grass species studied (P<0.05).  Switchgrass, kleingrass, blue grama and Texas 
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panicum were not significantly different for relative growth length of the adventitious 

roots (P>0.05); together these species showed an average relative growth of 1.6 mm 

mm-1 day-1. The crabgrass and Lehmann lovegrass had the lowest average length 

(P<0.05), less of 0.2 mm. Lastly, the relative growth length of the adventitious roots in 

tiffany teff grass and big bluestem were 1 and 0.9 mm mm-1 day-1 mm, respectively.  

Figure 5.6 indicates the root/shoot ratio of seedlings for the nine grass species 

studied. The Tukey test split the species in five different groups. Lehmann lovegrass 

showed the highest ratio (1.45) and blue grama showed the lowest ratio (0.4) 

(P<0.05).The species had 0.94 ratio on average, significantly. However, tiffany teff 

grass had a ratio of 1.20 and old world bluestem had a ratio of 1.21. 

5.5. Discussion  

Our results for emergence and seedling survival rate support those reported by 

Hyder et al. (1971) which concluded that blue grama seeds germinate quickly and 

abundantly, though the seedlings die after 6 to 10 weeks because of root failure. 

Carren et al. (1987) affirm that even when planted in optimum conditions the seedling 

establishment rate of native grasses species differ. This evidence suggests that genetic 

variation exists (between species or within of population), which makes reseeding an 

unpredictable practice when its aim is to improve forage biomass in rangeland.   

The average relative growth rates of the shoots of seedlings in the rangeland 

species studied were lower than those reported for seedlings of perennial pastureland 

grasses by Boot and Mensink (1990). But, in the same range of those recorded by 

Tischler and Voigt (1993) for klein grass, big Bluestem, blue Grama and switchgrass.  

Chapin (1980) stated that the low relative growth rates of shoots for most of the 
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rangeland species are an adaptive mechanism to compensate an limited resources in 

rangeland environments.  Poorter & Remkws (1990) suggest that grasses which 

incorporate low levels of photosynthates and minerals into their structural material 

during the seedling phase in most cases indicate that seedling storage high amount of 

energy for late growth, regrowth next growing season, or for a fast sprouting of 

reproductive parts in drought conditions.  However, Lambers & Dijkstra (1987) claim 

that the relative growth rated of seedling shoots are not itself the target of selection for 

rangeland grasses. In our research, the relative growth rates of seminal roots of 

seedlings species differed considerably among individuals of the same species and 

between seedling species. O'Toole and Bland (1987) stated that a disequilibrium in the 

osmotic gradient causes lethargic development of seminal root tissues that then die. A 

fast extension of seminal roots into deeper soil levels might imply a steep water 

gradient between the top and bottom layer of soil.  

The species studied showed low percentages of seedlings that grew 

adventitious roots. Esau (1960) analyzed ten rangeland grasses and concluded that 

rangeland species seedlings establishment was correlated with the development and 

extension of the adventitious root.  However, the amount and the length of 

adventitious roots between species observed in our studied did not show a tight 

relation with the seedling survival rate.  The average relative growth length of the 

adventitious roots (Figure 5.5) were similar those reported by Tischler & Voigh (1989) 

for kleingrass and Briske and Wilson (1978) for blue grama. Hyder and Bement 

(1970) stated that morphological differences in the seedling morphology promote 

variations in the velocity and size that develop the adventitious roots, consequently 



Texas Tech University, Aldo Sales, May 2017  

 

 

95 

 

affecting seedling establishment.  Paz (2003) stated that the root shoot ratio is a good 

indicator of seedling adaptability. However, in our research the root/shoot ratio was 

not a good indicator of success in the establishment of rangeland species. Our results 

of root/shoot ratio were higher than those reported in field conditions by Barbour 

(1973). 

 

5.6. Conclusions  

Emergence rate is not good indicator of success in the reseeding of rangelands 

grass species. On average, the grass species studied only 20% of the seeds emerged 

will survive the 58 days of emergence. Blue grama, crabgrass, and Texas panicum are 

not recommended for reseeding due to a high mortality of seedlings in the juvenal 

phase. Shoot and roots development of seedlings in the species studied are not a good 

indicator in the selection of individuals with more chances of success in the reseeding.  
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5.7. Figures and tables  

 

 

Table 5.19Species selected according to seral stage  

Seral stage Common name Scientific name 

   

Late seral Switchgrass Panicum virgatum L. 

 Blue grama Bouteloua gracilis 

 Big Bluestem Andropogon gerardii 

   

Mid seral Lehmann lovegrass Eragrostis lehmanniana 

 Old world B. Bothriochloa bladhii 

 Klein grass Panicum coloratum L. 

   

Early seral Tiffany teff grass Erogrostis tef 

 Crabgrass Digitaria Sanguinalis 

 Texas panicum Panicum Texanum 
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Figure 5.1 Emergence and seedlings survival rate of nine species of rangeland grasses until 58 days after germination*.  
* The bars represent confidence interval of the mean (P<0.05). 
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Figure 5.2. Average relative growth rate of shoot length (mm mm-1 day -1) in nine species of rangeland grasses until 58 days after 

germination*. 
* Bars indicates standard error of the mean.  Bars sharing the same letter are not significantly different according to Tukey’s HSD test. 
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Figure 5.3. Relative growth rate of seminal root length (mm mm-1 day -1) in nine species of rangeland grasses until 58 days after 

germination*+ 

* The bars represent standard error of the mean. 

+ There is not statistical differences difference among treatments according to Tukey’s HSD test. 
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Figure 5.4. Percentage of seedlings that show adventitious root in nine species of rangeland grasses until 58 days after germination. 
Bars indicates standard error of the mean.  Bars sharing the same letter are not significantly different according to Tukey’s HSD test. 

 

 

0,00

2,00

4,00

6,00

8,00

10,00

12,00

14,00

16,00

18,00

%
 o

f 
p
la

n
ts

 

Species 

a 
a 

a

b 
b 

c c c 

e 
d 



Texas Tech University, Aldo Sales, May 2017  

 

 

101 

 

 
Figure 5.5. Relative growth rate of adventitious roots length in nine species of rangeland grasses until 58 days after germination. 
Bars indicates standard error of the mean.  Bars sharing the same letter are not significantly different according to Tukey’s HSD test. 
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Figure 5.6. Root/shoot ratio in nine species of rangeland grasses until 58 days after germination. 
Bars indicates standard error of the mean.  Bars sharing the same letter are not significantly different according to Tukey’s HSD test. 
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6. CHAPTER VI                                                                                                                        

Influence of soil microorganism in the seedling establishment of            

rangeland grasses 

 
This chapter was formatted according to 

Author Guidelines of the Grass and Forage Science Journal 

 

6.1. Abstract 

Less research is available evaluating the effects of soil microorganisms on rangeland 

seedling. Thus, we aim to evaluate how soil microorganism inoculation will affect 

emergence and seedling development blue grama, kleingrass and Texas panicum. The 

study was conducted in a germination chamber with simulated daylight (12 hours-day) 

and controlled temperature (Day 33oC/Night 25oC). The treatments consisted of seedlings 

planted in sterilized soil (T1) and seedlings planted in sand inoculated with microorganism 

mix (T2). For each treatment, 288 seedlings were tested. Seedlings that had emerged were 

counted daily for the first 10 days.  Every four days from the 10th to 54th day all surviving 

seedlings were recorded per treatment and 3 pots from each treatment combination 

(potentially 12 seedlings) were randomly selected for morphogenesis measurements. 

Seedlings were washed from the pots with cold water. The number of adventitious roots 

were counted and shoot, adventitious root, and seminal root lengths were measured. The 

data was subjected to analysis of variance and means were compared by Tukey test 

(α<0.05).   Soil microorganism inoculation significantly increased seedling emergence, 

survival rates, and development of adventitious root rates in all three grass species. The 

inoculation treatment significantly increased seedling shoot and seminal root lengths in 

kleingrass. 
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6.2. Introduction 

Seedling germination, emergence, and development of adventitious roots are the 

most critical stages of plant establishment. Esau (1960) reported that success in the 

seedling establishment is associated with the development and extension of the 

adventitious roots. Grass species show different growth rate and size of the adventitious 

roots, these morphological differences among grass species promote variations in the 

successful establishment (Hyder et. al., 1971).  Garnier (1992) reported that for rangeland 

grasses of the sub-humid Mediterranean of France the seral stages have an important role 

in the survival rates and establishment of seedlings, especially in arid environments 

where the weather is highly unpredictable. 

 Several factors could affect the seedling survival, among these are include the 

symbiotic soil microorganisms (Lynch, 1990). Horton and Van der Heijden (2008) stated 

that interaction between seedlings and soil microorganisms are essential for the 

successful seedling establishment in many species. Van Tuinen et al. (1998) advised that 

symbiosis effects promoted a better nursing bed for seedlings, that the soil 

microorganisms provide a microcosm for the seedling allowing more accessibility to 

mineral nutrients, protection against drought, and the harmful effects of pathogenic soil 

and heavy metal. Wang and Qiu (2006) stated that at least 60% of all land plant species 

show symbiotic relations with arbuscular mycorrhizal fungi. For most plant species this 

relationship approaches mutualism and benefits the plants. For some plant species, 

however, the symbiosis with mycorrhizal fungi can be costly. Johnson et al. (1997) 

studied the interaction between mycorrhizal fungi and eucalyptus concluding that the 

relation between these individuals tends to more of parasitism than mutualism.  
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 Plant roots also show a close association with bacterial colonies, especially within 

the rhizosphere. Ecological relationships among plant roots and bacterial groups can 

range from beneficial to pathogenic. In crops bacteria have been demonstratedto 

influence seedling establishment, plant yields, and resistance to diseases (Rodriguez & 

Fraga, 1999). Vilarinhos et al. (1996) studied the effect of Bacillus spp. in vegetables and 

concluded these bacteria increased the root and shoot elongation in canola, lettuce, and 

tomato. 

 Understanding the interaction between microorganisms and plants could be 

helpful to understand the complexity of ecosystems. However, to date, there is little 

information on the symbiotic effects of mycorrhizal fungi and other soil microorganisms 

in seedling development of rangeland grass species.  Thus, this research aimed to 

evaluate the influence of soil microorganisms on 1) seedling emergence and survival rate 

and 2) seedling morphological development under germination chamber conditions of 

three grass species: blue grama (Bouteloua gracilis), a native sod-forming late seral 

species; kleingrass (Panicum coloratum L), an introduced bunch-forming mid-seral grass 

species; and Texas panicum (Panicum texanum), a summer annual bunch-type grass. 

 

6.3. Material and Methods   

Two hundred sixteen plastic pots with 7.47 cm diameter and 8.84 cm height were 

filled with fine sand, each pot containing approximately 570 grams of sand.  Previous to 

the experiment, the sand was steamed for 4 hours to sterilize the soil (200o C), to minimize 

the viability of existing microorganisms and seeds.  The pots were packed for a bulk 
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density of approximately 1.27 gcm-3 following protocol described by Sanderson and 

Elwinger (2004). 

The sterilized sand growth media in half of the pots was inoculated using Myco 

Blast of Supreme Growers Company.  The composition of microorganisms in the Myco 

Blast pack is described in Table 1. Following the protocols suggested by Klironomos et. 

al. (1997), the microorganism pack was added to a dilution of 100 grams of brown sugar 

in a gallon of water. After dilution of microorganism pack in the sugar and water solution, 

the inoculation treatment pots were sprayed with 14 ml of this solution (proportion of 0.32 

ml of the solution per cm2 of soil surface) using a Macherey Nagel™ glass laboratory 

sprayer. 

The seeds for all three grass species were acquired from Barmert Seed Company, 

Lubbock, Texas. Although the seed had been previously screened by the seed company, 

we subjected the seed to an additional quality selection according to the methodology 

described by Knipe (1967), ensuring that only fully developed and undamaged seeds were 

used. The experimental design used, was a complete factorial of three grass species (blue 

grama, kleingrass, and Texas panicum) and 2 soil conditions (sterilized soil and sterilized 

soil inoculated with microorganisms). For each grass species × soil condition treatment 36 

pots were prepared, totaling 216 pots for the three species of grass and two soil conditions. 

Each pot was divided into four quadrants and three seeds were planted in each quadrant. 

The entire experiment was run twice as a time replication.  

The germination chamber used was a Hoffman, model SC30SS that controlled 

temperature, light period and intensity, and humidity.  The chamber was programmed for 

two cycles (day/night).  The daylight period was 12 hours long with an average 
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temperature of 33o C and the night period was 12 hours long with an average temperature 

of 25o C. The humidity was similar between day and night (60%) following protocol 

described by Chou et al. (2012). The pots were watered daily with deionized water and a 

twice week with deionized water with added Hoagland solution (0.25 strength) to ensure 

that the system contained enough nutrients to promote seedling growth during the 

experiment. 

The measurements consisted of comparing the effect of soil condition, i.e., 

sterilized or inoculated with microorganisms, on rates of seedling emergence and survival 

and the length of shoots, seminal roots, and adventitious roots in the three selected 

species; here after called morphogenesis. Beginning on day zero, the number of pots with 

at least one seedling emerged were counted. On day 10, approximately 60% of the pots for 

the three species and two treatments studied had at least one seedling emerged. This tenth 

day was defined as the emergence point. At this time the seedlings in each pot were 

thinned to one seedling per quadrant. On day 14, the number of seedlings still alive in 

each treatment were counted to determine the survival rate, i.e., the number of live 

seedlings divided by the number of remaining pots x four potential seedlings. 

Beginning on the tenth day, three pots from each soil condition x species 

treatment combination (potentially 12 seedlings total) were randomly selected for 

destructive morphogenesis measurements. Seedlings were removed from the pots by 

gently washing with cold water. Shoot, seminal root, and adventitious root lengths were 

recorded. There were used the longest seminal or adventitious root length and shoot length 

to calculate the root/shoot ratio.  Destructive sampling was conducted every fourth day 

between day 10 and day 54 for a total of 12 periods.  Based on previously reported data 
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for the grasses species studied (Tischler et. al., 1989), we already expected a low seedling 

survival in the grass species studied. Thus, ten additional pots per treatment were placed 

into the germination chamber aiming to allow that during the 12 periods of 

morphogenesis, 12 seedlings were measured. However, these pots were no accounted for 

emergence and seedling survival rate. 

 The data were analyzed by analysis of variance (SAS-JMP Pro 12, 2015). By 

applying two-way ANOVA to evaluate the parameters measured and their interactions in 

the emergence (first 10 days after germination point) and survival rates (10th to 54th after 

germination point), and shoot and root development among the three species (kleingrass, 

Texas panicum and blue grama), two soil conditions (sterilized and inoculated) measured 

12 times from the germination point.  The means were compared by Tukey test (α<0.05). 

 

6.4. Results  

 In the treatments where the soil was inoculated with microorganisms the 

emergence rate was 44% greater for kleingrass, 49% greater for Texas panicum, and 58% 

greater for blue grama than treatments with sterilized soil (P<0.05).  Overall, emergence 

rates were 50% greater in soil microorganism treatments versus the sterilized soil 

treatments (Figure 6.1).  

Figure 6.2 shows the effect of soil inoculation with microorganisms on seedling survival 

rates. On average, the seedlings survival rate was 62% greater for the soil inoculated 

treatment than control treatments. The soil inoculant increased the seedling survival rate 

by 78%, 74% and 33% respectively for blue grama, Texas panicum and kleingrass when 

compared with sterilized soil treatments.  
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 The effects of soil microorganism inoculation on the average lengths of shoots are 

shown in figure 6.3 for blue grama, Texas panicum and for kleingrass. On average, in the 

soil microorganisms treatment the seedlings showed shoots 11% taller than the shoots of 

seedlings grown in sterile soil. Average shoot length, however, was only statistically 

significant for Texas panicum and kleingrass (P<0.05). Shoots were 21%, 6.5% and 4.6% 

taller for blue grama, Texas panicum, and kleingrass, respectively, in treatments where 

the soil was inoculated with microorganism when compared with seedlings grown in 

sterile soil. However, a high variability in the size of shoots and the small number of 

emerged seedlings of blue grama seedlings contributed to statistical differences between 

treatments (P>0.05) being difficult to document. 

Figure 6.4 shows the effect of soil microorganisms on the average lengths of seminal 

roots for blue grama, Texas panicum and kleingrass seedlings.  Soil microorganism 

treatments increased the average length of seminal root length by 19% for blue grama, 

22% for Texas Panicum, and 55% for kleingrass. However, the average length of seminal 

roots differed statistically only for kleingrass (P<0.05).  

 The effect of innoculation treatment on the average length of adventitious roots 

for blue grama, Texas panicum, and kleingrass seedlings, respectively, are shown in 

Figure 6.5.  The adventitious roots were 35% longer in soil microorganism treatments 

than adventitious roots of seedlings grown in sterilized soil. Soil microorganism 

treatment increased the average length of adventitious roots of blue grama by 60%, of 

Texas panicum by 43%, and of kleingrass by 3%. Differences between treatments were 

only statistically significant for Texas panicum (P<0.05). Although blue grama showed 

the largest differences between treatments on three species studied, the standard error 
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bars indicate high variation in the population sampled and no statistical differences 

between treatments. 

 The proportions of root lengths to total lengths of plants (root/shoot ratios) are 

shown in Figure 6.6. All three species showed an increase the root/shoot ratio with the 

inoculation of soil microorganism treatments.  Average root/shoot ratios of kleingrass 

were 1.2 in soil microorganism treatment compared to 0.8 in the sterilized soil (P<0.05). 

The root/shoot ratio of blue grama and Texas panicum seedlings grown in soils 

inoculated with microorganism were 0.71 and 0.95, respectively.  On average the values 

were 0.3 higher than seedlings of these species grew in sterilized soil.  Overall, the 

seedling species had on average a root/shoot ratio of 0.93 for treatments with soil 

microorganism treatments and 0.6 for treatments with sterilized soil.   

 

6.5. Discussion  

 Soil microorganism increased the emergence and seedling survival rates of the 

grass species studied. Horton and Van der Heijden (2004) state that symbiotic interaction 

between plants and microorganisms only starts after the radicle sprouts from the seed, 

suggesting that mycorrhizae fungi do not influence the germination but instead influence 

the seedling phase. The symbiosis among soil microorganisms and tree seedlings was 

studied by Artursson et al. (2006) which concluded that soil microorganism improves tree 

seedlings metabolic efficiency respect to mineral nutrition synthesis, disease suppression, 

and phytohormone production. Davidson et al. (2016) affirm that the chances of seedling 

survival in field conditions without microorganism in the soil are limited or null. Leck et. 
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al., (2008) stated that without microorganisms in the soil, a majority of rangeland species 

could not long survive, dying in the seedling stage. 

 Other authors suggest that the existence of microorganism in the soil is not 

mandatory for seedling establishment.  Zak et al. (1991) stated that seedlings of 

rangelands grasses growing in old fields of northeast region of the United States could 

grow quite satisfactorily without mycorrhizae fungi in the soil if has adequate levels of 

nutrients and root pathogens are controlled.  

 Van Der Heijden (2004) studied the effect of mycorrhizal fungi on seedling 

recruitment in perennial grassland communities, concluding that 1-year after inoculation 

the mycorrhizal fungi promoted a microcosm conditions that facilitated the establishment 

of seedlings. Our results also support the theory that the soil inoculation with 

microorganisms improves the vegetative development of shoots. Pope (1993) concluded 

that mycorrhizal fungi increased seedling shoot growth in rangeland grasses by as much 

as 400 percent over the growth of seedlings in sterilized soil plots. Pope (1993) also 

claims that rangeland species must have contact with fungi in order to develop of 

vegetative systems normally. 

 Planechete et al. (1983) stated that mycorrhizal fungi promote larger shoots in 

wheat seedling, indicating better nutrition availability for the seedlings. He also argued 

that mycorrhizal fungi not only break down complex carbohydrates in roots, but also send 

part of the sugar metabolized directly to the seedling shoot tissues. In agreement with 

other reports, our research found that seminal roots were longest in pots inoculated with a 

mixture of microogranisms that included mycorrhizal fungi. Vivas et al. (2003) stated 

that mycorrhizal fungi improve the development of seminal roots in seedlings by 
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increasing root cell permeability, which facilitates the absorption of water.  Other authors 

such as Barea et al. (2002) and Budi et al. (1999), suggest that mycorrhizal fungi are 

beneficial to seminal roots because they inhibit the growth and proliferation of 

pathogenic fungi in root systems.  Garbaye (1994) supported the theory that mycorrhizal 

symbiosis helps seedlings to developed quickly and extend adventitious roots. In our 

study the microorganism inoculation improve the adventitious length only in the Texas 

panicum seedlings.  

 Rangeland plants acquire nutrients more efficiently in infertile soils, such as 

rangelands. Hetrick (1991) concluded that symbiosis between soil microorganism and 

seedlings promotes early energy independence from the seed in Patagonian shrubs and 

that seedlings could begin absorbing inorganic nutrients earlier, thereby absorbing more 

nutrients than roots alone. Hetrick (1991) claimed that in the studies in which 

mycorrhizal symbiosis resulted in decreased root/shoot ratios or did not affect root/shoot 

ratios, the plant species were ones that displayed high levels of dependence on the 

symbiosis. It is important to mention that the microorganism mix used our experiment 

was especially created for improve seedling establishment of vegetables, currently there 

is not available a microorganism mix pack in to be used in rangeland grasses.  
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6.6. Conclusion 

 Soil microorganisms promote an increase the seedling survival rate in rangeland 

grasses; especially in blue grama and Texas panicum where the seedling survival rate in 

our results were at least two times higher with the inoculation of soil microorganism. In 

addition, soil microorganisms facilitate a better development of adventitious root in 

Texas panicum seedlings, and higher root/shoot ratio in blue grama and kleingrass 

seedlings, when compared with seedlings grown absence of microorganism in the soil.  

The amount of microorganism solution (0.32 ml cm-2) recommended by the 

microorganism mix pack company would be unfeasible to be applied in field conditions 

(e.g. rangeland reseeding). Thus, researching being necessary improvements in the 

methodology, especially in the creation of a products specific microorganisms mix and 

concentration, would improve operationalization and reduce the cost of inoculation for 

larger areas.       

We believe that more studies are necessary in order to define the level of 

importance of each microorganisms species in the mix used for our experiment and 

which are associated with facilitating seedling establishment of rangeland grasses 
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6.7. Figures and Tables 

 

Table 6.1.10Myco Blast microorganism composition  

Microorganism  content per gram in the pack 

Glomus mosseae  4.4 prop/g 

Glomus intradices 4.4 prop/g 

Glomus etunicatum  4.4 prop/g 

Bacilus ticheniformis  24.000.000 CFU/g 

Bacillus megaterium 24.000.000 CFU/g 

Bacillus subtilis  24.000.000 CFU/g 

Bacillus pumilus 24.000.000 CFU/g 

Tricoderma harzianum  60.000 CFU/g 

Trichoderma harzianum  0.6% 
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Figure 6.1 Effect of mycorrhizal fungi in the emergence rate of grasses species (Kleingrass, 

Texas Panicum and Blue grama) in germination chamber condition on day 10. 

Means followed by the same letters indicate that there was statistical difference 

between treatments in each grasses species by Tukey test (P≤0.05). Bars represent 

standard error of the mean.  
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Figure 6.2. Effect of mycorrhizal fungi in the seedling survival rate of grasses species 

(Kleingrass, Texas Panicum and Blue grama) in germination chamber condition. 

Means followed by the same letters indicate that there was statistical difference 

between treatments in each grasses species by Tukey test (P≤0.05). Bars represent 

standard error of the mean. 
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Figure 6.3. Effect of mycorrhizal fungi in average of total length of shoots of blue grama, 

Texas panicum, and kleingrass seedlings grown in germination chamber 

condition until 55 days after germination. Means followed by the same letters are 

not significantly different by Tukey test (P≤0.05). Bars represent standard error 

of the mean. 
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Figure 6.4. Effect of mycorrhizal fungi in the average length of seminal root of blue grama, 

Texas panicum, and kleingrass seedlings grown in germination chamber condition 

until 55 days after germination. Means followed by the same letters are not 

significantly different by Tukey test (P≤0.05). Bars represent standard error of the 

mean. 

 

 

0

20

40

60

80

100

Without With

m
m

a

a (blue grama)

0

20

40

60

80

100

Without With

m
m

a

a

(Texas panicum)

0

20

40

60

80

100

Without With

m
m

a

b
(klengrass)



Texas Tech University, Aldo Sales, May 2017  

 

 

122 

 

 

 

 
Figure 6.5. Effect of mycorrhizal in the length of adventitious root of blue grama, Texas 

panicum, and kleingrass seedlings grown in germination chamber condition until 

55 days after germination. Means followed by the same letters are not significantly 

different by Tukey test (P≤0.05). Bars represent standard error of the mean. 
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Figure 6.6.Effect of mycorrhizal fungi in the root/shoot ratio of seedling grasses species (blue grama, Texas panicum and 

kleingrass) grown in germination chamber condition until 55 days after germination. Means followed by the same letters 

indicate that there was statistical difference between treatments in each grasses species by Tukey test (P≤0.05). Bars 

represent standard error of the mean. 
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7. CHAPTER VII                                                                                                                            

Management Implications 

 

1. We believe more studies are necessary to define the optimal environmental 

conditions for seedlings establishment, which our results suggest to differs among 

species. Determining the optimal environmental conditions may be important when 

deciding which grass species should be utilized for seeding in specific for environmental 

zone. In addition, more studies examining optimal environmental conditions could help 

rangeland managers to determining when weather conditions are good or bad for 

reseeding. 

2. Because they misunderstand the process of seedlings development, rangeland 

managers in most cases use germination rates as of success of reseeding practices. Our 

results prove that germination rates are not a good indicator of the success of reseeding. 

We recommend that the evaluation of reseeding success occur at least four months after 

germination, when most of the rangeland seedlings grasses have developed entire root and 

shoot systems. 

3. Reseeding with late seral grass species has a low chance of success due to high 

mortality rates of seedlings in the juvenal phase. Thus, we recommend not adding more 

than 20% late seral species on the pool of seeds used for rangeland reseeding. Instead, we 

encourage the reseeding with mid and early seral species.   

4. We do not recommend using Blue grama, crabgrass, and Texas panicum for 

reseeding because of their high mortality of seedlings in the juvenal phase.  
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5. Morphological development of seedlings is not a good indicator of success in 

reseeding. Therefore, we consider it important that more research observe which 

morphological measurements could be used in selecting species with high percentages of 

seedling survival.  

6. Mycorrhiza fungi improve the seedling survival rates and the morphological 

development of rangeland grasses. Thus, the addition of mycorrhizae fungi packs into the 

mixes of seeds is feasible way to inoculate the soil during the seeding. 

7. Although reseeding blue grama is not encouraged by the results of this 

research. If one chooses reseeding with blue grama. We recommend adding a mix pack 

mycorrhiza fungi into the pool of seeds because mycorrhiza fungi promote a quick and 

better morphological development of blue grama seedlings. 

8. Broadly, during to the 55 days of evaluation of our research. We observed that 

in the three seral stages a high percentage of seminal roots grown concomitant with 

adventitious root, which reveals that it did not necessarily mean that the development of 

adventitious root implicated in the weakening of seminal root. Based on these observations 

we can assume that against other reports that the adventitious root sprout does not limit the 

seminal root survival. 


