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ABSTRACT 

Forage systems offer alternatives to traditional cropping systems in the Texas 

High Plains, but information on water management is lacking. This research investigated 

whether differences in water use efficiency (WUE; kg total seasonal dry matter [DM] 

yield ha"' mm"' water [precipitation, irrigation, and soil water depletion]) existed among 

species of old world bluestems (Bothriochloa spp.). Additionally, effects of irrigation 

amounts on forage nutritive value and plant morphology were explored. Established 

stands of three Bothriochloa species ('Dahl' [bladhii]; 'Caucasian' [caucasica]; and 

'Spar' [ischaemum]) were surface drip-irrigated weekly during the growing season to 

replace: 1) 0% (dryland); 2) 33% (low); 3) 66% (medium); and 4) 100% (high) of 

potential evapotranspiration minus precipitation during 2001,2002, and 2003. Soil 

organic carbon as influenced by irrigation level and optimum metabolic temperature for 

growth were investigated in 2003. Each species and water treatment was replicated three 

times in a complete randomized block design with a split plot treatment arrangement. In 

2001 and 2002, no differences in water use efficiencies among species were found. 

Averaged across these 2 yr, WUE of 19.0, 19.3, and 15.3 kg ha"' mm"' were observed for 

Caucasian, Dahl, and Spar, respectively. In 2003, Caucasian produced 16.9 kg ha" mm', 

differing (P < 0.05) in slope fi-om Spar (7.4 kg ha"' mm"') but Dahl (12.4 kg ha"' mm"') 

was not different in slope from either Caucasian or Spar. Maximum seasonal DM yield 

was obtained with Caucasian under high irrigafion (18.0 Mg ha"') vs. Dahl (15.2 Mg ha") 

and Spar (12.55 Mg ha"') averaged over all years. Percentage dry matter digestibility 

(DMD) was higher (P < 0.05) in all forage species irrigated at a low level (58% DMD) 
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than for other water tieatinents (57, 56, and 55% DMD for dryland, medium, and high 

irrigation, respectively). Dahl generally averaged higher (P < 0.05) percentage crude 

protein (CP) than other species during the growing season. More differences in 

percentage CP were observed between dryland and irrigated forages than within the 

irrigated treatments but CP would have met nutritional needs of most livestock only in 

May. In all species, percentages total nonstiaictural carbohydrates (TNC) and DMD and 

leaf: stem ratio declined while percentage cell wall increased with increased irrigation 

amount in the first half of the growing season. Effects of irrigation on cell wall, TNC, 

and DMD appeared related to changes in plant morphology (leafistem) and to an increase 

in physiological age as indicated by growth stage (mean stage count and mean stage 

weight). Leafistem ratio following hay harvest in July showed fewer effects of irrigation 

treatments but ratios of live:dead plant material generally increased during the growing 

season in response to increased irrigation (linear effects; P < 0.05). Soil organic carbon 

was higher (P < 0.05) in all irrigated soils (5.5 g 100 g"') compared with dryland (4.6 g 

100 g"') but did not differ among irrigation treatments. Optimum metabolic temperatures 

for growth of Caucasian, Spar, and Dahl old world bluestems were 24, 24, and 28°C, 

respectively. Our data suggest that differences in WUE among Bothriochloa species can 

be identified, and that yield, chemical composition, and morphology can be manipulated 

through irrigation management to optimize total nutrient yield and nutritive value. 
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CHAPTER I 

INTRODUCTION 

Over the last centuries, the Southern High Plains were shaped not only by 

geomorphic and climatic changes, but also by human impact. The shift fi-om a formerly 

vast grassland into an area of intensive agriculture in a historically extremely short period 

of time speaks of the ability of human beings to change the environment to their 

advantage. However, that shift impacted the environment in a way that the sustainability 

of water resources as the major input in agriculture cannot be assured. But a change back 

to the original grassland ecosystem is neither possible nor would it be economically 

sustainable for the region as it currently exists. As a result, integration of cropping 

systems with forage/livestock systems, based on introduced warm-season grasses with 

higher yield and quality potential than native species, may provide a link between 

ecological and economical sustainability, while reducing water use and presenting and 

presenting a socially viable alternative. 

Thus, research was initiated to explore potential suitability of three old world 

bluestems {Bothriochloa spp.) as possible components of diversified agricultural systems 

for the southern Great Plains. These warm-season grasses were introduced to the U.S. 

intermittently over the course of the last 70 yr, were tested extensively prior to release, 

and are used today on Conservation Reserve Program acreage as well as in forage-based 

agricultvu-al systems. 



A centi-al question in this investigation was water use and how it would relate to 

nutritive value and morphology as parameters of performance under a set of irrigation 

levels. Additionally, the author sought to elaborate as extensively as possible on further 

indicators of adaptability of these species to the area and included research on canopy 

characteristics, response to heat stress, and soil organic carbon. 

It is difficult and was not the objective to make predictions about the fiiture of the 

Southern High Plains, in what ways agriculture will change, and to what extent this 

change will impact society on a local, regional, and even national level. However, while 

keeping the current ecological and economical situation in the Southern High Plains in 

mind, presented research may help to develop agricultural systems more suitable for the 

region. 



CHAPTER II 

LITERATURE REVIEW 

Agricultural history of the Southern High Plains: economical 
and ecological implications of groundwater use 

The natural history of the Southern High Plains and the history of human beings 

alike were shaped by the almost extreme environmental conditions and sudden shifts in 

short and long-term weather patterns within the overall climate. The plains themselves 

with their wide landscapes and even wider skies had inevitably a strong influence on 

human perceptions about the usefulness of this region and its ability to sustain life. The 

solitude of this area lacking any landmarks was so impressive to humans that Spanish 

explorers used the term "llano estacado" to describe it—the plains had to be "staked" to 

find the way back. 

Originally, the Southern High Plains were a vast grassland that also supported a 

unique wildlife. As the great inland seas receded during the Late Mesozoic and Cenozoic 

eras, the marine sediments were crucial in developing the predecessor to the modem 

grassland ecology while shifting to a drier climate in the region. A continent-wide 

cooling ti-end coincided with these geomorphic changes and favored the emergence of a 

ti-eeless vegetation in the southern Great Plains (Brooks and Emel, 2000). Archeological 

evidence suggested furthermore that prevalent grass species were dominated by the Stipa 

genus, whereas other evidence included tallgrass genera such as Andropogon, Imperata, 

Eluyonurus, Trachypogon, and Tripsacum. The development of the grassland ecology 

was closely connected to the formation of the Rocky Mountains around 65 million years 



ago through block faulting and uplift of the Colorado Plateau, whereas the forces of water 

erosion almost immediately started to form a vast coalescing alluvial plain east of the 

Rocky Mountains (Johnson, 1931). Tharp (1952) reported that the modem grassland 

ecology includes more drought-tolerant species such as Bouteloua gracilis, Bouteloua 

hirsuta, and Buchloe dactyloides. 

The Southem High Plains were inhabited long before the Spaniard Francisco 

Vasquez de Coronado made the first European contact in 1541 with nafive people living 

on the plains. The first known occupation of the Southem High Plains took place in the 

Clovis Period between 11,500 and 11,000 B.C. (Brooks and Emel, 2000). These early 

inhabitants hunted mammoth (Mammuthus spp.), camel (Camelops spp.), horses (Equus 

spp.), and the giant bison (Bison antiquus) to sustain themselves. Aroimd 2,000 B.C., the 

so-called Woodland tradition brought pottery and probably the introduction of maize 

(Zea mays) agriculture. About 500 years later, immigrants from the woodlands of the 

Mississippi valley brought gardening skills and knowledge of com (maize) and tobacco 

(Nicotiana tabacum) culture to areas further west primarily to the river valleys of the 

Missouri and its tributaries on the Great Plains. These immigrants also hunted bison 

(Bison bison) by traveling on foot over the plains, but hunting was not yet seen as critical 

to the native's survival (Rathjen, 1998). This Plains Village culture, as referred to by the 

same author, also elaborated on bean (Phaseolus spp.) and squash (Cucurbita spp.) 

production and dominated the plains for 300 to 500 years. Rathjen (1998) also indicated 

that these Plains people, especially the Antelope Creek people, were pottery-making and 

migrated gradually into the Canadian River valley about three centuries after their 



appearance around 900 A.D. Archeological findings regarding the pottery of the Upper 

Republican culture suggested that Antelope Creek people and those Upper Republicans 

were similar in their habits. Yet, further to the south-west, the Puebloans cultivated 

successfiilly even cotton (Gossypium spp.). The Puebloan culture was believed to be 

spread widely across the American North and south-west at about 1000 A.D. but was 

challenged and driven out by Apaches in later years (Brooks and Emel, 2000). 

Despite the impression of uninhabited and endless grasslands as the first 

European and American settlers saw it, the plains were in fact a trading, warring, and 

grazing area as well for the numerous tribes—Comanches, Kiowas, Kiowa Apaches, 

Apaches—living in the region. Among them, the Apaches were by far the most 

successful in occupying almost entirely the Southem High Plains in early years. These 

people lived partly as farmers and hunter/gatherers (Brooks and Emel, 2000). By the 

year of 1775, they were completely replaced by Comanches, who leamed to breed horses 

and to use them to their advantage. In this context, it is possibly a misconception 

according to Bamforth (1988) that the sole disadvantage of the Apaches was a lack of 

access to horses. Rather, it was more distinguished trade policies implemented by the 

Spaniards in the south-west than the French and British in the north-east. The latter had 

few horses but were willing to trade weapons, while Spanish conquerors traded horses, 

but few weapons. Even though the Apaches, especially those in the Trans-Pecos area 

near to Spanish-controlled area, obtained horses, the disadvantage in the finally horse-

mounted warfare resulted clearly fi-om a lack of firearms. The Comanches were able to 

gain conti-ol over the Southem High Plains in less than 50 years, being the last native 



people on the plains before white settlement from the east began to encroach on their 

culture. 

The Comanche Indians also were the tribe that adapted best to the new culture 

introduced by the settlers. After the almost entire extinction of buffalo on the plains, 

Comanche Indians switched to tiade to sustain their lives. Nevertheless, the immense 

pressure resulting from European immigrants, American settlers, and also gold-seeking 

men mainly from poor east-coast suburbs, competed with natural resources on the plains 

and intermpted considerably the Native American's life (Rollings, 1989). With annexing 

Texas to the union in 1845, the U.S. government took the responsibility and measures to 

help protect settlers and to curb Indian raids along the frontier. 

Yet, with the Civil War from 1861-1865, many of the Texas Rangers were sent 

east temporarily, away from the Texas frontiers, and many settlers refreated as far as back 

to Austin (Fehrenbach, 1994). Only by the ending of this conflict was the U.S. 

government able to send new protection to the settlers and eventually the Texas Rangers 

were reformed. By then, major shifts in the ecology of the Southem High Plains already 

had occurred. Hunters and fraders that dealt with the commercially valuable bison hides 

literally desfroyed the formidable buffalo herds. Furthermore, arriving settlers had 

different views on usefialness of bison. They believed that the wild and untamed herds 

would represent a considerable source of grazing competition for their believed-to-be 

higher valued farm animals. 

One of the most significant impacts on the ecology and economy of the Southem 

High Plains was the invention of barbed wire by Joseph F. Glidden of DeKalb, Illinois, 



patented in 1874 (Warren, 1926). Large areas could be fenced and property attributed to 

one owner. This proved to be very effective for cattle breeding and fencing reduced 

operational costs and unwatered portions of the Southem High Plains were settled (Dale, 

1930), although these increased activities reduced the land formerly used by Native 

people even more. 

A pioneer of that emerging cattle boom was Colonel Charles Goodnight, who 

brought cattle from Colorado and stocked them on the JA Ranch, which was established 

in 1877 (Brooks and Emel, 2000). According to information provided by Sheffy (1963), 

an estimated 30 ranches were already operating 6 years later in the northem part of the 

Texas High Plains. In 1881, the Capitol Freehold Ranch (XIT) was founded (Brooks and 

Emel, 2000) based on a land grant of 1.2 million ha that was used to pay for the 

constmction of a new Capitol building in Austin. 

The number of cattle in Texas was estimated to be approximately 9 million head 

by 1888 (Brooks and Emel, 2000). Until 1890, most of the cattle were tirailed north to 

sell them at "cowtowns" in Kansas or even farther north at St. Louis or Chicago (Skaggs, 

1973). The frailing industry was not sustainable, however. Besides increased access to 

railroad stations, Texas cattle fever caused by Babesia bovis (Radostits, 2000) that 

infected non-resistant animals further north led to the decline of the trailing business. 

More important, overstocking and the resulting overgrazed pastures finally brought heavy 

losses to the cattle industty. White (1991) provided indications that human beings during 

this eariy period of modem settlement of the Southem High Plains stioiggled to 

understand environmental contexts: During unusually mild winters prior to a very harsh 



winter in 1885, cattle were frequently overstocked and changed vegetation patterns to 

more woody, less palatable plants. White (1991) furthermore reported that the stocking 

rate declined over the course of this decade to a tenth of the original rate of 1 steer per 2 

hayr"'before 1880. 

According to Brooks and Emel (2000), legislation, railroad development, and 

advertisement were the main factors that led to the long-term establishment of farms and 

communities in the Southem High Plains. The first attempts to found those communities 

date back to 1878 when Paris Cox, a Quaker from Indiana, arrived with his and four other 

families at a place that is now Estacado in Crosby County (Green, 1973). The first winter 

drove off four of these families, but settlement resumed after Cox sent examples of his 

successful harvest home to Indiana. Within 10 years, 23 farms were established around 

Estacado. However, at the end of the 1880's, weather pattems tumed drier, resulting in 

abandoned farmsteads and a considerable depopulation of the plains. 

However, efforts were made by the Texas state government to establish 

permanent settlements on the plains and legislation provided settlers with the opportunity 

to hold up to 2,048 ha on the High Plains, after the government understood that the 

original allotted 256 ha for each settler as passed with the Desert Land Act in 1876 

(Brooks and Emel, 2000) were not enough to sustain a farm operation without irrigation. 

The railroad operation, as well as advertisement tiied to lure settlers to the plains as well, 

mainly by pointing to the positive effects of dryland farming and great potential of 

irrigation. 



In this context, it seems that early settlers were aware of available groundwater 

resources, but still were lacking appropriate technology to exploit them. In fact, as 

reported by Green (1973), as early as 1854 the Swiss geologist Jules Marcou, who 

accompanied a U.S. army topographical expedition, gave information on a vast 

imderground water resource within the Ogallala formation. Later in that century, 

windmills were installed by railroad operations and on ranches to pump water which, 

however, was not nearly enough to develop an irrigation-based agriculture. 

With the begirming of the 20* century, the High Plains experienced prosperity, as 

indicated by the numbers of farms and their size. According to Brooks and Emel (2000), 

about 6,100 farms were established on the Southem High Plains by 1925—eight times as 

many as in 1900. The size of these farms were regarded large with 40 to 200 ha (Brooks 

and Emel, 2000). Though this size was not considered sustainable by the Desert Land 

Act (1876), farms could thrive predominantly because of favorable weather pattems with 

above-average precipitation and improved mechanized farming equipment. Later, during 

World War I, European demand for wheat from the U.S. increased because of reduced 

access to Russian agricultural products due to the Turkish blockade. World War I may 

also have been the reason for a surge in cotton production. Furthermore, level farmland 

and aforementioned mechanization of agriculttire finally made the High Plains a highly 

productive area. 

Green (1973) reported that cotton was infi-oduced first to the region in 1889, when 

RoUie Bums planted three acres to test the viability of this new crop on the plains. The 

first cotton gins appeared in 1900 in Floyd County; and in 1902 and in 1903 gins were 



established in Crosby and Hale counties, respectively. However, cotton production did 

not become an important economic factor until the end of Worid War I. Farmers were 

more interested in irrigating alfalfa (Medicago sativa), which was by then a favored cash 

crop in the arid West (Green, 1973). Furthermore, increasing cotton production did not 

coincide with the increased use of irrigation technology. In fact, cotton was grown under 

dryland conditions, favored by weather conditions prior to the depression era and the 

drought of the 1930s. A major factor that hindered irrigation from becoming more 

supportive for the regional economy was the high cost of installing pumping plants that 

were furthermore mn by relatively unreliable intemal combustion engines. 

A drop in cotton and wheat (Triticum aestivum) prices in 1920 were linked with a 

further decline in irrigation acreage on the plains. In the second half of that year, cotton 

prices fell from 80 cents to 30 cents kg"'. The U.S. government attributed this decline to 

overproduction and opposed publicly new irrigation projects, as the Department of 

Agriculture later did in 1927. According to Green (1973), this had no adverse effect on 

the immigration of people, which was probably due to the still sufficient rainfall to 

maintain dryland agriculture, despite the general economical depression. Between the 

years of 1920 and 1930, Lubbock increased its population by about five-fold to a 

population of 20,520. Additionally, to reduce farmer's hardships, the Agricultural 

Adjustment Act of 1933 ("New Deal") provided farmers with subsidy checks that were in 

tum used mainly to fiirther mechanize farm operations. 

During the 1930s, the Southem High Plains suffered from a sequence of dry years 

with unprecedented dust storms, thus the name "Dust Bowl" for this area of the U.S. 
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High Plains. As Green (1973) stated, during the decade of the thirties below-average 

rainfall was reported in 8 years out of 10. The dust not only negatively impacted yields 

and sales of farm equipment and machinery, but also generated serious health problems, 

such as respiratory infections. As relief efforts, govemmental programs such as the 

Drought Relief Service (1934) and the Shelterbelt Program (1937) were inifiated to help 

mitigate the environmental damage that had also resulted from overgrazing (White, 

1991). The Taylor Grazing Act that was passed in 1934 (Brooks and Emel, 2000), placed 

grazed public land under federal conti-ol. Nevertheless, during the drought of the 1930s, 

farmers sought to alleviate those negative effects by again implementing irrigation 

technology, made easier by more reliable and cheaper pumping equipment. In 

conjunction with this, cotton emerged as the major cash crop on the plains. 

After the end of World War II, evolving technology was finally at a point where 

farmers could make use easily of relatively inexpensive irrigation equipment. According 

to Brooks and Emel (2000), especially the development of aluminum pipes enabled 

farmers to configure irrigation systems for different field conditions. More important, 

water could be applied to areas that formerly were not irrigable by means of gravity, 

which was by then the predominant irrigation method. 

Already in the 1950s, unconfrolled withdrawal from the aquifer that lowered the 

depth of the water table and raised costs of pumping called for long-term management of 

the available groundwater resources (Brooks and Emel, 2000). Additionally, Texas water 

law with its commonly knovra "mle of capture" and its strict application by farmers 
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might also have confributed to the understanding that a regional or local water 

management plan should be implemented. 

Templer (1992) reported that Texas courts divided subsurface waters into two 

legal classes, defining water as an underground stream or as percolating groundwater. 

The latter definition is sfrongly presumed and was also regularly upheld in court. The 

common-law mle (mle of capture) as it is legally expressed, also known formerly under 

the name "English" mle, derived essentially from the case 'Houston & T.C. Ry. Co. v. 

East' in 1904, stating that the overlaying landovmer may capture and use the water 

beneath the land, regardless of depriving adjacent or more distant water. This case was 

upheld in a dispute in eastem Texas between a railroad company and a landowner who 

saw the wells on his land going dry because of heavy water withdrawal by the railroad 

company (1904). With this mling, the court essentially relied on an 1843 English case, 

Acton v. Blundell, and an 1861 Ohio case, Frazier v. Brown. The court mled for the 

railroad company, because "the existence, origin, movement, and course of such 

waters.. .are so secret, occult, and concealed that any attempt to administer any set of 

legal mles in respect to them would be involved in hopeless uncertainty, and would 

therefore, be practically impossible" (Templer, 1992, pp. 65-66). Over tiie last decades, 

the common-law mle has not been modified (Templer, 1992), but clarified to some 

extent. These clarifications (Texas Water Development Board, 1968) are also 

presumably the driving force behind any attempts to sell water, since they state that 

landoxvners can use groundwater on their land or away from it, and can dispose of their 

groundwater rights by sale as with other property. 
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According to Templer (1992), the desire for regulation regarding groundwater 

resources had emerged already in 1913 with the creation of the Texas Board of Water 

Engineers (Templer, 1992). In 1947 a statute was passed—after several attempts in 1937, 

1939, 1941, and 1947—tiiat enabled regions to form underground water conservafion 

districts. 

The High Plains Underground Water Conservation District # 1 (HPUWCD) was 

founded in 1951 after months of discussions with farmers and property owners sponsored 

by the Texas Board of Water Engineers. In the election year, 12 of 21 included counties 

on the Southem High Plains voted to create a water management district with a size of 

1.9 million ha (Brooks and Emel, 2000). In 1999, the district covered 15 coimties on the 

Texas High Plains. Though research and education are the primary fields of activity, the 

district formulates and enforces regulations to conserve and protect the Ogallala Aquifer. 

Intensification of agriculture from the early 1950s until the end of the last century 

was primarily caused by cotton production and the rise of the cattle-feedlot industry. 

High market prices for cotton and increasing demand during the Korean War (1950) 

encouraged expansion of the area under agricultural production and, thus, irrigation. 

Furthermore, mechanical harvesters and inventions such as the lint cleaner by E.E. Moss 

(1950; Brooks and Emel, 2000) improved the quality of the final product. In conjunction 

with federal support, a very profitable agricultiu-al industry developed that made Lubbock 

a center for cottonseed and cotton processing. Though federal support was reduced 

considerably during the 1980s and '90s, cotton production was further intensified 

although irrigation costs were increasing. 
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Simultaneously, the cattle industiy emerged after Worid War II as well in the 

Southem High Plains, mainly because of the opportunity to produce grain such as com 

and sorghum. Similar to the cotton crop, the feed-grain industry also took advantage of 

cheap irrigation water, too. During the 1970s, feedlot operations and meatpackers moved 

to the High Plains. Brooks and Emel (2000) report for the year of 1973 a number of 118 

feedlots in the Texas High Plains that had each a capacity of 1,000 head or more. During 

the last two decades, the number of feedlots with more a 1,000-head capacity rose to 136 

(USDA, 2003). Additionally, in 2003, the five leading coimties in Texas regarding the 

number of all cattle and calves were located in the Southem High Plains of Texas, 

placing Deaf Smith County first with 619,000 head that account for 4.4% of the total 

number state-wide (USDA, 2003). 

Essentially since the begirming of withdrawal of water from the Ogallala aquifer, 

reducing well yields due to declining water tables and reduced saturation in many areas 

were noted. In general, discharge rates over the last decades of the 20 century exceed 

by far the recharge rates. The Llano Estacado Regional Water Plaiming Group 

(LERWPG; 2001) estimated that the annual recharge rate of the Ogallala aquifer averages 

only about 76 mm. Other authors (Wood and Sanford, as cited by Urban and Wyatt, 

1994) used chemical mass-balance methods and suggested that the annual groundwater 

recharge on the Southem High Plains is approximately 2% of the precipitation, or about 9 

mm. Furthermore, Playa basins, the terminal drainage basins in the landscapes, seem to 

fiinction as the major source of infilfration (Urban and Wyatt, 1994). Unforttinately, as 

Schmidly reported in his book on Texas Nattiral History (2002), all areas around playas 
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were disturbed with either irrigated agriculture or livestock operations. As a result, they 

have lost volume due to sediment intake and, thus, also lost the capacity for recharge of 

groundwater resources. Another reason for little recharge of the southem part of the 

Ogallala Aquifer is the reduced flows of the Canadian River that cuts through the 

Ogallala formation in the northem part of the Texas Panhandle. Similar to underground 

water resources, this river has been also used extensively for irrigation purposes. 

Furthermore, intensive pumping of the Ogallala Aquifer in the northem states such as 

Oklahoma, Kansas, and Nebraska has lowered the base-flow of the Canadian River as 

well. 

While retaining the common-law mle. Senate Bill I was enacted by the 75* Texas 

Legislature in 1997 to curb excessive water use and ensure among other premises fiirther 

economic development and the protection of agricultural and natural resources. Under 

Senate Bill 1, the Texas Water Development Board was required to delineate planning 

regions, whereby the Texas High Plains were designated as Region O, comprising 21 

counties. 

Model projections provided by the Texas Water Resources Center (LERWPG, 

2001) showed that declining groundwater tables will affect counties in the Texas High 

Plains differently. Most affected will be Casfro, Garza, Lamb, and Parmer counties with 

less than 50% volume in storage by 2050 compared to 1995. However, three counties-

Crosby, Dawson, and Dickens—will likely experience an actual increase in sattirated 

thickness of the aquifer. Though the overall irrigation demand will be reduced on a 50-

year model-based projection in the entire Llano Estacado region, of the currently 1.63 x 
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lO" m̂  in storage about 1.28 x lO" m'' is anticipated to remain in the year 2050 

(LERWPG, 2001). 

Results from a model applied by the Texas Tech University Water Resource 

Center (LERWPG, 2001) showed that only about 65% of the total groundwater demand 

in the Llano Estacado region can be met by 2050. Irrigation agriculture and 

municipalities are affected most, whereas other industries such as mining and the 

beeCfeedlot/livestock operations can mostly balance their available water supplies with 

the projected water demands. Despite the anticipated considerable drop of 30% in 

demand until 2050, shortage in the long-mn will likely occur, because improvements 

such as higher irrigation efficiency and water retaining practices are not keeping pace 

with the depletion rate of the aquifer. These shortages, or needs, will impact negatively 

local and likely national economy if not met. According to the LERWPG (2001), 

population growth will be restricted due to a lack of job opportunities. The negative 

effects upon the gross value of business will be about $ 1.4 billion yr"' in 2030, and $ 1.6 

billion in 2050. Furthermore, irrigation by far accounts for the largest percentage of 

water needs by 2050, but the economic impact of not meeting the water needs will be 

relatively small. However, as the LERWPG argued rightly (2001), despite its relatively 

low conversion rate of a unit of water into economic output, irrigated agricultiare is vital 

for the region, from which 60% of Texas' cotton production, 25% of the state's com 

production, and 50% of the state's beef production derive. More specifically, cotton 

generated a value of $ 871 million in 1997 in the Texas High Plains, followed by com 

with $ 169 million. In 2002, the amount of cotton produced in the Southem High Plains 
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of Texas amounted to approximately 702,648 Mg (USDA, 2003). Thus, as LERWPG 

(2001) emphasized, any curtailing in water supply would have a significant economic 

impact not only on the Llano Estacado region, but also on secondary industiies at a 

national level. In this context, cotton especially seems to be suitable for production on 

the Southem High Plains, taking into consideration that cotton originated in semi-arid 

summer rainfall areas and reportedly has optimum yields under these conditions with 

irrigation (Rehm and Espig, 1991; Franke, 1994). The same authors, however, also 

indicated that a minimum annual rainfall of 500 mm is required to grow cotton 

successfully—a fact that would make cotton production under dryland conditions in the 

Southem High Plains practically not feasible and not sustainable in the long-mn, given 

the unevenly distributed rainfall during the summer months and shifting weather pattems 

over years, that frequently do not reach the annual rainfall requirements. 

Municipalities have emerged over the last decades as another major competitor 

for any kind of water resources. Not surprisingly, the biggest economic impact over time 

will result from unmet municipal water shortages (LERWPG 2001). According to this 

source, water shortages could result in a loss of $1.5 billion in output and $550.7 million 

income in 2050, or a total of 21,000 jobs not generated. More important, the high 

demand for water by municipalities bears considerable political volatility. Already being 

the second most populous state in the Union, Texas is expected to experience an even 

more pronounced growth over the next decades. State-wide population is expected to rise 

to neariy 40 million in 2050 from its currently 21 million inhabitants (Texas Water 

Development Board, 2001). According to this source, the water demand by 
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municipalities will increase 35 percent from 1995 demands on a Texas-wide average in 

2050. Thus, it seems cmcial to keep agricultiiral systems as profitable as possible and 

efficient in terms of water use in the Llano Estacado region with its mral stiiicture, and 

also to avoid the notion of selling water as an emerging form of business and survival. 

History of old world bluestems in the new world 

The earliest recorded infroduction of old world bluestem (Bothriochloa spp.) to 

the westem hemisphere occurred in 1894 and to the United States in 1917 (Celarier and 

Harlan, 1955; as cited by Coyne and Bradford, 1985a). These authors argued that the 

interest in bluestems from the old world resulted from the believed superiority to 

American forms (Andropogon spp., Bothriochloa spp.) regarding production, persistence, 

and forage nutritive value. Apparently also influenced by experiences from the Dust 

Bowl during the 1930s and earlier drought periods, the infroduction of old world 

bluestem species into the U.S. diaring the 20* century was primarily intended to reclaim 

disturbed and marginal cropland among rangelands. An immense and still ongoing effort 

has been made especially by USDA research stations in Oklahoma to study plant 

materials from more than 25 countries to test them for suitability for tiie southem areas of 

the Great Plains (Sims and Dewald, 1982). Until the early 1980s, about 200 old worid 

bluestem populations from approximately 1,500 accessions and more than 1,000 hybrids 

were investigated by Harlan et al. (1964; as cited by Sims and Dewald, 1982). Species 

and blends tested included Bothriochloa caucasica (U.S.S.R.), B. intermedia var. indica 

(Pakistan, India), B. intermedia var. montana (India, Afghanistan), B. ischaemum var. 
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ischaemum (Turkestan, India, Iraq, Pakistan, Kashmir, Turkey, U.S.S.R., China, Franc, 

Hungary, Italy, Morocco, Yugoslavia), and B. ischaemum var. songarica (China, 

Taiwan). 

The genus Bothriochloa (Kuntze) includes 35 commonly adventive, mesophytic 

species that inhabit open spaces (Watson and Dallwitz, 1992). The name was derived 

from the Greek bothrion (pit) and chloe (grass), referring to the pitted lower glumes. Old 

world bluestems are of tmly cosmopolitan character, too; Watson and Dallwitz (1992) 

reported on occurrences in Paleofropical, Neofropical, Ausfralian, African, North 

American, Madagascan, Indomalesian, Indian, Caribbean, and Patagonian eco-regions. 

Furthermore, it also forms intergeneric hybrids with Capillipedium and Dichanthium. 

Srivastava and Pumima (1990) indicated that D. annulatum and B. intermedia build such 

a hybrid complex and developed a mechanism known as agamospermy to escape sterility. 

A common Bothriochloa-species in the south-west of the U.S. is silver bluestem (B. 

laguroides [DC] Herter), which prefers prairies and rocky slopes (Stubbendieck et al., 

1997). 

In general, Bothriochloa spp. are comprised of a wide germplasm reservoir and a 

high diversity in morphology, seed production, cold-hardiness, and water use efficiency 

(WUE; Coyne et al., 1982). Accessions tested by Coyne et al. (1982) regarding their leaf 

water relations and gas exchange characteristics included WW-477 (B. ischaemum var. 

songarica [Rupr.] Celar. and Hari.), WW-573 and W-604 (B. ischaemum var. ischaemum 

Keng), and WW-765 (B. caucasica [Trin.] C.E. Hubb.). Coyne et al. (1982) indicated 

that while differences in osmotic potential among the investigated accessions were small, 
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the relative water content at a tiirgor potential of 0 ranged from 78 to 84%. According to 

the author, this may be an indication for differences in field performance under drought 

conditions. Consequently, some of the old worid bluestem species should express good 

forage production potential under the semi-arid conditions of the Southem High Plains. 

The genus Bothriochloa is diverse in other aspects as well (Harlan et al., 1958; as 

cited by Sims and Dewald (1982). These authors found geographic locations of 

Bothriochloa spp. with high rainfall (5400 mm annually) and desert-like areas with as 

little as 100 mm annual precipitation. Forage quality is believed to vary widely. 

Differences were also noted in the content of aromatic oils (e.g., B. bladhii) and winter-

hardiness. Some further work was conducted by Pinder and Kerr (1980) regarding the oil 

content of five Bothriochloa species. Intermedeol, neointermedeol, and acorenone-B 

were identified to being especially prominent. Acerone-B was found to be prominent in 

'WW-B. Dahl' representing more than 90% of all volatile essential oils found in plant 

tissue (Pinder and Kerr, 1980). These authors determined the total percentage of oils 

found in WW-B. Dahl being 0.32 g 100 g"'. Regarding winter hardiness, Sims and 

Dewald (1982) refer to unpublished data by Voigt (1970) who reported that 'Caucasian' 

bluestem along with 'Plains' bluestem were the most winter hardy. Additionally, these 

authors provide substantial evidence that within the multiple accession blends winter 

hardiness was quite different. 'Spar' bluestem was found to be winter hardy, too, 

meanwhile accessions of 5. intermedia var. indica appeared less suitable for areas with 

prolonged cold periods. 

20 



One of the early research concems was seed production of old world bluestems to 

provide farmers with sufficient and viable plant material. Ahring et al. (1973) found that 

Plains bluestems (B. ischaemum) can produce a seed crop twice a year with yields of 

about 178 kg ha"'. The successful production of seeds is not easy, however. Old worid 

bluestems reproduce by facultative apomixes, as indicated by Sims and Dewald (1982), 

having seeds enclosed in chaffy glumes, thus, needing special harvest equipment. 

Apparently, some Bothriochloa species also reproduce sexually (Watson and Dallwitz, 

1992). As it may be also important for the semi-arid environment of the Texas High 

Plains, Sims and Dewald (1982) questioned whether phosphoms (P) fertilization could 

enhance seedling emergence especially under drought conditions. Data from the 

Southem Plains Experimental Range in Woodward suggested that seedling establishment 

was improved by P fertilizer (Shoop and Mcllvain, unpublished 1959; as cited by Sims 

and Dewald, 1982). 

Bothriochloa caucasica, B. ischaemum. and B. bladhii 
in the Southem High Plains 

The three old world bluestems that were the subject of the current investigation— 

B. bladhii (Retz) S.T. Blake 'WW-B. Dahl'. B. ischaemum (L.) Keng. var. ischaemum 

(Hack.) WW-Spar. and B. caucasica (Trin.) C.E. Hubbard 'Caucasian'—were infroduced 

from Asia. 

W^-B . Dahl was the most current released cultivar. It was named after the late 

Bill Dahl, Professor in the Department of Range, Wildlife and Fisheries of Texas Tech 

University. This cultivar was jointly released to the public by USDA-ARS, USDA-SCS, 
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and the Texas Agricultiiral Experiment Station in 1994. Seeds were originally collected 

in 1960 near Manali, which is located in the Himachal region in India, and B. bladhii was 

first grown at the Oklahoma Agricultiiral Experiment Station at Stillwater (Dewald et al., 

1995). Later, plant material was sent to Experiment, Georgia, for fiirther testing before 

seeds retiimed to the Southem Plains Range Research Station in Woodward, Oklahoma, 

where tiiis species was evaluated for the following 15 yr regarding adaptation and 

production testing under the Woodward designation 'WW-857'. WW-B. Dahl is a 

perennial bunchgrass. Its basal and cauline leaves are 5 to 10 mm wide and between 25 

and 50 cm long at maturity (Dewald et al, 1995). According to these authors, WW-B. 

Dahl plants can reach a maximum height of 1.75 m when the inflorescence is fiilly 

developed. This old world bluestem has a determinate flowering where inflorescences 

are developed late in the season. 

WW-Spar was released in 1982 by the USDA-ARS and the Oklahoma 

Agricultural Experiment Station (Dewald et al., 1985). McCoy et al. (1992) and Dewald 

et al. (1985) reported that this cultivar was isolated from an original pool of 30 accessions 

collected from Afghanistan, India, Iraq, Pakistan, Turkey, and the Soviet Union. In 1976, 

plant material ofB. ischaemum was received for further evaluation by the Southem Plains 

Research Station in Woodward,Oklahoma, from the Southem Regional Plant 

Infroduction Station. In this context, Celarier and Harlan (1955, cited by Sims and 

Dewald, 1982) stated that the species B. ischaemum can also be found in China, Taiwan, 

and Malaysia. These authors further mentioned winter-hardy northem ecotypes of this 

species that are found in Siberia, Mongolia, northem Africa, Holland, and central Asia 
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and in mountainous areas between 500 and 3000 m elevation in South-Asia. Similar to 

WW-B. Dahl, WW-Spar is a tiifted, perennial bunchgrass with mostly basal leaves of 3 -

6 mm width and can reach a maximum height of 1.5 m (Dewald et al., 1985); the stems 

show a yellowish color. Unlike WW-B. Dahl, Spar bluestem has an indeterminate 

flowering habit, however, with a more cleariy defined period when seed matiiration 

occurs than that of Plains bluestem. 

Caucasian bluestem was one of the first old worid bluestems introduced to the 

United States. Seeds were received in the U.S. in 1929 from the Director of the Botanical 

Garden at Tiflis, Georgia, U.S.S.R, and were distiibuted to several U.S. experiment 

stations (Harlan and Chheda, 1963). These authors also reported that plantings of 

Caucasian bluestem in Texas were made early in the 1930s in Chilicothe by J. Roy 

Quinby. Additionally, similar material was sent to the Soil Conservation Service Nursery 

in Manhattan, KS. Personal communication with Richard Wynia (2002) from the Kansas 

Plant Materials Center— t̂he successor organization—revealed that Caucasian bluestem 

was in fact never formally released. According to his information, the plant material 

under the designation 'KG-40' was increased without selection. Producers later started to 

obtain Caucasian bluestem seeds from these research sites. In 1952, the Oklahoma 

Agricultural Experiment Station attempted to investigate the origin of 5. caucasica with 

greater depth and newly infroduced seeds from the Royal Botanical Garden in at Kew, 

England (Harlan and Chheda, 1963). According to their findings, the natiiral distiibution 

of Caucasian bluestem is not known. They concluded that B. caucasica named by C.E. 

Hubbard is an endemic of restiicted range in Georgia, U.S.S.R. Furthermore, Harlan and 
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Chheda (1963) found evidence that Caucasian bluestem is an apomictic hybrid between 

B. intermedia and a species of Capillipedium, probably C. parviflorum. Coyne and 

Bradford (1985a) showed that the leaf blade area index (m^ m"̂ ) of Caucasian bluestem 

(4.37) was higher than that of Spar (3.83) and Plains (4.22) bluestem during a growth 

cycle from 15 March through 6 July. This relationship, however, changed during the 

second growth cycle from 7 July through 20 September. During this time period, 

Caucasian bluestem was found to have an inferior leaf blade area index (1.27) than Spar 

(2.73) and Plains bluestem (1.9). This suggested tiiat Caucasian bluestem maintains a 

higher leaf width early in the growing season than the other old worid bluestems tested, 

but maintains lower leaf width during re-growth as a direct fiinction of biomass 

accumulation. 

All three species were infroduced and evaluated in the United States with the 

objective of providing livestock producers with high-quality forages in terms of 

production, nutritive value, palatability, ease of stand establishment, winter hardiness, 

and as a main criterion, the production of red meat per unit animal and unit area (Sims 

and Dewald, 1982). 

Compared with WW-B. Dahl, which was released relatively recently, Caucasian 

and Spar bluestems have already a relatively long history on the Southem High Plains. A 

survey conducted by McCoy et al. (1992) in 12 westem Oklahoma coimties revealed that 

almost three quarters of the respondents established their old world bluestem stands, 

including B. caucasica and several varieties of 5. ischaemum, during the 1980s, whereby 

one rancher dated the first establishment back to 1952. The vast majority of these 
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bluestems were reported as Plains and Spar cultivars, with only few seedings reported of 

'WW-Iron Master' (B. ischaemum), Caucasian, and 'Ganada' (B. ischaemum). Many of 

those ranchers replaced crops such as cotton, sorghum and wheat with old world 

bluestem seedings, especially on marginal sites or areas that were difficult to farm. 

Significant areas were also established under the Conservation Reserve Program (CRP). 

The CRP was created by the U.S. Department of Agriculture in 1985 as part of the 1985 

Farm Bill with the intention to reclaim highly erodible sites and to improve water 

resources. These expectations were supported by findings of Gilley et al. (1997) who 

reported on positive effects of 5. ischaemum regarding its contribution to reduce soil 

erosion and water mnoff, especially under managed conditions. 

Despite the overall satisfaction with old world bluestems, ranchers noted as 

grazing management problems occasional poor forage palatability and a nutritive value 

that did not meet livestock requirements. McCoy et al. (1992) concluded that old worid 

bluestem stands should be managed intensively and productivity can be enhanced with 

prescribed buming, fertilization, and irrigation, where available and economical. 

Research data regarding the production potential and drought tolerance of WW-B. 

Dahl in the Southem High Plains was provided by Allen (1999), Niemann et al. (2001), 

Dahl et al. (1988), Blair (1991), and Britton et al. (1992). Meanwhile the latter authors 

indicated evidence that WW-B. Dahl produces higher yields than Plains, WW-Spar, and 

WW-Ironmaster in dryland tiials at Justiceburg, Texas. Allen (1999) and Niemann et al. 

(2001) reported on exceptional average daily gain of stocker steers and high nutiitive 

values of WW-B. Dahl and animal performance in a sheep grazing ttial, respectively. 
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Water use efficiency 

Kramer and Boyer (1995) defined water use efficiency (WUE) as the biomass 

produced by plants per unit of water used, 

WUE = D/W. 

In this formula, plant biomass (D) is usually expressed as dry matter (DM) yield ha"', 

whereby the amount of water (W) is generally denoted as the volume supplied to that 

area. The unit of water is fiorthermore expressed in mm, thus facilitating calculations, 

because this unit already is related to an area (m ,̂ 1 mm m'̂  equals 1 liter) and volumes 

can easily be derived. Hopkins (1999) fiirther specified WUE as the inverse of the 

franspiration ratio, 

TR = moles H2O transpired/moles CO2 assimilated. 

Transpiration ratio directly indicates underlying plant-physiological constants, namely 

that the uptake of carbon dioxide is directiy related to the loss of water by evapo-

franspiration, whereby this gas exchange is confrolled by stomatal diffiision. 

The water use of a crop related to its DM production serves as an indicator for the 

ecological sustainability of that specific crop under the given environment. The 

usefulness of WUE as a first step in measuring the productivity of plants derives from the 

fact that it reflects photosyntiietic activity, because the C and O molecules taken up as 

CO2 in tum for released water molecules account for most of the DM of a plant. 

Important in our investigation is the determination of DM production at differing 

water levels, thus, leading to a slope tiiat reflects the increments in biomass accumulation 

per unit of water added. Information regarding the WUE ofB. bladhii. 
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B. caucasica, and B. ischaemum investigated in our research is almost non-existent, but 

efforts were made by several researchers to shed more light on other old world and native 

bluestems conceming plant-water relations and water use. 

Coyne et al. (1982) studied comprehensively the leaf water relations and gas 

exchange related to forage production of WW-477 (B. ischaemum var. songarica [Rupr.] 

Celar and Hari), WW-573 (released as 'WW-Spar' in 1982) and W-604 (B. ischaemum 

var. ischaemum Keng), and WW-765 (B. caucasica [Trin.] C.E. Hubb.). The cultivars 

were selected based on field performance and re-planted in soil-filled buckets (thermic 

Typic Argiustoll) and placed in a glasshouse. Soil moisture in the buckets was maintained 

at field capacity through daily watering. During the period of investigation from January 

1981 until August 1981, day-time temperatures averaged 27°C in winter/spring, and 32°C 

in summer. Coyne et al. (1982) determined the WTJE by calculating carbon exchange 

rate, franspiration, and stomatal conductance (resistance) to water vapor based on leaf 

area, air properties, and knowledge of flow rates. Furthermore, resulting values for WUE 

were compared with the franspiration ratio. This approach was consistent with 

information provided by Kramer and Boyer (1995) that CO2 and water vapor exchange 

are inevitably linked to each other. Furthermore, Coyne et al. (1982) estimated stomatal 

resistance to CO2 diffiision from corresponding water vapor resistance according to 

Johnson (1975; cited by Coyne et al., 1982). Based on leaf gas exchange, they 

determined WW-573 (B. ischaemum var ischaemum 'Spar') as the old worid bluestem 

with the highest WUE, followed by B. caucasica and B. ischaemum var. ischaemum 

'King Ranch', based on the carbon exchange rate versus franspiration. Also, WW-573 
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was found to have higher forage production than the other cultivars tested and was 

additionally observed to be more drought resistant. This was reflected in dehydration to 

78% relative water content (RWC) before loss of tiirgor, meanwhile all other investigated 

varieties lost tiirgor pressure at considerably higher percentages of RWC. Furthermore, 

'Spar' seemed to be able to retain higher photosynthetic activity at lower and less 

favorable leaf temperatures. 

Referring to evidence provided by Coyne et al. (1982) on leaf water relations of 

old world bluestems. Stout et al. (1986) observed that Caucasian bluestem grown in the 

Appalachian north-east on Edom silt loam and Weikert channery silt loam showed lower 

WTJE than switchgrass (Panicum virgatum L.), because switchgrass apparently could 

exploit soil water to a greater extend. The authors concluded from their findings that 

probably a physiological mechanism in Caucasian bluestem reduced franspiration at 

higher water potentials, thus, also reducing CO2 uptake. Stout et al. (1986) indicated that 

Caucasian bluestem grovm on a droughty Weikert soil exceeded ambient air temperature 

at xylem water potential of-20 bars, meanwhile switchgrass lowered its water potential 

to -25 bars before canopy temperatures had risen above air temperature. 

Berg and Sims (1984) investigated effects of tillage operation alone and with 

seeding ofB. ischaemum 'Plains' on overall WUE on a loamy range site located in 

Harper County in northwestem Oklahoma. Species subject to this research were 

buffalograss (Buchloe dactyloides), silver bluestem (Bothriochloa saccharoides), blue 

grama (Bouteloua gracilis), purple threeaxvn (Aristida purpurea), sand dropseed 

(Sporobulus cryptandrus), and sideoats grama (Bouteloua curtipendula). Berg and Sims 
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(1984) determined WUE as a fiinction of herbage production divided by the seasonal 

precipitation and soil water depletion. During the 4-yr period of investigation from 1977 

- 1980, the freatment "disking, infroduced old worid bluestem (B. ischaemum) plus sand 

mulch" showed consistently higher values of WUE than those freatments where B. 

ischaemum was not used as a component. Water use efficiency of the most successful 

freatinent ranged from 86 to 169 kg herbage per cm of soil water depleted. Despite the 

positive contiibution of Plains bluestem to enhance forage production and WUE in a 

native range. Berg and Sims (1984) would expect difficulties for managing grazing 

systems due to preferences by cattle towards native grasses. 

Research of Masters and Britton (1988) revealed that top-grow^ WUE efficiency 

of WW-5I7 old world bluestem (B. intermedia var. indica) was affected by fertilization 

and clipping, but less by watering regimes. Gravimetric soil samples were obtained to 

estimate soil water content to determine WUE, which was calculated by dividing DM 

weight (top-growth) by amount of water added during growing season—including 

precipitation—minus amount of water present in the soil at time of harvest. Using buried 

tubes and microplots, WUE of fertilized plants was 1.0 g DM L"' water compared with 

0.8 g DM L"' water for unfertilized plants. The tubes were fertilized after clipping to a 

7.6-cm sttibble height with 3.8 g NH4NO3 and 3.0 g KH2PO4. Furtiiermore, WUE of 

clipped plants was 0.3 g DM L"' of water higher than undipped plants. Clipping to a 7.6-

cm stubble took place during the growing season on half of the investigated old worid 

bluestems when growth reached a height of 30 cm. 
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Water use efficiency, with other research objectives such as forage yield and 

nutiitive value, of cane bluestem (B. barbinodis) were investigated by Koshi et al. (1977). 

In this research lasting more than 4 yr, three different watering regimes were applied: 

precipitation only, 100, and 200 mm water additional to precipitation, which averaged 

468 mm over the last 74 years. The soil water content was measured monthly, using the 

neufron scattering technique. Their findings conceming WUE were different from those 

of Masters and Britton (1988). The data obtained by Koshi et al. (1977) indicate that 

highest WUE was obtained under the intermediate water level (irrigation of 100 mm 

additional to the annual precipitation of 468 mm). Furthermore, three clippings per year 

reduced water use efficiency relative to less frequent clipping freatments (1 and 2 

clippings yr"'). 

Though less related to the Southem High Plains, Tripathi and Gupta (1981) 

conducted investigation on Bothriochloa pertusa (L.) and Dichanthium annulatum— 

closely related to B. pertusa—in competition with each other under three water regimes, 

daily watering (Wl), watering on altemate days (W2), and watering every 2 d (W3) on a 

location in Shillong, India. Their research indicated that tiller production ofB. pertusa 

was always less when grown in mixture relative to the monoculture. In tum, B. pretusa 

produced more leaves per plant in pure stands under all water freatments than D. 

annulatum, which produced greater number of leaves in mixture. Biomass production 

was found to be greatest with D. annulatum under all three moisture regimes than B. 

pertusa. 
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Water relations ofB. caucasica as affected by grazing were investigated by 

Svejcar and Christiansen (1987a) at El Reno, Oklahoma. This study examined 

differences in xylem and water potential and total leaf conductance under light and heavy 

grazing by steers achieved with continuous variable stocking and during a period that 

lasted from May through September. Heavy grazing increased the mean aftemoon leaf 

water potentials and total leaf conductance by 28 and 76%, respectively, compared to 

light grazing. The authors concluded that soil moisture can be conserved under heavy 

grazing, especially during the dry summer months. Conclusively, B. caucasica is able to 

maintain higher leaf water potentials under heavy grazing than under lightly grazed 

conditions. The authors inferred several potential benefits of heavy grazing of Caucasian 

bluestem from their data, including that stomatal conductance was increased, water sfress 

was reduced, and soil moisture was conserved. 

Dry matter yield of Bothriochloa caucasica. B. ischaemum, 
and B.bladhii and response to fertilizer 

General information on yields of old world bluestems, including B. ischaemum 

and B. caucasica, was provided by Hodges and Bidwell (1993). These authors reported 

yields of 1-5 Mg ha"' on dryland sites in Oklahoma, depending on cultivar, fertility, soil 

type, and environmental conditions. They furthermore indicated that Caucasian bluestem 

proved to be 10 to 20% more productive than other old world bluestems such as Plains, 

WW-Spar, and Ganada, which are B. ischaemum cultivars. Additionally, Hodges and 

Bidwell (1993) found evidence that old world bluestems respond generally well to 

nifrogen (N) fertilization resulting in enhanced yields. Hodges and Bidwell (1993) 
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suggested in their publications that about 40 to 100 kg additional forage will be produced 

for 1 kg N added, whereby a single application in spring is as effective or even more 

effective than a split application during the growing season. Studies on N response of 

Caucasian and King Ranch bluestems suggested that Caucasian bluestem increases its 

yield by 21 kg kg"' N added (Mcllvain and Shoop, unpublished; as cited by Sims and 

Dewald, 1982). These autiiors also recommended Caucasian bluestem for the northem 

part of the Southem Plains because of sufficient winter hardiness of this species. 

Forage yield frends of Caucasian bluestem were determined in detail by Forwood 

et al. (1988) in a field study at the University of Missouri-Columbia, Mt. Vemon, MO. 

In this investigation, clipping freatments were imposed on primary, summer, and late 

season re-growth. Furthermore, different clipping intervals were imposed for all of these 

freatments. During this study, the rate of primary growth increased linearly by 103.5 kg 

ha"' d"'. The summer regrowth also followed a linear relationship, but with less biomass 

accumulation (55.2 kg ha"' d"'). The late-season re-growth followed a cubic relationship, 

very likely due to shorter days and decreasing temperatures, as suggested by the authors. 

Caucasian bluestem was also subject to an investigation regarding partitioning 

into above-ground and below-groimd biomass. In comparison with WW-Spar, these 

partitioning pattems were observed by Coyne and Bradford (1986) during spring-summer 

and summer-autumn cycles. Caucasian bluestem reached a maximum above-ground 

biomass yield of 694 g m"̂  (6940 kg ha"'), whereas the maximum yield for Spar bluestem 

was found by these authors to be 500 g m"̂  (5000 kg ha"'). Additionally, this research 

revealed that both bluestems partitioned at full maturity approximately 40% of tiie total 
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biomass to above-ground compartments (shoots). Regarding root growth, Coyne and 

Bradford (1986) found Spar bluestem to partition more root biomass to lower soil layers, 

meanwhile Caucasian bluestem generated roots more in the upper parts of the soil. Total 

root biomass was found to be equal in both grasses with a peak of 1,900 g m"̂  (19,000 kg 

ha"'). Plant growth was reported to be greater during the first cycle (spring-summer) in 

both species than in the summer-autumn period. Regarding species differences, 

Caucasian bluestem had more leaf blade, stem, and sheath biomass in growth cycle 1 than 

Spar bluestem. This frend, however, reversed during the second growth cycle. 

Another cultivar ofB. ischaemum—Plains bluestems—was investigated regarding 

DM yield in comparison with Caucasian bluestem as affected by clipping intervals 

(Taliaferro et al., 1984). During a 3-yr study from 1974 to 1976 in SfiUwater, Okla., on a 

Bethany silt loam, DM production was different between species only in 1974. In that 

year, Caucasian bluestem yielded 8.23 Mg ha"', while yield of Plains bluestem was 8.81 

Mg ha"'. These authors found evidence that the time period these two grasses needed to 

achieve peak DM yields would probably seldom exceed 7 wk, despite variation due to 

environmental conditions. 

A further separation of DM yield corresponding to plant components of 

Caucasian, Spar, Ganada, and Plains bluestems was conducted by Dabo et al. (1987). 

This study also was conducted at the Research Station in Stillwater, Oklahoma, on a 

Kirkland silt loam from 1982 through 1983. The research plots were fertilized with 120 

kg N ha"' after establishment and abundant soil moisture was maintained by frequent 

irrigation. Results revealed that whole plant, leaf, and stem DM yield of Caucasian 
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bluestem was consistently higher than Plains and WW-Spar bluestem in 1982. In the 

second year, the whole plant DM yield of Caucasian bluestem was about 17% more than 

Plains. Furthermore, B. caucasica had the highest increase in biomass in 1983, but not in 

the first year of investigation compared to Plains and WW-Spar bluestems. Weekly mean 

DM yield for all species was determined with 393,41, and 327 kg ha' for whole plant, 

leaves, and stems, respectively. 

Stout et al. (1986) found the DM yield of Caucasian bluestem grown in the 

Appalachian Northeast intermediate between switchgrass with higher yield and tall 

fescue (Festuca arundinacea) with lower yield grovm on two different soils. Averages of 

DM yield of switchgrass on a Typic Hapludalf were almost twice as much as that of 

Caucasian bluestem. 

A recent investigation by Sanderson et al. (1999) compared yields of warm- — ^ 

season grasses, including B. bladhii, in cenfral Texas grovm at the Texas Agricultural 

Experiment Station at Stephenville and Temple. In this investigation, seedlings of tufted 

digitgrass (Digitaria eriantha Stued.), buffelgrass (Cenchrus ciliaris L.), Wilman 

lovegrass (Eragrostis superba Peyr.), Oriental pennisetum (Pennisetum orientate Rich), 

flaccidgrass (Pennisetum flaccidum Greisb.), kleingrass (Panicum coloratum L., weeping 

lovegrass (Eragrostis curvula [Schrad.] Nees var. curvula Nees), and WW-B. Dahl were 

fransplanted from greenhouse to field plots with rows of 0.3 m. After initial buming, 67 

kg N ha"' and 78 kg P2O5 ha"' were applied. This investigation revealed that weeping 

lovegrass and WW-B. Dahl consistently showed higher DM yields at both locations than 
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the other species tested. Precipitation in these years was reportedly above-average and 

was recorded with 960 and 900 mm for each year, respectively. 

Forage production in the Southem High Plains also has raised naturally the 

question of yield response to N fertilization. Berg (1990) conducted research during 4 yr 

in westem Oklahoma at the South Plains Research Station to develop guidelines for N -

fertilization of fi. ischaemum under dryland conditions. His investigation suggested that 

yield responses were nearly linear to N fertilization rates of 35 and 70 kg N ha"'. The 

applied N - rates were 0,35, 70, 70 split (35 kg in April, 35 kg after initial harvest end of 

May/beginning of June), and 105 kg N ha"'. Response with higher yields continued to 

rates of 105 kg N ha"', but only in years with more than the average precipitation. Rain 

varied from 644, 567, 545, and 943 mm from 1982 tiirough 1985, respectively. No 

significant difference in yield was measured between split and a single spring application. 

This observation is in disagreement with data generated by Hodges and Bidwell (1993), 

however. These authors noted that a single spring application of 60 kg ha' can be more 

effective than a split application. 

Berg (1993) also conducted research on the response of 5. ischaemum to fire and 

N freatments on a calcareous and non-calcareous soil near Woodward, Oklahoma. He 

found evidence that buming decreased forage yields between 6 - 30% per yr". Urea 

fertilizer was found to be inferior to ammonium nifrate in terms of its efficiency in tiie 

first year, with ammonium nifrate being 20% more effective than urea. However, in tiie 

second year no differences were reported between the two used fertilizers. A broadcast 

35 



application rate of 50 kg N ha' yielded a threefold increment forage production versus 

the confrol. 

Chemical composition of Bothriochloa caucasica, B. ischaemum. 
and B. bladhii 

Among those factors that influence forage quality are species, soil fertility, 

growth stage, and photosynthetic pathway (Hodges and Bidwell, 1993). Especially 

warm-season grasses are higher in nutritive value in early summer and lower at maturity 

in autumn, whereby with management sfrategies such as haying or grazing, forage 

nutritive value can be maintained at a relatively high level throughout the growing 

season. Hence, forage nutritive value was seldom investigated only under the premise of 

determining chemical components, but rather related to plant morphology and plant-

animal interactions as well as animal performance. 

Aforementioned research efforts published by Sanderson et al. (1999) regarding 

biomass production also reflected typical forage quality pattems of those investigated 

warm-season grasses at two research sites in Stephenville and Temple, Texas. WW-B. 

Dahl was found to have somewhat lower crade protein (CP) values in Temple on an Udic 

Pellustert (4.45%) than in Stephenville on an Udic Paleustalf (5.6%), averaged over years 

and growing season. These findings suggest that forage nutiitive value indeed has to be 

seen in context with location, soil type, prevailing environment, and management 

practices. Dewald et al. (1995) reported that percentage CP of WW-B. Dahl was similar 

to other old worid bluestems during 1982,1983, and 1984 at Woodward, Oklahoma. 

Research at Texas Tech University suggested tiiat WW-B. Dahl was higher in percentage 

36 



CP than Caucasian, Spar, Plains, and Iron Master (D. Niemann, unpublished data). 

Furthermore, performance of lambs grazing these old world bluestems suggested that 

WW-B. Dahl and Caucasian were superior to the B. ischaemum types in terms of animal 

performance. 

Allen et al. (2000) investigated the nutritive value of forage species as part of 

different grazing systems in Virginia. Caucasian bluestem was included in one of four 

systems and was grazed from mid-June until mid-September. Neufral detergent fiber 

(NDF) of Caucasian bluestem averaged 70.5%, total nonstmctural carbohydrates (TNC) 

averaged 5.7%, and CP averaged 13.5%. Sixty kg N ha"' was applied to Caucasian 

bluestem in early May. 

Forwood et al. (1988) observed differing nutritive values for Caucasian bluestem 

under clipping freatments imposed on primary growth, summer, and late-season 

regrowth. This research showed general frends of nutritive values typical of a warm-

season grass. Average in vitro DM disappearance (IVDMD) averaged 480 g kg"' for 

spring growth, IVDMD declined during the season by about 2.9 g kg"' d"', thus showing 

an inverse relationship between yield and quality. Cmde protein declined during the 

growing season as expected and ranged among the clipping freatments from about 17.5% 

to less than 5% after 84 d of regrowth at autumn harvest. Conversely, NDF increased 

during the growing season, ranging from 62.5% to approximately 77.5%. Furthermore, 

Forwood et al. (1988) found evidence that Caucasian bluestem has less TNC storage than 

native C4 grasses, e.g., big bluestem (Andropogon gerardii). In comparison, during 

Forwood's investigation (1988), maximum TNC storage at any date was 47.5 g kg"' in 
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Caucasian bluestem vs. 60 to 80 g kg"' that were commonly observed in A. gerardii 

(Owensby et al., 1970; McKendrick et al., 1975). 

Gillen et al. (1999) studied a sequence grazed eastem gamagrass (Tripsacum 

dactyloides)-o\d world bluestem (B. ischaemum) system versus a native mixed grass 

prairie-old world bluestem system at Woodward, Oklahoma. This investigation showed 

evidence that CP is inversely related to forage yield. Gillen et al. (1999) reported CP 

levels of 14.7% in June of 1995 that were associated with the lowest standing crop (1290 

kg ha"'), meanwhile the lowest CP value of 4.8% occurred in July of the same year were 

the standing crop was highest (7600 kg ha"'). Also, IVDMD declined over this period 

from 69.8% to 52.0%. 

Similar frends were found by Dabo et al. (1987). Their investigation indicated an 

average decrease of old world bluestems (Caucasian, 'Ganada', Plains, Spar) in IVDMD 

of 4.2 g kg ha"' per day in 1982 and 5.5 g kg ha'' per day in 1983. Caucasian bluestem 

had the lowest values of IVDMD, meanwhile other B. ischaemum cultivars had higher 

values of IVDMD. Dabo et al. (1987) argued that the low values of Caucasian bluestem 

were probably due to its rapid growth and yield. However, their data also suggested that 

the in vitro digestible DM yield (FVDDMY) in kg ha"' of Caucasian bluestem ranked 

highest among the tested cultivars, because of its high yield. Furthermore, Dabo et al. 

(1987) indicated that differences in IVDMD were most pronounced in leaves, and less in 

the whole plant and stems. 

Coyne and Bradford (1987) compared seasonal frends in TNC concenfrations of 

B. caucasica and B. ischaemum (Spar) during spring-summer and summer-autumn 
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growth cycles. Though seasonal frends were observed to be similar for these two species, 

WW-Spar bluestem showed higher concenfrations of TNC in stems and leaves in both 

cycles. This is consistent with findings by Forwood et al. (1988). The observations by 

Coyne and Bradford (1987) may help to determine management sfrategies. These 

authors furthermore found evidence that the TNC content after clipping in both species 

declines rapidly, but sharply increased afterwards and maintained a positive slope until 

the end of the growing season. 

Forage nutritive value and resulting animal performance also depend on 

fertilization regimes. Published research by Berg and Sims (1995) regarding different N-

fertilization levels related to steer gain indicated a weight gain between 2.3 and 4.3 kg yr' 

' kg"' N that was applied at a rate of 34 kg ha"' yr"'. A five-fold increment in fertilization 

rate resulted in an additional weight gain of 1 kg yr"' kg"' N. 

Caucausian bluestem hay as feed stuff for horses was tested by Crozier et al. 

(1997) in westem Virginia. Their investigation indicated that CP values of 7% in B. 

caucasica were still regarded as being borderline only and deficiencies in P were noted. 

However, Caucasian bluestem was the only forage in the trial among alfalfa (Medicago 

sativa) and tall fescue that met Zn requirements for horses. If Caucasian bluestem shall 

be used for horses, CP, P, S, and Cu supplements may be required. Hodges and Bidwell 

(1993) reported on hay production and value of old worid bluestems. Good quality hay 

can provide as much as 10 to 16% CP according to these authors. These authors 

fiirthermore referred to information that Caucasian, WW-Spar, and also Plains bluestems 

produced 3.5-4.5 t ha"' hay with IVDMD between 57 and 61%. Other sources (Londofio 
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et al., 1981) determined the CP, acid detergent fiber (ADF), and NDF of WW-Spar 

bluestem with 6.6,44.0, and 74.0%, respectively. 

Plant morphology and root distribution of Bothriochloa caucasica, 
B. ischaemum, and B. bladhii 

Growth characteristics of old world bluestems used in this investigation are 

decisive in tailoring appropriate forage/livestock systems. Morphological qualities are 

cmcial in determining nutritive values over time and, thus, projecting animal 

performance. Moreover, the ability of these grasses to respond to factors such as water 

sfress and grazing pressure with a change in growth pattems determines suitability for 

given climatic settings and affects management sfrategies. 

General information qn morphology of old world bluestems in comparison with 

native grasses was provided by Coyne and Bradford (1985) under well-watered and 

limited watered freatments. Old world bluestem species included Caucasian, B. 

ischaemum var. ischaemum including var. songarica, and B. intermedia var. indica. As 

native species, Woodward sand bluestem (Andropogon hallii), switchgrass, WW-Westem 

Indiangrass (Sorghastrum nutans), and blue grama (Bouteloua gracilis) were used for this 

investigation. This research indicated that old world bluestems produced more tillers 

than native species under water sfress. However, Caucasian bluestem was found to be 

sensitive to water sfress and produced about 30% fewer tillers than the other tested old 

worid bluestems. Furthermore, Caucasian bluestem tended to reduce height under water 

stress more than other old worid bluestems, but all investigated old worid bluestems in 

general expressed this growth partem. Plant height of native species was least affected 
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by water sfress. These findings favoring native species are consistent with observations 

made regarding specific leaf weight, which essentially reflects the biochemical cost to 

build a unit of leaf area. Old world bluestems showed a significantiy smaller specific leaf 

weight than native species. 

Coyne and Bradford (1985b) investigated the growth characteristics of old world 

bluestems under naturally occurring conditions considered optimum and drought sfressed. 

Plant-morphological investigations of Caucasian and two accessions ofB. ischaemum 

(WW-Spar, Plains) were conducted in 1982 and were partitioned into cycle 1 (spring 

growth-flowering) and cycle 2 (after removing standing crop-flowering stage in autumn). 

Whereas during the first cycle conditions were considered to be optimal, the second cycle 

was characterized by above-average temperatures and only 18% of the usual precipitation 

was recorded. Their findings suggested that Spar bluestem was more effective than 

Caucasian bluestem in investing N and biomass per unit area of photosynthetic tissue. 

Coyne and Bradford (1985b) referred to Caldwell et al. (1981) who concluded that 

resource efficiency of WW-Spar corresponded with greater grazing tolerance. 

Furthermore, WW-Spar showed the lowest decline of nutritive value over time of all 

tested grasses. These authors also observed an exfremely low leaf blade area ofB. 

caucasica in comparison with the other tested accessions. Under consideration of the 

relatively high resource optimization of this species, they concluded that Caucasian 

bluestem is able to mobilize reserves from roots and stem bases for regrowth efforts after 

defoliation. Regarding drought sfress, WW-Spar might be better at coping with 

unfavorable environmental conditions than B. caucasica, because B. caucasica expressed 
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a higher grov^h rate, which is considered to be less advantageous under drought sfress 

(Coyne etal., 1982). 

Grazing pressure affects tiller demographics and TNC partitioning in Caucasian 

bluestem as shown by Christiansen and Svejcar (1988). In their study, heavily grazed 

paddocks ofB. caucasica increased the number of tillers (17800 tillers m'̂ ) versus lightly 

grazed paddocks (10700 tillers m"̂ ) as measured in late September. Over a period of 2 

yr, Caucasian bluestem generated twice as much root growth under the heavily grazed 

regime. Increased tiller development and, thus, leaf grov t̂h does not necessarily coincide 

with enhanced forage nutritive value. As it was shown in this investigation, B. caucasica 

apparently stores more TNC in roots than in shoots under the influence of heavy grazing, 

but total below- and above-ground TNC were found to remain stable. Caucasian 

bluestem subjected to heavy grazing had lower concenfrations of TNC in shoots, but had 

higher concenfrations in roots than to lightly grazed swards. 

Data on tiller dynamics ofB. bladhii was provided by Sanderson et al. (1999). In 

a comparison with other grasses (digitgrass, buffelgrass, Wilman lovegrass. Oriental 

permisetum, flaccidgrass, kleingrass, and lovegrass) at Stephenville and Temple, Texas, 

number and weight of tillers of WW-B. Dahl were among the highest of all tested 

species. 

The knowledge of tiller dynamics is also usefiil in predicting forage nutiitive 

value. Mitchell et al. (2001) linked growing degree day (GDD), day of year (DOY), 

mean stage count (MSC), and mean stage weight (MSW) to quality parameters such as 

CP, NDF, and IVDDM), though not of old worid bluestems. The accuracy of prediction 
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of forage quality parameters in 'Trailblazer' switchgrass and 'Pavmee' big bluestem 

(Andropogon gerardii Vitman) proved to be species-specific. For example, switchgrass 

IWDM and CP were best predicted by GDD, meanwhile these two parameters were 

more highly correlated in big bluestem with MSW and GDD, respectively. 

Seed yield of Bothriochloa caucasica, B. ischaemum, and B. bladhii 

Information on seed yield of these old world bluestems is sparse. Investigations 

by Ahring et al. (1973) indicated that Plains bluestem is able to produce two seed crops 

per year with a total yield of over 225 kg ha'', if appropriate management practices are 

applied. Sims and Dewald (1982) cited unpublished data by R.L. Dalrymple (1967) that 

N fertilizer applied as top dressing increased seed yields, numbers, and weights of seed 

heads of 'King Ranch' old world bluestem (B. ischaemum var. songarica), especially 

when N fertilization was accompanied with potassium and P supplements. Nifrogen 

fertilization was found to be most effective at rates of 85 and 110 kg ha' . 

Plant-animal interrelationships 

Several studies evaluated performance of old world bluestems under grazing. 

Objectives of the current research did not include grazing experiments; however, 

literature regarding effects of herbivores on plant physiology and morphology shall be 

reviewed. 

Ackerman et al. (2001) determined live weight gains of light and heavy calves 

grazing Plains old world bluestem at three stocking rates. During their sttidy, heavy 
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steers had greater average daily gains than light steers during both years of the 

investigation in 1997 through 1998 at the Bluestem Research Range near Stillwater, 

Oklahoma. Forage intake expressed as percentage of body weight was greater for light 

weight steers with 3.1% vs. heavy weight steers with 2.8%. Observed CP was slightly 

greater in pastures stocked with heavy weight steers than light weight steers. 

Forage intake was also investigated by Forbes and Coleman (1993), addressing 

additionally the ingestive behavior of cattle grazing Caucasian and Plains old world 

bluestem. In their study, pastures were grazed from mid-May to late September by steers 

with an initial weight of approximately 250 kg. Results showed that sward heights had 

little influence on organic matter intake or ingestive behavior. However, total green leaf 

proportion, leaf proportion, herbage mass, and green mass had more effect. Additionally, 

the proportion of green leaf in the sward had the most influence on digestibility. As 

proportion of green leaf and herbage mass increased, intake per bite and grazing time 

increased also. 

Plains bluestem was subjected to frontal, continuous, and rotational stocking by 

Volesky et al. (1994). These authors found no differences in season-long daily gains 

under frontal grazing compared to continuous stocking. However, gains were found to be 

increased under rotational stocking. Additionally, frontal grazing provided 

approximately 100 more steer-days ha'' of grazing compared with the other grazing 

freatments. Despite more grazing days, steer production was not different among 

freatments and averaged 296 kg ha"'. 
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In an investigation conducted by Gillen et al. (1999), old worid bluestem WW-

Iron Master, eastem gamagrass, and a native grass mix (sideoats grama, sand bluestem 

[Andropogon hallii], and little bluestem [Schizachyrium scoparium]) were sequentially 

grazed by crossbred beef steers to evaluate usefulness of combining native and 

infroduced warm-season grasses to lengthen the period of rapid livestock gain. The two 

systems, eastem gamagrass + old world bluestem and native mix + old world bluestem, 

showed no differences in steer weight gain over the entire grazing season of 103 days, 

averaging 1.02 kg head'' day"' in both systems. However, steer gain was found to be 

higher on native pasture than eastem gamagrass in the late grazing season. 

Gillen and Berg (2001) evaluated confrasting herbage production characteristics 

of native pasture and old world bluestem for incorporation into complementary grazing 

systems. In their study, no effect on frequency of occurrence of any plant species was 

detected between the native pasture and old world bluestem pastures comprised of Spar 

and Iron Master. These authors reported higher individual steer gain in the native pasture 

during winter and early season, but gain was greater in the old world bluestem-native 

system when steers grazed old world bluestem in June and July. Over the entire season, 

steers in the native pasture gained 13.5 kg head"' more than in the old world bluestem-

native system. Total livestock production ha'' was higher in the latter one with 47 vs. 77 

kg ha'', however. Despite higher production, the authors found evidence that the old 

world bluestem-native system was economically inferior compared with the native 

system alone due to an approximately four-fold greater of cost for old worid bluestem 

pastures. 

45 



The relationship between forage characteristics and animal productivity was 

investigated by Coleman and Forbes (1998). In a grazing study conducted at the USDA-

ARS research station in El Reno, Oklahoma, the influence of differences in herbage mass 

and sward height of Caucasian and Plains bluestem on rate of daily gain was analyzed. 

Under grazing regimes featuring high, medium, and low herbage mass, higher daily gains 

were achieved under a medium regime with 5.0 animals ha'' than under a high (4.2 

animals ha"') or low (7.0 animals ha"') herbage mass grazing regime. Daily gains under a 

medium regime were 0.8 kg in comparison to a high herbage mass grazing regime that 

resulted in a gain of 0.7 kg with a stocking rate of 4.2 animals ha''. In general, animal 

performance was improved when Caucasian bluestem was managed with high herbage 

mass grazing regimes than with low herbage mass grazing regimes. 

The influence of grazing pressure on rooting dynamics of Caucasian bluestem 

was investigated by Svejcar and Christiansen (1987b). Variable stocking was used to 

maintain heavy and light grazing freatments from mid May to late September from 1983 

through 1985. Data generated by these authors suggested that measured peak root mass 

in lightly vs. heavily grazed swards increased over time. In 1983,27% less root mass in 

heavily grazed paddock compared to lightiy grazed freatments was observed. In 1984, 

this percentage increased to 46%. The same tendency was observed regarding root length 

density. Total root length for heavily grazed swards was 33 and 45% less than for lightly 

grazed swards in 1983 and 1984, respectively. Despite variable climatic conditions, total 

root length at end-of-season over the course of all 3 yr of investigation showed only little 
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differences with 15 to 18 and 24 to 28 km length to a depth of 60 cm per m"̂  

respectively. 

Soil quality in grasslands 

With its relative position to the sun, planet Earth had tiie optimum conditions to 

support life, which it has for about 70% of its life-span (Groombridge and Jenkins, 2002). 

Additionally, the permanent presence of liquid water on earth's surface was fiindamental 

for supporting lasting life. Moreover, the current presence of large amounts of oxygen 

(O2) in the atmosphere is entirely the result of 02-releasing photosynthesis by 

cyanobacteria that started about 2 billion years ago. With the addition of carbon (C)—an 

element able to build long chains and rings that bind to each other (Nultsch, 1996)— t̂he 

essential chemistry for life was provided. Groombridge and Jenkins (2002) pointed out 

that living organisms are essentially systems of organic molecules in an aqueous solution. 

Indeed, on an average 70% of the cell is water, whereas the remaining part consists of 

compounds that are comprised of hydrogen (H), O2, C, and N. 

Even though plants do not take up C from the soil solution, compounds containing 

C in the lithosphere are intrinsic to plant growth and were decisive in the development of 

life on earth. The upper part of the lithosphere (earth's cmst) features a thickness of 5 to 

60 km that in comparison would reflect a thickness of 0.3 to 4.7 mm in a model of the 

earth with a diameter of 1 m (Kuntze et al., 1988). The evolution and adaptation of flora 

and fauna was inherently connected to the presence of C in soils in form of living and 

dead organic matter (OM). According to Kuntze et al. (1988), OM is comprised of 44-
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58% C, 0.5-4% N, 42-46 O, and 6-8% H. Decomposed components of plant and animal 

origin are called humus (Latin = moist, fertile soil). Physical, chemical, and biochemical 

characteristics of soils are influenced by the presence of OM much more than by the 

same amount of clay minerals (Kuntze et al., 1988). Lange (1985) specified the 

flammability of OM as a major distinction to inorganic soil particles. He additionally 

referred to the content of OM as a classification characteristic between mineral and peat 

bog soils. The former contain up to 30% OM, with most of them having OM contents 

between 1 and 4%. Conversely, peat bog soils can accumulate up to 95% of OM. 

With increased human impacts on biota caused by industrialization, land use 

change, and population growth, it became evident that human beings contribute to the 

release of so-called greenhouse gases. These gases, such as CO2, CH4, and N2O, are able 

to enhance warming of the atmosphere. Even though the warming frend over the last 50 

yr can be attributed in part to the inert variability of the climate, there is little doubt in the 

scientific community that these temperature changes are likely to be caused also by 

humans (National Research Council, 2001). Additionally, the warming frend is expected 

to continue throughout the current centijry. The National Research Council (2001) 

concluded that, based on modeling efforts conducted by the Intergovernmental Panel on 

Climate Change (IPCC), the predicted warming would occur in a range of probably 3°C. 

Abovementioned gases result in different climate forcing. Carbon dioxide expresses a 

higher forcing with 1.3 to 1.5 Watts (W) m"̂  than CH4 (0.5 to 0.7 Wm )̂ and NO (0.1 to 

0.2 Wm )̂. The approximate removal times also shows great variety. The National 
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Research Council (2001) indicated that CO2 and N2O will be removed only in more than 

100 years; meanwhile CH4 has a removal time of about one decade. 

Burke and Lashof (1990) reported in more detail the contribution of agricultiiral 

activities to the release of greenhouse gases into the atinosphere. They indicated based 

on data available from ice cores that increased CO2 amounts in the atmosphere coincided 

with deforestation and biomass buming that began to a greater extent in the eariy 1800s. 

Deforestation mainly contributes to CO2 release due to oxidation of OM in the soil. In 

converting forestland to cropland, C storage is depleted, because forest ecosystems store 

about 20 to 100 times more C per unit area than crop land. Conversely, biomass burning 

predominantly contiibutes about 10 to 20% of the total annual CH4,20 to 40% of CO, 5 

to 15 N2O, and 10 to 35 NOx emissions. Even though methane is present in the 

atmosphere at a relatively low amount, the current annual growth rate of CH4 with 1.1% 

is higher than the growth rate of CO2 with 0.4%. Because of the differing concenfration, 

the growth rate of CH4, while taking into consideration its climate forcing, is 

approximately equivalent to 0.15% of CO2 (Taylor and MacCracken, 1990). According 

to Burke and Lashof (1990), global emissions of methane have their origin in natural 

sources (115-345 Tg; 1 Tg = I teragram = lO'̂  g), rice production (60-170 Tg), biomass 

buming (50-100 Tg), domestic animals (65-100 Tg), fossil fuel production (50-95 Tg), 

and landfills (30-70 Tg). 

Enhanced understanding of global C dynamics and increasing knowledge about 

biomass and OM accumulation in soils led to the hypothesis that cropping systems as 

well as grazing lands can serve as C sinks. Lai et al. (1999) pointed to several 

49 



management opportunities to improve C accumulation in cropping systems. Among 

those are erosion confrol and water management, nutrient management, conservation 

tillage and residue management, conservation buffers, and winter cover crops. They 

concluded from their findings that the overall potential of U.S. cropland to sequester 

carbon is in the magnitude of 75 to 208 MMTC yr"' (MMTC = million metric tons 

carbon). Furthermore, these authors estimated that bio-fuel use can offset an additional 

32 to 38 MMTC yr"'. Also, reduction of C from eroded sediments could account for 12 

to 22 MMTC yr"'. Considerable evidence exists to support the positive effects of 

conservation tillage. Reicosky (1997) compared tillage-induced CO2 emissions from soil 

under moldboard plow only, moldboard plow plus disk harrow twice, disk harrow and 

chisel plow using standard tillage equipment following a wheat (Triticum aestivum L.) 

crop compared with no tillage. Measurements of C flux were conducted with a chamber 

5 min after tillage and were continued intermittently 19 d. Reicosky's (1997) findings 

revealed that tillage conducted with a moldboard plow resulted in a 13.8 times higher 

CO2 loss versus the no-till area. The author of this study concluded that due to the 

reduced mechanical disturbance and reduced air-filled macropores under no-tillage and 

conservation tillage oxidation of biomass is reduced. Effects of such no-till sfrategies 

were put in broader prospect by Gaston et al. (1993). Their investigation focused on the 

potential to sequester C in agricultural soils of the former Soviet Union. In their 

evaluation of all 211.5 million ha of agricultural soils, about 181 million ha were 

identified as suitable for no-till practices. A complete conversion of tiiis land to no-till 

management would sequester 3.3 Gt (Gt = gigaton) C. However, this is only roughly one 
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third of the originally lost 10.2 Gt after the onset of cultivation. Adverse effects of tillage 

witii regard to CO2 loss were also found by Kessavalou et al. (1998) on a location in 

Sidney, NE. Cropping, tillage, with-in field location, soil temperatiire and water filled 

pore space influenced greenhouse gas flux under a long-term winter wheat-fallow 

rotation system under no-till and mechanical tillage. The mean CO2 flux from the 

interrows in the wheat-fallow system was measured with 6.9 to 20.1 kg C ha"' d"'. These 

values increased with degree of tillage. Furthermore, the flux of N2O increased by almost 

100% for tillage during wheat-fallow. Differences regarding seasonal fluxes where 

observed for CO2, CH4, and N2O. Fluxes of these gases were greater in spring and 

decreased steadily towards the end of the growing season. Additionally, loss of 

greenhouse gases was observed to be linearly related to an increase in soil temperature. 

With current on-going discussions regarding method to attenuate greenhouse 

effect, attention also tumed to research on opportunities to sequester C on grazing and 

rangeland. The U.S. features about 336 million ha of grazing land of which about 46% is 

rangeland (Schuman et al., 2002). They estimated that proper grazing management could 

increase soil C storage on rangelands from 0.1 to 0.3 Mg C ha' yr"', and new grassland 

can sequester C even more in a magnitude of about 0.6 Mg C ha"' yr''. Organic C and N 

pools under long-term pasture management were investigated by Franzluebbers et al. 

(1999) in the Southem Piedmont of the U.S. Their findings indicated that grazed tall 

fescue-common Bermuda grass pasttire (20 yr old) had greater soil organic C (31%), total 

N(34%), and soil microbial biomass C (28%) at a depth of 0-0.2 m than adjacent land in 

conservation-tillage cropland (24 yr old). More-over, soil C storage under long-term 
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grazed tall fescue was about 85% of that under forest, while N storage under grazed tall 

fescue exceeded that under forest by 77 to 90%. 

Follett et al. (2001) acknowledged opportunities of grazing land to contiibute to C 

sequesfration. According to their findings, cropland converted to pasture would result in 

2.0 to 5.8 MMTC yr"'; the conversion from forest to pasture would accumulate an 

additional 0.05 to 0.1 MMTC yr''; establishment of CRP may result in 8.8 to 13.3 

MMTC yr''; and soil restoration could contribute with 6.8 to 26.5 MMTC yr"' to C 

sequesfration. 

Nifrogen fertilizer and the form in which it is applied seems also of importance to 

C sequesfration. In an experiment conducted on bromegrass (Bromus inermis Leyss.) on 

a Typic Boroll at Crossfield, Alberta, Canada, Malhi et al. (1997) showed that the 

concenfration of total C in the 0-5 cm soil layer tended to be greater with ammonium 

nifrate and ammonium sulphate than with calcium nifrate, whereas the smallest increase 

was reported for urea. 

Soil C content may also be related to texture classes, especially clay (Percival et 

al, 2000), as indicted by work conducted eariier by Sorensen (1981). However, Percival 

et al. (2000) argued that they found little evidence of a link between long-term soil 

organic C accumulation and clay content. In their investigation on New Zealand soils, 

the main factor confrolling soil C accumulation was chemical stabilization. 

Soil quality characteristics of unmanaged CRP, managed CRP (old worid 

bluestem, B. ischaemum), no-till wheat, and conservation-till wheat were investigated by 

Gilley et al. (1997). Evaluating quality parameters that included water holding capacity. 
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infilfration time, soil electiical conductivity, soil nitrate-N, soil pH, soil respiration before 

and after irrigation, and water filled pore space, Gilley et al. (1997) suggested that, while 

soil properties were similar among freatments and no differences in mnoff were found, 

conversion of CRP to winter wheat resulted in reductions of total N. 

Erosion potential on Pullman clay loams (Torrertic Paleustoll) could increase over 

time after conversion of CRP land to cropland by using differing tilling methods (Unger, 

1999). The author concluded from his results that any of the investigated tiller methods 

(no-, sweep, disk, and moldboard + disk tillage) would not increase erosion potential in 

the short run. In the long-run, however, conservation tillage systems should be applied 

before wind and water erosion become serious. In fact, Dao et al. (2002) observed that 

potential mineralizable C and N was maintained or increased under conservation-tillage 

wheat. According to Unger (1999), challenging for producers will be the translation of 

these short-term C and N gains into a long-term increase of organic C. The author 

recommended avoidance of intensive mechanical tillage that would bury the CRP sod 

and, thus, give way to loss of microbially labile C and N pools. 

Enzymatic activity in field and forage crops 

Adaptations of enzymatic functions to environmental temperatures occur in 

diumal, seasonal, and even long-term pattems over centuries (Smimoff, 1995). These 

adaptations were observed in plants and animals alike. Smimoff (1995) reported on the 

temperature dependence of the apparent Michaelis-Menten constants (Km) in fish 

(Trematomas spp.) regarding the affinity of pymvate kinase for phosphoenolpymvate 
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(PEP) that decreased severalfold as temperatiire rose beyond 0°C to up to 20°C. Several 

plant species were investigated regarding enzyme kinetics and their relation to 

temperatiire, including spinach (Spinacia oleracea), com, and cucumber (Cucumis 

sativum; Mahan, 1994) as well as cotton (Burke and Upchurch, 1995) and the forage 

crops sainfoin (Onobrychis viciifolia; Kallenbach et al., 1996) and alfalfa (Kidambi et al., 

1991). However, no information is available regarding the temperature-dependent 

enzymatic activity of old worid bluestems suggested for integration into agricultiiral 

systems located in the Texas High Plains. 

Mahan et al. (1990) addressed in detail the thermal dependence of the apparent 

Km of glutathione reductase (GR) from spinach, cucumber, and com. These authors 

hypothesized that differences in the apparent Km of GRs from these species could be 

related to differing temperatures over a range of 12.5 to 45°C. According to Karlson 

(1988), the apparent Km equals a subsfrate concenfration at which the enzyme reaction is 

half the maximum velocity. Thus, a low Km is indicative for the level of oxidative 

sfresses that result from high or low temperatures (Mahan, 1994). The study conducted 

by Mahan et al. (1990) indicated that lower enzymatic activity in com and cucumber is 

linked to a defined range of temperatures, while for spinach such a thermal kinetic 

window could not be established. This species had its lowest Km at the lower end of the 

applied 10 to 45 °C gradient. In com and cucumber, lowest values of Km were found at 

30°C and 40°C, respectively. On eitiier side of tiie temperatiare range, with exception of 

spinach, the apparent Km is elevated. Consequently, at temperatiires other then the 

theoretical metabolic optimum temperature as indicated by the lowest measured apparent 
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Km, Sfress would be induced at the cell level beyond those optimum values. In 

establishing the thermal kinetic window, Mahan (1990) followed the approach by Teeri 

(1980) who suggested that changes less than twofold in the Km will not impair 

significantly enzyme function. Therefore, temperature range in which plant-metabolic 

activity shall be in its optimum is < 16°C for spinach, 23 to 32°C for com, and 35 to 

41°C for cucumber. However, Mahan (1990) suggested caution in defining stiict limits 

of optimum temperatures for the investigated species. He proposed that the thermal 

kinetic window for each species gives an indication about the temperature range over 

which a fransition of normal to abnormal metabolic fianctions may be observed. Based 

on their findings, the author suggested that thermal dependencies of the Km of glutathione 

reductase may serve to assess the environmental adaptability of plant species. Evidence 

for this theory was already provided by Burke et al. (1988), who suggested existence of a 

linear relationship between the time wheat and cotton foliage temperature were within the 

thermal kinetic window and plant biomass production. Further evidence of a temperature 

effect on the metabolic rate was found by Kallenbach et al. (1996). In their study on 

regrowth patters of sainfoin after periods of elevated temperatiu-es, the authors found 

evidence that increased air and soil temperature in magnitudes of 10 to 35 °C could reduce 

biomass growth by as much as 98%, while metabolic rates of leaves and roots increased 

two- to five-fold. 

The tiiermal dependence of glutathione reductase is also apparently linked to 

infra-species ploidy levels, as data by Kidambi et al. (1991) showed. In their shidy, 

variations for diploid and tefraploid alfalfa were found for the minimum apparent Km 
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(0.53 and 4.14 îNADPH, respectively), the temperature at which the minimum Km was 

observed, and the width of the thermal kinetic window. In conclusion, these authors 

suggested that diploid forms of alfalfa perform better under a narrower range of 

temperatures than tefraploid cultivars. 

The concept of the thermal kinetic window and optimum temperature can also 

have implications conceming root groxvth in crops. Burke and Upchurch (1995) showed 

that the practice of irrigating cotton to alleviate drought sfress may have adverse effects 

on root development. These authors found evidence that irrigation can lower soil 

temperatures below the optimum metabolic temperature of cotton and, therefore, impede 

root growth. Furthermore, greater root length density was found under non-irrigated 

freatment that was additionally associated with an increased time within the range of 

optimal temperatures. The authors concluded that low-temperature stress may ultimately 

result in decreased water and nutrient availability especially in environments with 

relatively low soil temperature such as in the Soutiiem High Plains. A close relation 

between cotton seedling emergence and reaction rate of seedling malate synthase was 

observed by Mahan (2000) that additionally enhances importance of optimal soil 

temperatures for emergence and growth. 

Temperature-dependent plant metabolic efficiency can also be related to tiie 

variable fluorescence. Several authors (Berry and Bjorkman, 1980; Havaux and 

Lannoye, 1983) described the usefiilness of plant fluorescence as an indicator for 

metabolic activity. Additionally, Peeler and Naylor reported on temperahire dependence 

of recovery of the variable fluorescence (Fv) of the photosystem II (PSII). These authors 
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suggested that chilling temperatiires may have delayed the restoration of Fv in cucumber 

as a result of slowing metabolic processes. Also, Schreiber and Berry (1977) observed 

heat damage in photosynthetic tissues to be correlated with an increase in the non-

variable fluorescence (Fo). Burke (1990) proposed that, because of the suggestion that 

fluorescence may reflect the temperature response of metabolic processes, the ratio of 

Fv/To may give an indication of optimum temperature of plant metabolism. Burkes paper 

(1990) regarding variation among species in temperature dependence of reappearance of 

variable fluorescence following illumination provided evidence that cool- and warm-

season species feature unique temperature characteristics for the recovery of the 

photosynthetic system II (PSII) Fv after illumination. Moreover, the resulting optimum 

temperatures for the plant-metabolic activity fell in line with previously determined 

thermal kinetic windows for the same species (wheat, cotton, tomato [Lycopersicon 

esculentum], bell pepper [Capsicum annuum], and petunia [Petunia hybrida]). In 

Burke's study (1990), fluorescence fransients were obtained at 5-min intervals from 

tissues placed on small heater blocks with temperature gradients from 15 to 45°C. 

The findings by Burke (1990) were supported by data generated by Ferguson and 

Burke (1991), who suggested that the plant-metabolic optimum temperature as indicated 

by variable fluorescence is not altered by previous exposure to variable environmental 

temperatures. The practical implication of temperature-dependent metabolic activities 

was shown by Light et al. (1999). These authors argued that efficacy of the herbicide 

pyrithiobac depended on environmental temperahire at time of application in palmer 

amaranth (Amaranthus palmeri). According to their findings, weed confrol with 
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pyrithiobac was acceptable at application temperatures of 20 to 34°C. The authors based 

their evidence on thermal dependence of/« vitro inhibition of acetolactate synthase 

(ALS), which is the site of action for pyrithiobac. Other authors (Wanjura et al., 1989, 

1988) used optimum temperature of cotton as a model to develop an irrigation system 

that supplies water to the crop when time of sfress beyond plant-metabolic optimum 

temperature exceeded a certain period of time. Comparing two irrigation methods based 

on the theory of thermal kinetic window and replenishment of soil water, Wanjura (1988) 

found that the TKW procedure that was based on canopy temperature resulted in earlier, 

more frequent, and smaller quantity irrigations than the procedure that used soil moisture 

status as criterion. 

Objectives of research 

The preceding review of literature indicated that little information was found 

regarding water use efficiency ofB. bladhii, B. caucasica, and B. ischaemum. Published 

research referred mainly to areas outside the Texas High Plains. Also, there was almost 

no information available on the water use, nutritive value, and plant morphology ofB. 

bladhii in relation to B. caucasica and B. ischaemum compared at one location under 

field conditions that would have allowed us to draw conclusions regarding the suitability 

of these species for the Texas High Plains. 

Thus, our objectives were to test these old world bluestem species regarding their 

water use efficiency and define optimum irrigation levels for forage production ofB. 

caucasica, B. ischaemum, and B. bladhii. Water use efficiency, chemical composition. 
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plant morphology, and seed yield were determined. Additionally, the optimum metabolic 

temperature and metabolic activity under heat sfress was examined. Furthermore, the 

accumulation of soil organic carbon (SOC) at the end of the experiment was tested, and 

rooting distiibution in B. bladhii were also investigated. 

Based on information in the literature and current experience with old world 

bluestems in CRP programs and in forage production systems in the Texas High Plains, 

our hypothesis was that differences in WUE exist among these species. Specific research 

objectives included: 

1. Determination of dryland (no irrigation), low, medium, and high irrigation levels 

on water use efficiency, DM yield, soil water content, relative water content of leaf 

tissue, canopy light interception, and economic retums of irrigation input; 

2. Investigating effects of the same irrigation levels on forage nutiitive value and 

morphology; 

3. Estimation of the optimum metabolic temperature and fitness imder heat sfress of 

these three species; 

4. Determination of the SOC content under all species-irrigation level combinations; 

and 

5. For B. bladhii specifically to determine tiller dynamics and rooting distiibution 

through the soil profile as influenced by water freatinents. 
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CHAPTER III 

INFLUENCE OF REPLACMENT OF POTENTIAL EVAPOTRANSPIRATION 

ON WATER USE EFFICIENCY, DRY MATTER YIELD, AND CANOPY 

CHARACTERISTICS OF Bothriochloa caucasica. 

B. ischaemum, AND B. bladhii 

Absfract 

Information on water use efficiency (WUE) of forage grasses is needed to select 

appropriate species for improved productivity in semi-arid environments. To test the 

hypothesis tiiat differences in WUE among species exist, stands of three old worid 

bluestem (Bothriochloa) species ('Dahl' [bladhii]; 'Caucasian' [caucasica]; and 'Spar' 

[ischaemum]) were surface drip-irrigated with low, medium, and high watering levels, 

and a dryland freatment, to determine WUE and dry matter (DM) yield in 2001, 2002, 

and 2003. Water applied in the high freatment was 100% replacement of potential 

evapofranspiration (PET) minus precipitation. Medium and low freatments were spaced 

evenly and calculated as 66 and 33% of the high freatment; the dryland freatment 

received no irrigation (0%). Relative water content (RWC) and canopy light interception 

and reflection as affected by water freatments were also investigated. Each species and 

water freatment was replicated three times in a complete randomized block design with a 

split plot arrangement of water freatments. In 2001 and 2002, no differences in WUE 

among species were found, but total seasonal DM yield of Dahl and Caucasian exceeded 

Spar at every water treatment. Average DM production per mm of irrigation water 
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applied in 2001 and 2002 was 19.0, 19.3, and 16.6 kg ha"' for Caucasian, Spar, and Dahl, 

respectively. In 2003, Caucasian produced 16.9 kg ha"' mm"', differing (P < 0.05) from 

Spar (7.4 kg ha"' mm"') but Dahl (12.4 kg ha"' mm"') was not different from either 

Caucasian or Spar. Maximum yield was obtained with Caucasian under high irrigation 

(18.0 Mg ha"') vs. Dahl (15.2 Mg ha"') and Spar (12.55 Mg ha"') averaged through all 

years. Averaged across species, RWC was 44, 73, 82, and 87% for dryland, low, 

medium, and high irrigation, respectively. Canopy light interception was enhanced with 

increasing irrigation levels while reflection of light from canopies decreased. Both 

Caucasian and Dahl bluestem appear to be viable choices in the Texas High Plains for 

forage production under irrigation but Caucasian appeared more productive under 

dryland conditions than either Spar or Dahl. 

Infroduction 

Water use efficiency of forage grasses is cmcial in determining species suitable 

for implementation into forage/livestock systems in semi-arid environments. Kramer and 

Boyer (1995) defined WUE as DM yield per ha divided by the amount of water added to 

achieve that yield. Other authors (Coyne et al., 1982; Stout et al., 1986) inferred WUE 

from plant-physiological parameters such as gas exchange and leaf water relations. Old 

world bluestem species (Bothriochloa spp.) are widely grovm in the semi-arid Texas 

High Plains but information is lacking conceming their water use - yield relationships 

under semi-arid conditions when compared at one location. 
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An overview regarding potential DM yields of 5. ischaemum and B. caucasica 

was provided by Hodges and Bidwell (1993), highlighting a 10 to 20% higher 

productivity of'Caucasian' bluestem (B. caucasica) compared with ischaemum types. In 

their research, WUE was expressed as above-ground DM yield obtained per unit of water 

added. The more recently released old worid bluestem B. bladhii showed higher DM 

yields under dryland conditions than a variety of warm-season grasses as indicated by 

Sanderson et al. (1999) in cenfral Texas. These grasses included weeping lovegrass 

(Eragrostis curvula), kleingrass (Panicum coloratum), tufted digitgrass (Digitaria 

eiantha), buffelgrass (Cenchrus ciliaris), flaccidgrass (Pennisetum flaccidum), Wilman 

lovegrass (Eragrostis superba), and Oriental pennisetiim (Pennisetum orientale), but no 

comparisons were made with other Bothriochloa species. 

With rising concems regarding sustainability of agricultural systems dominating 

the Texas High Plains due to declining supply of irrigation water, introduced warm-

season grasses such as Bothriochloa species may offer altematives for designing viable 

crop/forage/livestock systems. A variety of species, primarily ischaemum types, were 

groxvn widely on Conservation Reserve Program land to minimize soil erosion and 

degradation. Previous research showed that B. bladhii can serve as a key component in 

fiinctioning crop/forage/livestock systems while reducing water and fertilizer needs 

(Allen, 1999). This species is well adapted with higher animal gains than ischaemum 

types (Niemann et al., 2001; Niemann, unpublished data, Texas Tech University). 

Altematively, B. caucausica is perhaps more cold tolerant given its origin and could be 

an altemative for areas fiirther north in the Southem High Plains. 
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Declining water reserves in the Ogallala Aquifer require research efforts to find 

solutions for altemative agricultiiral systems. The Southem High Plains of Texas may be 

environmentally well suited to establish forage-based systems while reducing overall 

water use. However, little is known regarding water use of old worid bluestems grown 

under conditions of the Texas High Plains. Thus, our objective was to test B. caucasica, 

B. ischaemum, and B. bladhii regarding their WUE, DM yield, and canopy 

characteristics. 

Materials and methods 

This research was conducted for 3 yr, 2001 through 2003, at the Texas Tech 

University Field Research Laboratory located in north east Lubbock County (101° 47' 

west longittide; 33° 45' north latitiide; 993 m elevation). Soil at the research site was a 

Pullman clay (Fine, mixed, super active, thermic Paleustoll) with a bulk density of 1.2 

Mg m"̂  for the 0.0-0.3 m̂  soil layer and 1.49 Mg m"̂  for the 0.3-1.0 m layer (Baumhardt 

et al., 1995). The area has a semiarid climate with an annual mean precipitation of 470 

mm and an average air temperature of 15.5°C. The landscape was nearly level witii 0 to 

1% slope (USDA, 1979). Monthly precipitation during the period of investigation is 

displayed in Fig. 3.1. 

Existing stands of'WW-B. Dahl' (B. bladhii), Caucasian, and 'WW Spar' (B. 

ischaemum) old world bluestem were used. There were three replications of each forage 

freatment in a complete randomized block design. These forages were established in 

1996 in paddocks (0.07 ha per replication) that were used in a grazing experiment with 
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lambs during 3 yr (1998-2000; Niemann et al., 2001). Grazing was terminated in Sep. 

2000. 

Thus, in the current experiment, the three forages were replicated three times in a 

complete randomized block design as described by Niemann (2001). Water freatments 

included 'dryland', and 'low', 'medium', and 'high' irrigation levels. Amount of water 

applied in the high freatment was 100% replacement of PET minus precipitation. 

Medium and low freatments were spaced evenly and calculated as 66 and 33% of the 

high freatment; the dryland freatment received no irrigation (0%). Average amount of 

total water supplied (irrigation plus precipitation) during yr 2001-2003 was 421, 685, and 

928 mm for irrigation levels low, medium, and high, respectively. Dryland sites received 

an average of 154 mm of precipitation. These amounts were equivalent to 15,44, 72, and 

98% of PET in dryland and irrigation levels low, medium, and high, respectively. 

Amounts of precipitation, irrigation, and soil water depletion for each water freatment 

during 3 yr of research are displayed in Fig. 3.2. Water freatinents were located within 

each species replication in sequence to minimize micro-climatic alteration among 

experimental units in a non-randomized split plot arrangement. Each irrigation freatment 

plot was lOby 15 m. 

In June 2001, plots, except those assigned as dryland, were equipped with 10 

lines of 16-mm irrigation ttibing produced by Eurodrip (San Diego, CA) with a 457-mm 

emitter spacing and a delivery rate per emitter of 1.52 L h"'. The distance between 

irrigation tiibes was 1 m. An appropriate pressure of approximately 207 kPa to mn the 

irrigation system was maintained by pressure valves, which were connected to 
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flowmeters tiiat allowed accurate monitoring of the amount of delivered water. Water 

freatments began in spring with emergence of photosynthetically active tissues and ended 

in autiimn with occurrence of first frost, with the except for yr I that began 21 June 2001, 

following installation of the irrigation system. 

In 2001, the initial year, N (60 kg ha"') as urea was applied in early August with a 

hand-held applicator. In 2002 and 2003, N (60 kg ha"') was applied at the beginning of 

the growing season and again in August. Nifrogen application in spring was supplied to 

all plots by means of an existing undergroimd drip irrigation system while in August, N 

was applied with a hand-held applicator. After resuming irrigation freatments in spring 

2002, need of cleaning the surface drip system arose due to an infestation with algae 

located inside drip tapes and emitters. The system was cleaned with a solution containing 

N, effectively increasing total N applied to 140 kg N ha"'. Thus, in autumn of 2002 only 

30 kg N ha"' was applied. In August 2003, 60 kg P2O5 ha"' as triple-super-phosphate 

were applied to meet soil test recommendations. Fertilizer applications were constant 

across all freatments, although it was recognized that fertility requirements, particularly 

N, are related to moisture availability. 

Measurement of WUE required calculation of PET, the amount of water input 

(mm) throughout the growing season, precipitation, soil moisture, and above-ground 

biomass expressed as DM yield (kg ha''). Daily PET values were obtained from weather 

data using the Penman-Monteith equation (Allen et al., 1998) measured at the Texas 

Agriculture Experiment Station, which was located approximately 6 km in a south-

westem direction of the research site. Amount of precipitation was measured with 2 
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gauges installed approximately 150 m apart at the south-west and north-east comers of 

the research site and averaged. Precipitation was used to calculate replacements for the 

high treatment adjusted by amount of rainfall during each irrigation period of 1 wk. 

Irrigation started at the same time of the day with application length chosen according to 

amounts of water needed to replace deficits for the different freatments. 

Each year, soil moistiore was measured gravimetrically at the beginning of April 

and end of October to determine soil water depletion. One soil sample to a depth of 1 m 

in 20-cm increments was taken from each plot with soil augers specified for dry soil 

(JMC Backsaver Handle, Clements Associates, Inc., Newton, lA; Eijkelkamp Agrisearch, 

Giesbeek, The Netherlands). Gravimetric soil samples were placed in plastic bags, 

sealed, and stored in a cooling room with a temperature of 4 °C imtil further analysis. 

Soil moisture was determined gravimetrically. Approximately 35 g of soil was oven 

dried at a temperature of 105 °C for at least 24 h or until constant weight was reached and 

weighed (± 0.0001 g) again to obtain gravimetric water content. Volumetric water 

content values were obtained using soil bulk density values given by Baumhardt et al. 

(1995), which were measured at this site. 

Above-ground biomass was determined by clipping three, 1.0 x 0.5-m quadrats 

randomly from within each freatment area in mid-July at hay cut stage and at the end of 

the growing season to estimate total seasonal DM yield and WUE. Clipping height was 

maintained at 8 cm. Forage from the entire experimental area was removed immediately 

after determining amount of above-ground biomass in July by harvesting with a fractor-

mounted shredder. All harvested forage was removed as hay. Standing biomass in 
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autiimn remained until removed in March, prior to spring growth with the same 

procedure as described above. Stubble height after harvest in July and Mar. was about 8 

cm. Biomass plant samples were weighed (± 1.0 g) in the field immediately after 

clipping, oven dried (at 55 °C) and weighed again after drying to constant weight to 

calculate percentage moisture and total above-ground biomass production. Biomass for 

the growing season was expressed as DM yield ha'. 

Water use efficiency was calculated by using measured total seasonal DM yield 

during the growing season divided by the amount of water used to obtain this yield. 

Water amount was calculated by measuring irrigation water applied throughout the 

growing seasons plus precipitation and soil water depletion. Soil water depletion was 

estimated by subfracting water remaining in the soil profile to a depth of 1.0 m at the end 

of the growing season from soil water content at the begirming of the season at the same 

depth. Precipitation that occurred within 2 wks before final above-ground biomass 

harvest was excluded from the soil water balance; likewise, any precipitation that 

occurred between biomass harvest and time of soil sampling was also subfracted. Thus, 

WUE was calculated as: 

WUE = DW, 

where D = total seasonal DM yield in kg ha', and W = (precipitation + irrigation + soil 

water depletion) in mm measured for each irrigation level and dryland during the 

growing season. Additionally, the slope of WUE was calculated from the increase in 

total seasonal DM yield per increment in irrigation level. 
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Also, forage mass (FGTC, 1992) based on DM was determined in May, June, 

August, and September by clipping two, 0.5 by 1.0-m quadrats randomly from within 

each freatment. Drying procedures were similar to those used for determination of WUE 

and total seasonal DM yield. 

Relative water content was determined weekly during the first year of 

investigation. Approximately 10 leaves per plot selected from locations close to drip 

tapes were collected around solar noon and fransferred immediately to airtight plastic 

bags and stored in a cooler for fransport to the laboratory. Leaves were cut at ground 

level well below the crovm to reduce franspiration and water loss during transportation. 

Upon arrival at the laboratory, two leaf blades per sample were cut to a length of 

approximately 10 cm and weighed (± 0.0001 g) in fresh condition. Leaves were then 

fransferred into glass tubes filled with ulfra-pure water to a height of 3 cm and hydrated 

for 24 hr under dark conditions and at a temperature of 4°C. Weight of leaves at fiill 

turgor pressure was determined after 24 hr of hydration. Dry weight was obtained by 

subsequently placing the glass tubes containing hydrated tissues into a forced draft oven 

for 24 hours at 60°C. Thus, relative water content was calculated as 

RWC = (FW-DW)/(TW-DW), 

where FW = fresh weight (g), TW = weight at frill turgor pressiu-e (g), and DW = dry 

weight (g). 

Solar irradiance was measured during the second half of the growing season in 

2002 and during the full growing season in 2003. Measurements were taken at least once 

a month, matching biomass harvest if light situation and cloudiness permitted recording 
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of radiation data. Using an AccuPar light interception device (Decagon Devices, Inc., 

Pullman, WA), photosynthetically active radiation (PAR) was measured above and below 

tiie canopy at four different locations assigned randomly within each plot. Additionally, 

the same device was used to measure canopy light reflection by taking four random 

measurements from each plot. Data were recorded during approximately 1 hr, i.e., 30 

min before and after solar noon. 

Effects of species and water treatments on response variables were determined by 

analyzing variances within and among freatments (Steel and Torrie, 1960). The Proc 

GLM procedure of SAS (SAS Institute, 1998) was used to calculate slope of WUE and to 

determine linear, quadratic, or cubic effects (orthogonal polynomials) of water freatments 

on RWC, canopy light interception and reflection. The Proc GLM procedure was also 

used to analyze species effects on forage mass and water freatment effects on soil water 

content. The Proc Mixed procedure was used to determine species effects on total 

seasonal DM yield. This procedure was also used to determine effects of water 

freatments on WUE within each species. 

Results 

Water Use Efficiency 

Slope of WUE for each species was analyzed separately by year due to 

differences in length of growing season and annual precipitation and distinct responses of 

species above-ground biomass accumulation to water application. Results from 2001 

suggested that B. caucasica (18.4 kg ha'' mm'') and B. bladhii (19.4 kg ha"' mm"') were 
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1 »v,™-l 

mm 
similarly efficient in water use (Fig. 3.3). For B. ischaemum, a slope of 14.5 kg ha 

was observed. There were no differences among species at P < 0.05. In 2002, WUE was 

19.5, 16.3, and 19.3 kg ha"' mm"' for 5. caucasica, B. ischaemum, and 5. bladhii, 

respectively. Again, no differences were observed among species at P < 0.05. However, 

in 2003, WUE ofB. caucasica (16.9 kg ha"' mm"') was different (P < 0.05) from B. 

ischaemum (7.4 kg ha"' mm"'). Bothriochloa bladhii had a WUE of 12.3 kg ha"' mm"' in 

the last year of the experiment and did not differ (P > 0.05) from either of the other 

species. 

Differences (P < 0.05) in WUE among water freatinents within species freatinents 

were observed for yr 2001,2002, and 2003 (Fig. 3.4). Interactions were present due to yr 

1, thus, yr 1 was analyzed separately. In B. caucasica, both low and medium irrigation 

levels were similar, but differed (P < 0.05) from both dryland and high irrigation level. 

In B. ischaemum, high irrigation level resulted in higher WUE than under any other water 

freatinent (P < 0.05). Additionally, WUE observed under low irrigation was different (P 

< 0.05) from the medium irrigation level. In B. bladhii, fiill irrigation resulted in higher 

(P < 0.05) WTJE than under any other water freatment. Also, both dryland and medium 

irrigation level resulted in higher (P < 0.05) WUE than under low irrigation. In yr 2002 

and 2003 that represented full seasonal irrigation, no interaction by year was observed 

and data were combined. In general, reverse observations were made regarding WUE 

among water freatments within species freatments. In B. bladhii, low and medium 

irrigation were similar in WUE but differed (P < 0.05) from both dryland and high 

irrigation level. In B. caucasica, low irrigation resulted in higher (P < 0.05) WUE than 
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observed under high irrigation and dryland which were similar. In B. ischaemum, 

dryland, medium, and high irrigation level were similar, while WUE under low irrigation 

differed (P < 0.05) from dryland and high irrigation level. 

Total seasonal DM yield and forage mass 

Data suggested that effects of freatinents depended on year of the experiment, 

tiius, years were analyzed separately (Fig. 3.5). In yr 2001, both B. caucasica and B. 

bladhii appeared to outyield B. ischaemum under all water freatinents, but differences 

were not significant at P < 0.05. In 2002, total seasonal DM yields were higher because 

of a longer irrigation period than in the first year when installation of the irrigation 

system was in progress. Differences (P < 0.05) among species were observed only at 

medium irrigation. Both B. caucasica and B. bladhii had higher (P < 0.05) yields than B. 

ischaemum. With respect to other water freatments, similar tendencies regarding DM 

yield were noted as in the previous year, but again, differences were not significant (P > 

0.05). In 2003, no differences (P > 0.05) were determined at any water freatment. 

Numerically, B. caucasica exceeded the other species by 20 to 40% with increased 

irrigation levels, and with increased sample number significant differences may have 

occurred as suggested by data from forage mass collected each month. 

Monthly forage mass in each year was averaged across the growing season due to 

absence of treatment by month interactions (Fig. 3.6). In 2001, B. caucasica averaged 

higher forage mass under dryland conditions than the other species (P < 0.05). Under 

both medium and high irrigation levels, B. caucasica and B. bladhii had higher (P < 0.05) 
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Figure 3.5. Total seasonal dry matter (DM) yield as influenced by Bothriochloa 
caucasica, B. ischaemum, and B. bladhii under dryland and irrigation levels of low 
medium and high during yr 2001, 2002, and 2003. Species denoted with the same 
letter within a water freatment are not different (P > 0.05). ŜE = standard error of 
the mean. 
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with the same letter within a water treatinent are not different (P > 0.05). ŜE = 
standard error of the mean. 

77 



forage mass than B. ischaemum. No differences (P > 0.05) among species in forage mass 

were observed under low irrigation. In 2002, average forage mass appeared to follow 

pattems observed in total seasonal yield. Bothriochloa caucasica and B. bladhii were 

higher (P < 0.05) in forage mass than B. ischaemum under a medium irrigation level. No 

other differences (P < 0.05) were observed. In 2003, B. caucasica was higher (P < 0.05) 

in forage mass than B. ischaemum and B. bladhii under medium and high irrigation. No 

differences at P < 0.05 were found between B. ischaemum and B. bladhii at any water 

freatment. 

Data regarding forage mass suggested that B. caucasica was higher (P < 0.05) 

than both B. ischaemum and B. bladhii in July, September, and October under low 

irrigation; in September under medium irrigation; and in August and September under 

high irrigation (Fig. 3.7). Additionally, under low irrigation in June, B. caucasica 

differed (P < 0.05) from B. bladhii. Much of the total forage production occurred prior to 

the hay cut in late July. 

Soil volumetric water (SVW) content 

Data for SVW content suggested that water freatinents affected soil water content 

(Fig. 3.8). During the 3 yr of research, there was evidence that SVW content at end of 

the growing season increased according to increments in irrigation levels. However, in 

autiimn of 2002, SVW contents appeared similar across all water treatinents due to a 

precipitation event of 101 mm that occurred 22 Oct. Despite attempts to entirely fill the 

soil profile to field capacity prior to the start of water freatments in spring, effects of 
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Figure 3.7. Monthly forage mass of Bothriochloa caucasica, B. ischaemum, and B. 
bladhii as influenced by dryland and irrigation levels of low, medium, and high. Data 
were averaged across yr 2002 and 2003. Above-ground biomass was removed during 
last wk of July at an 8-cm cutting height. Means with the same letter within a month 
and water freatinent are not different (P > 0.05). tSE = standard error of the mean. 
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these freatments were still apparent. In auttimn of 2001 and 2003, all water freatments 

differed (P < 0.05) from each other. Soil water content at the end of the growing season 

was not affected by species (P > 0.05). Depth effects are indicated in Table 3.1, but 

again, no differences (P > 0.05) were observed due to depth. 

Relative water content (RWC) 

Relative water content of plant tissue was similar among species (Table 3.2) at 

each water freatment. Maximum values of RWC were observed under high irrigation 

levels. An increase of approximately 30% in RWC from dryland to low irrigation level 

was observed. The increase in RWC from dryland to high irrigation became smaller with 

each increment in irrigation level (quadratic and cubic effects, P < 0.05). 

Canopy light interception 

Data for light interception and reflection were averaged across species due to 

similar relationships among species and water freatinents (Fig. 3.9 and 3.10). In yr 2002 

and 2003, fraction of light intercepted by the canopy peaked before the hay cut occurred 

(DOY [day of year] = 212 and 213-214 for yr 2002 and 2003, respectively). As 

expected, pattems of light interception across water freatments after hay cut followed 

those observed in spring. Reverse relationships were observed regarding reflection of 

incoming light. Maximum reflection was observed shortly after hay cut occurred. 

Similar to light interception, reflection was affected by water freatments such that 

reflection of light decreased, relatively, with increasing irrigation levels (linear and 
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Table 3.1. Soil volumetiic water content at end of growing season of yr 2001,2002, and 
2003 as influenced by sampling depth and water freatments of dryland and irrigation 
levels of low, medium, and high. Data were averaged across species Bothriochloa 
caucasica, B. ischaemum, and B. bladhii. 

Year 

2001 

WTt 

Dryland 

Low 

0.0-0.2 

0.08 

0.11 

0.2-0.4 

0.12 

0.15 

Depth, m 

0.4-0.6 

m^ m^ 
0.15 

0.17 

0.6-0.8 

0.14 

0.16 

0.8-1.0 

0.13 

0.14 

SE* 

0.01 

0.01 

Medium 0.15 0.18 0.18 0.16 0.14 O.OI 

High 0.21 0.23 0.26 0.26 0.21 0.01 

2002 Dryland 0.29 0.33 0.35 0.30 0.26 0.02 

Low 0.29 0.32 0.35 0.30 0.28 0.01 

Medium 0.29 0.31 0.33 0.30 0.29 0.01 

High 0.30 0.31 0.33 0.30 0.28 0.01 

2003 Dryland 0.23 0.14 0.14 0.14 0.12 0.02 

Low 0.22 0.17 0.16 0.17 0.15 0.01 

Medium 0.28 0.26 0.24 0.22 0.22 0.01 

High 0.31 0.27 0.26 0.24 0.22 0.01 

tWater freatments 
*SE = standard error of the mean 
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Table 3.2. Relative water content of leaf tissue, influenced by Bothriochloa caucasica, B. 
ischaemum, and B. bladhii, and water freatments of dryland and irrigation levels of 
low, medium, and high. Data were averaged through period of sampling from day of 
year 181 to288 inyr 2001. 

Water freatment 

Dryland 

Low 

Medium 

High 

SE' 

B. caucasica'^ 

47.6 

74.6 

82.8 

87.9 

2.1 

Species 

B. ischaemum 

% 

42.1 

74.6 

82.2 

87.7 

1.7 

B. bladhif 

41.6 

70.7 

81.9 

85.0 

1.8 

SE' 

2.5 

2.2 

2.1 

1.9 

^''Indicates quadratic and cubic effects of water freatments, respectively (P < 0.05). 
'SE = standard error of the mean. 
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Figure 3.9. Canopy light interception and reflection as influenced by dryland, and 
irrigation levels of low, medium, and high in yr 2002. ^Interception is expressed as 
the ratio of intercepted light above vs. below the canopy. Data were averaged across 
species Bothriochloa caucasica, B. ischaemum, and B. bladhii. Hay cut occurred on 
day of year (DOY) 212. *'*''' Indicates linear, quadratic, and cubic effects of water 
freatments within DOY, respectively (P < 0.05). tSE = standard error of the mean. 
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Figure 3.10. Canopy light interception and reflection as influenced by dryland and 
irrigation levels of low, medium, and high in yr 2003. ^Interception is expressed as 
the ratio of intercepted light above vs. below the canopy. Data were averaged across 
species Bothriochloa caucasica, B. ischaemum, and B. bladhii. Hay cut occurred on 
days of year (DOY) 213-214. ^'''''Indicates linear, quadratic, and cubic effects of 
water freatments within DOY, respectively (P < 0.05). tSE = standard error of the 
mean. 
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quadratic effects; P < 0.05) during the second half of the growing season. At end of the 

growing season reflection of light appeared to be similar across water freatments (cubic 

effects; P < 0.05). 

Discussion 

Water use efficiency (WHJE) 

Data suggested that WUE and differences among investigated old world 

bluestems were inconsistent with previous publications. Coyne et al. (1982) indicated 

that WUE of .6. ischaemum was higher than that ofB. caucasica. In presented research, 

B. caucasica was not lower and in fact showed higher (P < 0.05) WUE in 2003 (16.9 kg 

ha"' mm"') than B. ischaemum (7.4 kg ha'' mm''). In 2003, which was drier with 183 mm 

precipitation throughout the growing season versus 2002 with 220 mm precipitation, B. 

caucasica was more than twice as water use efficient as B. ischaemum. 

Kramer and Boyer (1995) suggested that WUE changes with altemating 

environmental conditions. How much the climatic differences among year contributed to 

the decline in Ŵ UE observed in all species in 2003, compared with 2002, is not entirely 

clear. Data analysis revealed that percentage of PET replaced with precipitation was 21 

and 23% for the first half of the growing season in 2002 and 2003, respectively. For the 

second half of the growing season, calculations indicated 17,17, and 8% of PET 

replacement with precipitation for 2001,2002, and 2003, respectively. Because PET 

values and percentages of replacements by rainfall only in spring were similar in 2002 

and 2003 for this part of the growing season, climatic conditions can be considered 
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comparable in both years. However, differences in DM yield in July of 2003 were noted 

compared with 2002. For example, B. bladhii averaged 14 Mg ha'' DM yield under a 

high irrigation level in 2002 compared with 9.0 Mg ha"' in 2003. Dry matter yield ofB. 

ischaemum dropped by approximately 40% from 2002 to 2003, also under high irrigation. 

However, B. caucasica showed similar DM yields under high irrigation with 15.4 Mg ha" 

' and 14.4 Mg ha"' in 2002 and 2003, respectively. Comparison of DM yield observed in 

October of both years showed that B. caucasica had a lower yield in 2003 (5.2 Mg ha'') 

than in 2002 (6.9 Mg ha''), but a decrease in yield was less pronounced than in the other 

species. Bothriochloa bladhii dropped by 40% in DM yield and B. ischaemum by 60 %, 

while B. caucasica reduced its growth by only 25%. Thus, species differences in WUE 

as affected by droughty conditions in autumn of 2003 can be presumed, but it is not clear 

to what extent climatic conditions contributed to this decrease in WUE. 

Results may have also indicated shortcomings of using PET as the sole parameter 

to estimate plant water requirements that were delivered by a surface drip irrigation 

system. It is evident that with enhanced growth of above-ground biomass evaporation is 

reduced, because lower parts of grass swards where drip tapes were located were less 

exposed to radiation and wind and, thus, decreased evaporative demand. In comparison, 

under conditions with less above-ground biomass accumulation, drip tapes were naturally 

more exposed and the ratio of evaporation/franspiration may have increased and, thus, 

affected WUE. Also, PET replacements were not adjusted with crop coefficients, thus, 

disregarding changes in leaf area indices neither during the growing season, nor for 

differences among species. Increased evaporation vs. franspiration ratios may have been 
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the case especially in B. bladhii. Due to the growth pattem of this species with clustered 

plants, soil evaporation probably was enhanced, compared with other old worid 

bluestems that maintained closed swards. 

Higher water use efficiencies in 2002 and 2003 under low and medium irrigation 

levels vs. dryland and high water freatinent indicated that a WUE of approximately 20 kg 

ha" mm" for B. caucasica and B. bladhii may be the maximum under the conditions of 

our research and prevailing climatic conditions in the Southem High Plains of Texas. 

Under a high irrigation level, yield potentials of old worid bluestem are probably limited 

more by above-ground biomass accumulation, which resulted in shading of lower parts of 

the canopy and, thus, kept plant respiration rates and decay of plant parts high enough to 

counter total biomass growth. There was also a very humid microclimate noted under the 

canopy in research units with high irrigation, especially under B. caucasica, that led 

partly to development of fimgus on plant parts located near the soil surface. More 

frequent harvest events or defoliation by herbivores may increase WUE, as shovm by 

Masters and Britton (1988) and Svejcar and Christiansen (1987), due to enhanced leaf 

water potentials and conservation of soil water. 

As a negative result of high irrigation in B. bladhii, above-ground biomass 

accumulation may have shaded lower parts of the plant and, thus, reduced the basal areas 

and increased areas of bare soil. Therefore, after the hay cut, application of large 

amounts of water in these experimental units may have also resulted in large evaporation 

from bare ground. Swards ofB. caucasica appeared to be visually less affected than the 

two other species and swards appeared to be as dense as in 2001 and 2002, whereas 
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swards ofB. ischaemum and B. bladhii appeared visually to thin out, especially in the 

second half of the growing season in the last year of research. However, visual 

observation in spring 2004 suggested greater invasion of cool-seasonal perennial grasses 

in dryland plots of 5. caucasica and B. bladhii than was observed for B. ischaemum. 

Total seasonal DM yield and forage mass 

Under the semi-arid climate of the Texas High Plains, DM yield ofB. caucasica, 

B. ischaemum, and B. bladhii obtained from dryland sites (0% replacement of PET 

freatment) suggested that these species may be incorporated into agricultural systems in 

the area. Hodges and Bidwell (1993) reported on dryland yields ofB. caucasica and B. 

ischaemum achieved near Woodward, OK, averaging 7.9 and 6.9 Mg ha"', respectively, 

with an average armual rainfall 530 mm. Our results showed that yields obtained under 

dryland conditions were considerably lower with average precipitation of 337 mm during 

the 3 yr of the experiment. It appeared that B. caucasica may have the greatest potential 

imder dryland conditions. Averaged across 3 yr, B. caucasica yielded 4.0 Mg ha" vs. 2.8 

and 2.8 Mg ha"' for B. ischaemum and B. bladhii, respectively. Dry matter yield ofB. 

caucasica under dryland conditions was relatively similar in the 3 yr of shady. In 

agreement with observations made by other authors at various research sites (Hodges and 

Bidwell, 1993; Coyne and Bradford, 1986; Dabo et al., 1987), B. caucasica outyielded B. 

ischaemum also under the conditions of the Texas High Plains. In 2001, B. ischaemum 

achieved a DM yield of 1.5 Mg ha"' (SE = 2.0). The recently introduced B. bladhii 

averaged 2.4 Mg ha"' in the same year under the dryland freatinent. The performance of 
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B. caucasica under dryland conditions tended to be similar during the entire period of 

investigation, averaging 3.2,4.6, and 4.2 Mg ha"' in yr 1, 2, and 3, respectively. 

Dryland DM yields were achieved with 266 and 313 mm of water in yr 2 and 3, 

respectively. Even though 2003 was the second driest year on record for this region, soil 

water was supplied by relatively large precipitation events in autiimn of 2002 that was not 

taken up by dormant plants. Based on soil water depletion measurements, this late season 

precipitation in 2002 contiibuted to moisture availability to plants in the 2003 growing 

season. In that year, under dryland conditions, about 40% of the total water used was 

derived from the soil. Moreover, all DM (100%) was produced by July under dryland 

conditions in all three species and no measurable biomass was accumulated after the hay 

cut occurred due to droughty conditions in autumn of 2003. 

Under irrigation, measurable regrowth occurred in late summer, even though DM 

production of all species had peaked in July (Fig. 3.7). In Sept. 2002, DM yield of all 

species under high irrigation was about four times as high as DM yield in August 

Whereas under medium irrigation both B. caucasica and B. bladhii were able to 

quadmple biomass accumulation, under low irrigation only B. caucasica more than 

doubled growth from the end of July until mid-September compared with the other 

species. However, B. bladhii appeared to maintain its growth rate until dormancy. There 

is some evidence that B. bladhii accumulated relatively more biomass between 

September and October than the other two species. In 2002, DM yields ofB. bladhii 

increased 6.9-fold between August and October, while B. caucasica and B. ischaemum 

increased DM yields 4.9 and 3.8-fold, respectively. The observed ability of old worid 
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bluestems to amass DM late in the season was in agreement with findings by Hodges and 

Bidwell (1993) who reported on a higher responsiveness of introduced bluestems to late-

summer and autiimn precipitation than native grasses. Thus, results support arguments 

for stockpiling old world bluestems as winter feed for livestock. 

Based on total seasonal DM yield, B. caucasica appeared to outperform the other 

two old world bluestems. In 2003, B. caucasica averaged 13.5 Mg ha"' in DM yield vs. 

8.7 and 8.6 Mg ha" for 5. bladhii and B. ischaemum, respectively, averaged across all 

water freatments. Under high irrigation, B. caucasica generated almost twice as much 

DM yield than B. ischaemum. Also, while B. ischaemum and B. bladhii increased only 

slightly biomass production under additional irrigation, B. caucasica evidently was able 

to maintain growth rates at higher watering levels. Both B. ischaemum and B. bladhii 

appeared to decrease sward density, while B. caucasica subjectively retained greater 

stand density. 

Despite the dry year of 2003 and its general effects on plant growth, our study 

showed clearly that infrequent defoliation reduced overall productivity of grass swards. 

Also, DM yield variability at end of growing season in 2003 may have masked 

significant seasonal species effects. Monthly averaged DM yields followed closely total 

seasonal DM yield pattems (Fig. 3.5 and 3.6), with all water freatments except dryland. 

Thus, B. caucasica may have an advantage under drought conditions, compared with 

other old world bluestems. pur findings are not in agreement with those of Coyne and 

Bradford (1985), who showed that under a 'dry treatinent' (watering after plants clearly 

wilted) B. bladhii had higher biomass accumulation than B. caucasica. They also 
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indicated that under a 'wet freatment' B. caucasica outyielded B. bladhii, which agree 

witii our data. Their stiidy was conducted under greenhouse conditions and may not be 

directly comparable to field conditions. 

Soil volumetric water (SVW) content 

Prior to initiation of irrigation in 2001, SVW content had similar values of 

approximately 0.23 m̂  m"\ However, in the following 2 yr, differences (P < 0.05) of 

SVW content became evident among freatments. Despite attempts to fill the soil profile 

using an underground drip system in early spring each year, measurements of SVW 

content showed that dissimilarities occurred among water freatments at the beginning of 

the growing season. In 2003, dryland plots had a SVW content of 0.26 m̂  m"'' which was 

different from all irrigation freatments that averaged 0.31 m̂  m'̂  (P < 0.05; SE = 0.02). 

These SVW contents were below saturated SVW content of approximately 0.50 m̂  m"̂  

for Pullman soils (Baumhardt et al., 1995). 

Soil volumetric water content measured at the end of each of the growing seasons 

showed effects of irrigation freatments in yr 1 and 3. In yr 1, under a high irrigation 

level, approximately 50% of SVW content was still available at tiie end of the growing 

season. In comparison, dryland plots were 0.15 m̂  m"̂  In 2002, the measured SVW at 

end of growing season was influenced by precipitation of 102 mm that occurred end of 

October Treatment plots averaged 0.3 m̂  m"̂  (SE = 0.006) and similar pattems were 

observed across all depths and water freatments. In yr 3, SVW contents were affected by 

water freatments as observed in autumn of yr 1. Volumetric water content under dryland 
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conditions ranged from 0.12 m m at 1.0 m depth to 0.23 m̂  m"̂  (SE = 0.02) at the 

surface. In comparison, water content under fiill irrigation was 0.31 m̂  m"̂  at 1.0 m and 

0.22 m̂  m"̂  (SE = 0.01) at the soil surface. 

Differences in soil water depletion among water freatments were measured. In 

2003, depletion was higher (P < 0.05) under low irrigation levels compared to the other 

freatments. For B. caucasica, soil water depletion was 129, 146, 83, and 78 mm for 

dryland, low, medium and high irrigation levels, respectively. The relatively high water 

depletion in these dryland plots may have resulted from rapid above and, thus, below 

ground biomass growth whenever moisture was available from precipitation events that 

was retrieved subsequently from greater depths. With low irrigation, above to below-

ground biomass ratios may have been favored in a way that allowed plants to exfract 

more soil water than other water freatments. 

Relative water content (RWC) 

Measurements of RWC were conducted to estimate effects of dryland and 

irrigation levels on plant water status. Data suggested tiiat tissue RWC did not increase 

linearly from lower to higher irrigation. Under dryland conditions, species averaged < 

50% in RWC, while RWC under low irrigation averaged 72%, which was an increase of 

more than 25%. From low to medium and subsequently to high irrigation level, increases 

in RWC were about 10 and 5%, respectively. 

Kramer and Boyer (1995) pointed to a comparison of sunflower (Helianthus 

annuus) and rhododendron (Rhododendron spp.) conceming tiie correlation between 
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RWC and leaf water potential. In their example, rhododendron lowered much fiirther its 

water potential, yet maintained a higher RWC. To what extent relative water content 

would serve as an indicator of sfress tolerance in the old world bluestems used in the 

current research is uncertain. Lack of simultaneous leaf water potential measurements 

limited our ability to make inferences about drought resistance and ability for water 

uptake in clay-loams with occasionally low soil water potentials such as a Pullman soil. 

Suggestions were given by Coyne et al. (1982) on how B. caucasica and B. ischaemum 

compared in leaf water relations. They found evidence that B. caucasica was higher in 

RWC at zero turgor pressure (79.6%) than B. ischaemum (77.7%). In our investigation, 

small differences in RWC were found among species, in which B. caucasica had 

consistently higher values at any water freatment than B. ischaemum that suggested 

agreement with Coyne et al. (1982), but even more when compared with B. bladhii. 

Because RWC was measured under similar conditions regarding soil type, soil water 

status, and time of sampling, B. caucasica appeared in fact have had a small advantage 

above the other species. 

Canopy light interception of PAR 

Results suggested that light interception of old worid bluestem swards did not 

follow the patterns of biomass accumulation. In 2002, canopy closure occurred early 

under low, medium, and high irrigation levels and had similar light interception. In tiie 

second half of the growing season in 2002, the medium and high irrigation freafrnent had 

canopy interceptions of about 90%, whereas, under low irrigation approximately 10% 

94 



less PAR was intercepted. Dryland stands intercepted < 30% of light at the end of the 

growing season. The dry conditions of 2003 led to a reduction in light interception, 

compared to previous year. Shortly before the hay cut at DOY 212, about 70% of 

intercepted light in plots with low, medium, and high irrigation was intercepted in 

comparison witii 2002 where approximately all light was intercepted. In the second half 

of tiie growing season, swards that were ftilly irrigated reached the same level of light 

interception by the end of the growing season. Interception in low and medium watered 

plots lagged behind in confrast to observations made in the spring of the same year. 

Measured light interception in dryland plots derived mainly from dead plant residue on 

the groimd and slight biomass accumulation at end of the growing season. 

Light reflection from canopies followed reverse relationships compared with light 

interception. The amount of reflection was similar among water freatments prior to the 

hay cut at the end of July. After standing biomass was removed, plots under low, 

medium, and high irrigation reflected similar amounts of PAR. Dryland plots showed 

numerically higher amounts of reflection and closed in, compared with the other water 

freatments, only at the end of the growing season. Here, higher reflection derived likely 

from lower vegetative cover. In 2003, general effects of drought on plant growth were 

also visible. In the second half of the growing season, only plots imder fiill irrigation 

soon achieved similar reflection levels of about 100 \imol m"̂  s"' (SE = 8.0) as in 2002. 

Both low and medium irrigation levels resulted in delayed closure of the canopy and, 

thus, relative higher reflection throughout the second half of the growing season. It 

appeared that a value of 100 jimol m"̂  s"' reflection of PAR may be recognized as a 
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minimum for the investigated species. Also reflectance of the plant inflorescences may 

have attributed to a slightly increased reflection of PAR in B. ischaemum. 

Conclusions 

Results from presented research suggested that B. caucasica and B. bladhii were 

similar in WUE. Differences were noted between B. ischaemum and B. caucasica, where 

the latter showed a higher accumulation of DM yield in yr 3 under very dry conditions. 

Moreover, results indicated that the magnitude of WUE, i.e. DM yield at each water 

freatment, depended on amount of water supplied. This was very likely caused by 

inaccuracies resulting from estimating plant water requirements based on PET as sole 

parameter. With full season irrigation, grass swards of any investigated old world 

bluestem seemed to use water more efficiently under low and medium irrigation than 

either dryland or a high level of irrigation. 

Results of total seasonal DM yield suggested that B. caucasica and B. bladhii 

could be used as possible components of forage systems in the Southem High Plains of 

Texas under both dryland and irrigated conditions. Caucasian bluestem may have 

advantages above B. bladhii in terms of performance under dryland conditions and also 

under irrigation during unusually dry weather as occurred in 2003. A higher RWC in B. 

caucasica as recognized by Coyne et al. (1982) may indicate higher adaptability to semi-

arid environments than the other species, but more research on drought resistance of these 

species is needed. While there is evidence that B. bladhii performed well as a component 

of an integrated crop/livestock system in Lubbock County, Texas, (Allen, 1999), adding 
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B. caucasica to the pool of altemative forages would increase the applicability of this 

grass genus, particularly in more northem areas where cold tolerance becomes of 

concem. 

Selection of forage species based solely on the slope of WUE is not 

recommended, because producers will likely choose forage grasses regarding their DM 

yields under specific quantities of irrigation water available. Further research should 

focus on performance of 5. caucasica under grazing with limited water supply, and to 

elucidate seasonal changes in irrigation sfrategies to optimize water use. 
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CHAPTER IV 

INFLUENCE OF REPLACEMENT OF POTENTIAL EVAPOTRANSPIRATION 

ON FORAGE NUTRITIVE VALUE, MORPHOLOGY, AND SEED YIELD OF 

Bothriochloa caucasica, B. ischaemum, AND B. bladhii. 

Absfract 

Forage systems offer altematives to fraditional cropping systems in the semi-arid 

Texas High Plains, but information on effects of irrigation amounts on nutritive value is 

needed. Stands of three old world bluestem (Bothriochloa) species ('Dahl' [bladhii]; 

'Caucasian' [caucasica]; and 'Spar' [ischaemum]) were surface drip-irrigated with low, 

medium, and high watering levels, including a dryland freatment, to determine estimates 

of nutritive value and morphological development in 2001,2002, and 2003. Water 

applied in the high freatment was 100% replacement of potential evapofranspiration 

(PET) minus precipitation. Medium and low freatinents were spaced evenly and 

calculated as 66 and 33% of the high freatinent; the dryland freatinent received no 

irrigation (0%). Each species and water freatment was replicated three times in a 

complete randomized block design witii a split plot arrangement of water freatments. 

Forage samples were collected monthly during the growing season. Averaged over the 

growing season, percentage dry matter digestibility (DMD) of all species was higher (P < 

0.05) at a low irrigation level than at other water freatments (58, 56, 55, and 57% for low, 

medium, high, and dryland, respectively). Dahl was higher (P < 0.05) in percentage 

(8.7%) cmde protein than other species (7.5%; mean of Spar and Caucasian) during the 
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growing season. In all species, percentage total nonstmctiiral carbohydrates (TNC), 

DMD, and leaf stem ratio declined while percentage neufral detergent fiber (NDF) and 

acid detergent fiber (ADF) increased with increasing water freatments in the first half of 

tiie growing season. After hay harvest, percentage NDF and ADF increased while TNC 

generally decreased witii increasing irrigation amount. Effects of dryland were less 

consistent following hay harvest. Leaf-stem ratio following hay harvest in July also 

showed a less consistent pattem. Results of this research suggested that nutiitive value 

was affected by water freatinents likely through effects on plant morphology and 

physiological age and that irrigation sfrategies and selection of forage species can aid in 

optimizing forage quality and yield where water for irrigation is limited. 

Infroduction 

In the semi-arid environment of the Texas High Plains, old world bluestems 

(Bothriochloa spp.) have been among the more successfully infroduced grasses for 

livestock grazing. The B. ischaemum varieties were widely planted on Conservation 

Reserve Program (CRP) areas. Information on their nutritive value is limited but factors 

affecting nutritive value include soil fertility, growth stage, species, and photosynthetic 

pathway (Hodges and Bidwell, 1993). Investigations by Sanderson et al. (1999), Dewald 

et al. (1995), and Niemann (unpublished data, Texas Tech University) indicated that 

nutritive value of old world bluestems (Bothriochloa spp.) was influenced by species, 

environmental conditions, management, and physiographic location. Additionally, 

characteristic differences between cool- and warm-season grasses, such as their growth 
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pattem throughout the season, leave utilization options open regarding grazing 

management, haying, and development of complimentary forage systems. 

Allen et al. (2000) showed that 'Caucasian' old worid bluestem (Bothriochloa 

caucasica) grazed from June until September as part of a forage system in Virginia 

averaged 70.5% neufral detergent fiber (NDF), 5.7% total nonstiiictiiral carbohydrates 

(TNC), and 13.5% cmde protein (CP). The NDF value fell within the range of 62.5 to 

77.5% obtained in Missouri by Forwood et al. (1988). Evidence of an inverse nutiient-

yield relationship for CP concenfration in B. ischaemum was shovm by Gillen et al. 

(1999) in Oklahoma. The same frend regarding in vitro dry matter digestibility (IVDMD) 

was observed by Forwood et al. (1988) in Caucasian bluestem and by Dabo et al. (1987), 

who also included other ischaemum types in their investigation. With hay production 

during the growing season being an option to supplement feed during times when grazing 

may not be possible, such nutrient-yield relationships are important. Caucasian bluestem 

may be such an option as research by Crozier et al. (1997) indicated. These authors 

found that only Caucasian bluestem met dietary Zn requirements for horses compared 

with alfalfa (Medicago sativa) and tall fescue (Festuca arundinacea). However, even 

though Caucasian bluestem hay seemed to be an altemative for horses, it may require 

supplementation with P, S, Cu, and CP to meet nutrient requirements. 

Growth characteristics of these forages influence nutiitive value as indicated 

above. Furthermore, morphological characteristics help in predicting nutiitive value and 

designing appropriate forage/livestock systems with specific management practices in a 

given environment. Additionally, response of forages to factors such as water sfress and 
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grazing pressure with possible positive effects increases management opportunities. In 

an investigation conducted by Coyne and Bradford (1985a), number of tillers in old 

world bluestems including B. caucasica, ischaemum and intermedia types was greater 

than in native grasses. Also, Caucasian bluestem was more sensitive to water sfress that 

affected plant height more negatively than various ischaemum and intermedia old worid 

bluestem types. Conversely, plant height attained by native species investigated in this 

study was less affected by water sfress, indicating reduced biochemical cost to build 

tissue. Other authors (Coyne and Bradford, 1985b) suggested that 'Spar' bluestem (B. 

ischaemum) was more efficient in producing photosynthetically active tissue than 

Caucasian bluestem. The latter produced more tillers under heavy grazing pressure than 

under light grazing pressure, but that did not result in higher nutritive value (Christiansen 

and Svejcar, 1988). Caucasian bluestem produced twice as much root growth under 

heavy grazing with enhanced tillering, but apparentiy stored more TNC in roots than in 

shoots than under light grazing. Tiller dynamics in B. bladhii were investigated by 

Sanderson et al. (1999) who found shoot growth and weight among the highest-ranking in 

this species compared with other native and non-native grasses. Growth habit of 

investigated old world bluestem species may also affect seed yield potential. Ahring et 

al. (1973) indicated that an average pure live seed yield of 77 kg ha"' was observed in 

'Plains' bluestem (B. ischaemum) grovm in Oklahoma in 1969 and 1970. 

With decline of water resources available in the Texas High Plains, old world 

bluestem may be suited to complement existing agricultural systems as part of forage-

crop altematives. While general water input-yield relationships in forage grasses and 
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nutiitive value-water sfress interactions are known, little information is available on the 

response of old worid bluestem to a variety of water regimes grown in the climatic 

conditions of Texas High Plains and subsequent effects on nutritive value. Thus, our 

objectives were to determine nutiitive value and growth characteristics of 5. caucasica, 

B. ischaemum, and B. bladhii under the semi-arid environmental conditions of the 

Southem High Plains of Texas as influenced by amount of irrigation water. Seed yield 

and germination rates were also included in our investigation. 

Materials and methods 

Three old world bluestem species (B. caucasica, ischaemum, and bladhii) and 

four water freatinents (dryland, low, medium, and high) were compared to determine 

effects on forage nutritive value, morphology, seed yield and germination. A full 

description of the experimental site was given in Chapter III, thus, only a brief 

description is given here. Amount of water applied in the high freatment was 100% 

replacement of PET minus precipitation. Medium and low freatments were spaced 

evenly and calculated as 66 and 33% of the high freatment; the dryland freatment 

received no irrigation (0%). Experiments were conducted during 3 yr at the Texas Tech 

University Field Laboratory, New Deal. The experiment was a randomized block design 

with a split plot arrangement of irrigation freatments with 3 replications for each 

freatment. Plant material for forage nutritive value and morphology was sampled 

monthly within each species and water freatinent plot replication from May through 

October. Thus, a total of 36 plots were sampled 6 times during the growing season. For 
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measurements of forage nutiitive value, six random forage samples were collected from 

each plot replication at each sampling date. Samples were taken at a clipping height of 

approximately 8 cm and composited in a paper bag at 55°C until constant weight was 

achieved. Samples were ground in a Wiley mill (Comeau Technique Ltd., Vandreuil-

Dorion, Quebec, Canada) to pass a 1-mm screen and ground forage samples were placed 

into plastic bags (Whirl-Pak, Nasco Fort Atkinson, W )̂, holding approximately 50 g of 

ground material and stored at room temperature for further analysis. 

Plant samples for morphology were taken by clipping randomly 6 sub-samples at 

an 8-cm height from each plot replication when samples for determining forage nutritive 

value were obtained. Samples were placed in paper bags and stored temporarily in a 

cooler with ice imtil fransferred to a freezer room (-15°C) for long-term storage. 

Additional samples were taken from WW-B. Dahl plots only to determine 

developmental morphology, i.e., tiller dynamics in June, July, late August, and October 

In 2001, these samples were taken by clipping randomly two, 0.33 by 0.33 m quadrats 

from each plot. Because 100 tillers per samples were used for developmental 

morphology, a sampling area of 0.1 m̂  was not sufficient to obtain enough tillers to 

conduct a meaningful analysis. This was tine especially in early and late season, when 

numbers of tillers per plant were greatly decreased. Thus, during the yr of 2002 and 

2003, tillers were obtained by clipping randomly approximately 500 to 1000 tillers per 

plot. Similar to the methodology used for plant morphology, tiller samples were placed 

in paper bags, stored in a cooler in the field, and fransferred immediately to a freezer. 

During analysis of tiller dynamics, 100 tillers were chosen randomly and classified 
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regarding their vegetative and elongated stages (Moore et al., 1999) with the following 

modifications. A vegetative stage was recognized whenever a leaf blade was ftilly 

developed. Likewise, an elongated stage was used as classification when a node was 

developed, regardless of the vegetative stage. The number of tillers in each class was 

counted. Each tiller class was weighed fresh, placed in paper bags, dried at a temperature 

of 55°C, and the final constant weight determined. 

Estimates of forage nutritive value included NDF, acid detergent fiber (ADF), 

CP, and TNC. These parameters were calculated using regression analysis based on 

near-infrared absorption pattems (near-infrared absorption technique, NIR) of all forage 

samples from each date of collection and a calibration subset of the sample population 

analyzed by means of conventional wet chemistry procedures described below. 

Ground forage samples were placed into caps and scanned with a specfro-

photometer (NIRSystems, Inc., Model #5000, Silver Spring, MD) and their absorption 

characteristics were determined using NIRS 2, Version 3.10-software provided by the 

same company. For the subset of samples used for calibration, NDF, ADF, 

hemicellulose, (NDF-ADF), cellulose, and lignin were determined based on procedures 

described by Van Soest (1963) and Goering and Van Soest (1970). Percentage CP was 

estimated according to AOAC (1995). Dry matter digestibility (DMD) was determined 

as DMD% = 88.9-(0.779 ADF%) according to Linn and Martin (1989). 

Percentage TNC of samples was analyzed using the procedure described by 

Mounsif (1986) with the following modifications. The specfral absorbance of glucose 

standards of 0.1, 0.2, 0.3, and 0.4 mg ml"' was measured with a specfrophotometer 
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(Bausch & Lomb, U.S.A.) and a regression model was built based on the resulting specfra 

of these standards. Ground forage samples were weighed as close as possible to 0.5 g 

and boiled in a reflux apparattis with 60 ml of 0.2 NUC\ for 2 h. Samples were then 

cooled to room temperatiire and filtered into a 100 ml volumetiic flask. Distilled water 

was added to a volume of 100-ml, from which 1 ml was taken and diluted with 4 ml of 

distilled H2O before mixing on a vortex mixer for 30 s. From this solution, 1 ml was 

taken again and mixed with 10 ml of anthrone solution (330 ml cone. H2SO4, 5.0 g 

thiourea, 0.25 anthrone) and placed on a heater block set at 97°C. Samples were heated 

for 15 min, then removed and cooled to room temperature. Absorbance of these samples 

was read together with the prepared glucose standards at a specfrometer setting of 612 

nm. Concenfration of TNC was estimated with the regression equation according 

absorbance of the glucose standards. 

Morphological characteristics of forages were predicted by NIR (Kamezos et al., 

1993). Results of the calibration set obtained by hand separation were used to predict 

percentage leaf, stem, and dead of all samples originally scanned. Forage morphology 

samples were separated into leaf, stem, and dead components. Separated samples were 

then placed in paper bags and dried at 55°C until constant weight and percentages of each 

component were calculated. 

Seed yield was determined from all species and water freatments during the 

period of 1 Oct. through 31 Oct. of each year. In each of tiiese plots, an area of 0.5 m̂  

was selected randomly and marked with flags. On a weekly basis, detachable spikelets 

were collected by hand from each inflorescence within this assigned area and fransferred 
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to a paper bag. Obtained spikelets were then air-dried for 7 d and stored in sealed plastic 

bags at room temperatiire. Spikelets were later processed at the USDA-ARS Southem 

High Plains Range Research Station in Woodward, OK by means of a pneumatic seed 

shucker (Woodward Air Seed Shucker, Ag-Renewal, Weatherford, OK) that separated 

seeds from glumes and other impurities. Seeds were weighed on an analytical balance (± 

0.0001 g) to determine the seed yield ha"'. Percentage of germination was determined by 

placing approximately 100 seeds on wet filter paper in Petii dishes for 1 wk. Numbers of 

seeds were recorded and compared with the number of germinated caryopses at the end 

of the time span allowed for germination. Ratios were expressed in percent. 

Economic retums for inputs of water in terms of pumping costs were calculated 

regarding amount of total digestible dry matter (DDM; Mg ha"') obtained per unit of 

water supplied. A cost of $ 0.0381 was presumed for pumping 1 m"̂  of water (Texas 

Cooperative Extension, 2004). 

Effect of species and water freatments on response variables were determined by 

analyzing variances within and among freatments (Steel and Torrie, 1960). The Proc 

GLM procedure of SAS (SAS Institute, 1998) was used to calculate ortiiogonal 

polynomials to determine linear, quadratic, and cubic effects water freatments on 

dependent variables of nutiitive value and morphology. The Proc Mixed procedure of 

SAS was used for mean separation, were applicable. 
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Results 

Forage nutritive value 

Data for NDF, ADF, TNC, and DMD were averaged over yr. Although some 

year interactions were present, when examined separately by year, interactions appeared 

due to differences in magnitude of response only and not to differences in direction of 

response. Species did not differ (P > 0.05) in percentage NDF, ADF, and TNC and did 

not interact with other factors. Percentage NDF increased with increasing increment 

from dryland to high irrigation until after hay was cut in July (Fig. 4.1). Effects of water 

freatments were quadratic in May but became linear by June and July. Regrowth in 

August shortly after the hay cut showed little effect of irrigation freatments on percentage 

NDF but forage from dryland plots was higher in percentage NDF than that from 

irrigated swards (quadratic effects; P < 0.05). In September and October, NDF again 

increased with increasing irrigation although forage from dryland remained high (cubic 

effects; P < 0.05). By October, percentages of NDF increased linearly (P < 0.05) witii 

increased irrigation rate across all water freatments. 

Results of ADF analysis revealed relationships similar to NDF (Fig. 4.2) although 

forage from dryland plots remained high. After tiie hay cut occurred, forage from low 

and medium irrigation levels maintained lower percentages ADF than eitiier dryland or a 

high irrigation level, even in October (cubic effects; P < 0.05). 

Total nonstiaictiaral carbohydrates declined with increasing irrigation amounts 

prior to the hay cut in July (quadratic and linear effects; P < 0.05; Fig. 4.3). Regrowtii in 

August also had decreasing precentage TNC with increased irrigation freatinent (linear 
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effects; P < 0.05). In September and October, however, percentage TNC was higher in 

low and medium irrigation levels than either dryland or high irrigation (cubic effects; P < 

0.05). Percentage TNC in forages from all irrigation levels appeared to increase by 

October. 

Differences (P < 0.05) existed among species in CP concentration averaged over 

water freatinents (Fig. 4.4). Effects interacted with yr but were consistent during 2002 

and 2003; thus, results of tiiese 2 yr were averaged and the initial year was displayed 

separately. In 2001, B.bladhii was higher (P < 0.05) in percentage CP than either B. 

caucasica and B. ischaemum, although differences were not always significant by month. 

In 2002-2003, higher (P < 0.05) percentage CP in B. bladhii, compared with tiie other 

two species, was consistent during the entire first half of the growing season. In August, 

following the hay cut in late July, percentage CP increased in all species and no 

differences among species were noted. By September and October, both B. ischaemum 

and B. bladhii were higher (P < 0.05) in percentage CP than B. caucasica. 

Water freatment effects on percentage CP were observed also (Fig. 4.5). In 2001, 

during July and August, CP increased (linear effects; P < 0.05) corresponding to 

increasing water freatments. In September and October, percentage CP declined linearly 

(P < 0.05) with increasing irrigation levels. Data from 2002 and 2003 indicated tiiat CP 

generally declined (P < 0.05) with increasing irrigation levels linearly and quadratically 

during the first half of the growing season. Regrowth of irrigated forage, following the 

hay cut in July, increased sharply in percentage CP, compared with regrowth of dryland 

forage (quadratic effect; P < 0.05). For the last 2 months of the growing season. 
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May June ^"'y Month ^"S 
Sep 

IB. caucasica • B. ischaemum • B. bladhii 
Old world bkiestetn species 

Oct 

Figure 4.4. Cmde protein as influenced by Bothriochloa caucasica, B. ischaemum, and 
B. bladhii averaged across dryland and irrigation levels of low, medium, and high. 
Data is presented for yr 2001, and averaged across yr 2002 and 2003. *' ̂ ' *" Means 
with the same letter within a month are not different (P > 0.05). tSE = standard error 
of the mean. 
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2001 

• Dryland • Low • Medium • High 
Water treatments 

Figure 4.5. Cmde Protein as influenced by dryland and irrigation levels of low, medium, 
and high averaged across Bothriochloa caucasica, B. ischaemum, and B. bladhii. 
Data are presented for year 2001, and were averaged across yr 2002 and 2003. 
*' *"' '̂ ' Indicates linear, quadratic, and cubic effects of water freatments within a month, 
respectively (P < 0.05). ŜE = standard error of the mean. 
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quadratic and cubic (P < 0.05) effects were determined with percentage CP generally 

declining in irrigated forage during the latter part of the growing season. In general, there 

was greater difference in percentage CP between dryland and irrigated forage than among 

irrigation freatments. 

Dry matter digestibility followed pattems similar to those noted for TNC (Fig. 

4.6). Prior to cutting hay, higher DMD occurred in dryland forage (linear and quadratic 

effects; P < 0.05), while after the hay cut, regrowth in forage irrigated at low and medium 

levels exhibited higher digestibility (cubic effects; P < 0.05). Additionally, a low 

irrigation level resulted in higher (P < 0.05) DMD than any other water freatinent 

averaged over the growing seasons (Fig. 4.7). 

Total digestible dry matter (DDM) production (Mg ha"') was similar between B. 

caucasica and B. bladhii over the entire period of investigation with the exception of 

June and July in 2003, during which B. caucasica appeared to be more productive than 

the two other species (Fig. 4.8). More DDM (Mg ha"') was produced during the first 

growth period than during the second growth period after the hay cut in 2002 and 2003. 

Averaged over species, total production of DDM peaked under high irrigation (Fig. 4.9). 

Digestible dry matter per unit of water invested expressed as pumping costs is 

presented in Fig. 4.10. In general, B. caucasica and B. bladhii produced more kg DDM 

ha"' $"' invested in irrigation water than did B. ischaemum. Average over the 2 yr that 

received full seasonal irrigation, B. caucasica appeared to retum more DDM per $ of 

irrigation water than the other two species, particularly at a low irrigation level. In year 

1, delaying the initiation of irrigation until June appeared to increase total production as 
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May June July 

I B . caucasica i 
Month ^^ 

MB. ischaemum 
Old world bhiestetn 

Sep 

DB. bladhii 

Oct 

Figure 4.8. Digestible dry matter production as influenced by Bothriochloa caucasica, B. 
ischaemum, and B. bladhii, averaged across dryland and irrigation levels of low, 
medium, and high during yr 2001, 2002, and 2003. 
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Low Medium 
Water treatments 

• B. caucasica • B. ischaemum 
Old world bluestem species 

High 

a B. bladhii 

Figure 4.10. Digestible dry matter production per dollar (U.S. $) irrigation water 
invested as influenced by irrigation levels of low, medium, and high, and averaged 
across Bothriochloa caucasica, B. ischaemum, and B. bladhii. Data are presented for 
yr 2001, and averaged across yr 2002 and 2003. 
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total irrigation increased but with fiill season irrigation retiims of DDM per dollar 

invested decreased as total irrigation increased. 

Morphology 

Leafrstem ratios declined with increasing irrigation (linear and quadratic effects; 

P < 0.05) until hay was harvested in July (Fig. 4.11). Effects of water freatments in late 

season regrowth were less consistent. By October, leafrstem ratios in forage grown under 

dryland conditions were more than twice that of irrigated forage. Leaf stem ratios as 

affected by water freatments were consistent across yr prior to the July hay cut. 

Because year by water freatment interactions were present during August, 

September, and October, data are presented separately in Table 4.1 and Table 4.2. A 

species by water freatment interaction was present in May but when examined separately, 

the interaction was due only to the magnitude of tiie differences. Generally, leaf stem 

ratios numerically declined steadily over the course of the growing season, whereby 

dryland plots numerically increased in leaf stem ratio at the end of the growing season. 

The ratio of live:dead plant parts expressed linear and quadratic effects (P < 0.05) 

across water freatments throughout the growing season (Fig. 4.12). Higher irrigation 

amounts generally resulted in higher live:dead ratios, witii exception of June, where no 

significant differences were measured. We also observed a general decline of live:dead 

ratios over tiie course of the growing season. 

Only B. bladhii was used to determine tiller dynamics. Year interactions were 

determined (P < 0.05); however, water freatments differed only in degrees of magnitiide. 
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Table 4.1. Leaf stem ratio during first half of growing season as influenced by dryland 
and irrigation levels of low, medium, and high, averaged across Bothriochloa 
caucasica, B. ischaemum, and B. bladhii. Data presented were averaged across yr 
2002 and 2003. 

Month 

Water freatments Mayt June July 
„ „-i 

Dryland 

Low 

Medium 

High 

SE* 

5.71 

5.59 

5.27 

5.03 

0.19 

SB 
5.47 

4.21 

3.60 

3.19 

0.12 

4.6 

2.09 

1.37 

1.39 

0.15 

tSpecies by water freatment interaction (P < 0.0001). 
*SE = Standard error of the mean. 

Table 4.2. Leaf stem ratio during second half of growing season as influenced by dryland 
and irrigation levels of low, medium, and high averaged across Bothriochloa 
caucasica, B. ischaemum, and B. bladhii. Data presented refers to yr 2002 and 2003. 

Month and Year 

Water freatments 

Dryland 

Low 

Medium 

High 

SE* 

2002 

l . I l 

4.04 

3.88 

4.04 

0.25 

August 

2003 

2.71 

2.49 

2.85 

2.56 

0.26 

September 

2002 

2.76 

2.45 

2.13 

1.62 

0.44 

g g ' 

2003t 

0.30 

2.19 

2.62 

2.45 

0.23 

October 

2002 

8.45 

0.89 

0.53 

0.66 

0.76 

2003 

4.34 

1.05 

0.93 

2.46 

1.06 

tSpecies by water freatinent interaction (P < 0.05) 
*SE = Standard error of the mean. 
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thus, data were averaged. Tiller mean stage weight (MSW) increased lineariy (P < 0.05) 

in June with increasing water freatments, and in August and October quadratic effects 

were observed (P < 0.05; Fig. 4.13). In August, following the hay cut in July, the 

primary difference was between dryland and irrigated plants with MSW of dryland plants 

only about 60% of irrigated plants (quadratic effect; P < 0.05). The mean stage count 

(MSC) followed closely the relationships of the MSW (Fig. 4.14). A linear increase (P < 

0.05) in response to increased irrigation levels was observed in June, August, and 

October. 

Seed yield and germination were highly variable among years, species, and water 

freatments (Table 4.3). Data were not analyzed statistically due to lack of seed 

production by dryland forage and high variation in other freatments. Total seed yield 

appeared to be B. ischaemum > B. caucasica > B. bladhii. Percentage germination ofB. 

ischaemum appeared generally higher than that of 5. caucasica and B. bladhii. Data on 

seed yield and quality can only be viewed as preliminary and fiirther studies are 

warranted. 

Discussion 

Cell wall concenfrations as measured by percentage NDF in investigated old 

worid bluestems showed clearly the effects of water freatinents as well as increased plant 

matiirity over time. This relationship was visible during both the first and second half of 

the growing season. The increase in percentage cell wall with increased stage of growth 

has been well documented by many researchers. The increased percentage cell wall with 
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^ ^ ^ ^ i ^ i t t " îi«5f:"-!ii&f.: ••'-••Jw^ '̂4--.-](• I 

"1 O 
d 

o 
d 

E 

1^ 
E o 
I VI 

^ ^ 
O en 

^ t j 

s; ^ 
c .2 

£? « 
. ! & 

"2 S3 

— .s 

>̂ to 

« . 
•-" o 
M O 
to <N) 

:=: 73 

^ CO 

^ S 
a o 

l § 
1 ̂  
o 2 

.2P73 ^ 

I? o •2 to t 
t" U (U 

S to-g 
. CO CO 

r<-> Q tn 

E 

jq3l3M 33BIS UB3J/^ 

^ J3 
O 6£ 6bW 

00 

127 



CN 

d ^,-,„ «-:-^>i;a^j%J 

CN 

d 

<N 

d 

o 

C/3 

o 

I 
73 

s ^ 
« eo 

I ^ 
n 

I 
D 

i 

r i 
o 
«N 

VI 

d 
o 
d 

JUnOO 3§BJS UB3]^ 

E 
CO 

E 
3 

E 
^' 

_o 
tfH 

o 

a 
• ^ 

CO 

l-l 
<\i 

CO 

73 

> 

c 
_o 

6 0 ^ 

E en 
. _ 4-» -- O 
"2 tS 

u 
CO 
(U 

• ^ CJ 

"O en 
•^ 4) ^ * i Xi CO 

~ IS 
u c 
^ « 
3 . 
c o 

.'^ 73 

1^ 
J3 

o 
K 

-S 
oq 

CN 
O 
o 
CN a 

CO 

EN ^ 

• ^ o 

o 
o 
u 
60 
CO 

o 
fc 
u 

U CO 
60 73 
CO c 

CO 
Hi 

l-l 

> 
CO 

CO • 
CO i n 

Q <=>. 
. o 

to 
en 

00 

VI 

I' 
b 

128 



Table 4.3. Seed yield and germination of Bothriochloa caucasica, B. ischaemum, and B. 
bladhii under dryland and irrigation levels of low, medium, and high during yr 2001 
2002, and 2003. 

Year WT+ 

2001 Dryland 

Low 

Medium 

High 

2002 Dryland 

Low 

Medium 

High 

2003 Dryland 

Low 

Medium 

High 

tWater freatment. 

B. 

Yield 
(kg ha') 

0 

7 

11 

50 

0 

34 

88 

62 

0 

15 

10 

2 

caucasica 

Seed 

Germination 
(%) 

0 

0.5 

I 

1 

0 

7 

10 

10 

0 

13 

20 

23 

B. 

Yield 
(kg ha' 

0 

1 

21 

43 

0 

53 

72 

81 

0 

14 

20 

7 

Species 

ischaemum 

Seed 

Germination 
) (%) 

0 

42 

65 

21 

0 

47 

36 

48 

0 

48 

44 

28 

B. bladhii 

Yield 
(kg ha') 

0 

0.4 

12 

24 

0 

2 

0.2 

0 

0 

8 

3 

3 

Seed 

Germination 
(%) 

0 

34 

8 

5 

0 

64 

21 

0 

0 

12 

28 

31 
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increased irrigation level could have reflected a more rapid rate of maturation and 

physiological aging but may simply be a reflection of the observed shift in leaf stem ratio 

(Fig. 4.11). Percentage cell wall is higher generally in stem than leaf tissue and as 

percentage leaf declined with increased irrigation, it would be expected that percentage 

NDF would increase. However, the decline in leaf stem ratio with increased irrigation 

likely indicated a more rapid plant maturation rate as well. Thus, the observed increase 

in percentage cell wall was likely due to both morphological change and to physiological 

age. Percentage ADF generally followed similar frends as cell wall, although under 

dryland conditions in September and October, values remained relatively higher 

suggesting that hemicellulose in forage growai under dryland conditions was probably 

depressed during the last part of the growing season. Dryland effects may be attributed to 

the fact that regrowth under these conditions was usually sparse, and forage samples 

included also plants that were older in comparison with fresh regrowth from irrigated 

units. Concenfrations of NDF and ADF may have also decreased with some biomass 

accumulation in dryland whenever soil water was available at the end of the growing 

season. 

Despite not being a grazing study, measured fiber values (66 to 73%) may be 

comparable to research conducted by other authors on the effects of more or less frequent 

defoliation on the chemical composition of old world bluestems. Allen et al. (2000) 

indicated B. caucasica averaged 70.5% NDF under grazing in Virginia, whereas 

Niemann (D. Niemann, unpublished) obtained approximately the same results under 

grazing conditions in Texas. Londono et al. (1981) determined NDF and ADF values of 

130 



B. ischaemum hays witii 74 and 44%, respectively. Neufral detergent fiber and ADF 

showed similar values in our research. Linn and Martin (1989) indicated that NDF may 

be between 20 and 80% digestible across a range of forages, depending on age. Our data 

showed also that NDF values were smaller eariy in the growing season independent of 

water freatinents. It also appeared that water freatinents had a smaller effect on NDF and 

ADF in the first half of the growing season than in the second part. Thus, probably less 

nutiitional advantage arose from limited water supply in spring. Because the bulk of DM 

was produced before July, generous water applications should then be more appropriate 

than in autumn. 

Hay production or grazing of old world bluestems early in spring may also be 

appropriate from the perspective of CP as results suggested. While only slight numerical 

differences existed across water freatments, CP fell from approximately 12% in May to 

6% in July—a value that would limit intake in mminants (Minson, 1990). Cmde protein 

values observed in May were not regained after the hay cut in spite of the second N 

application following hay harvest, but similar concenfrations of approximately 11% in 

low, medium, and high irrigation levels were noted in August. Similar to observations 

made in the first half of the growing season, CP values fell quickly below 6% in irrigated 

plots. It appeared that water freatments affected much less CP values than time of 

sampling and, thus, physiological plant maturity. 

The increase in percentage CP in regrowth in August was likely due to both an 

increase in physiologically younger plant material and to the second application of N that 

was applied following hay removal in July. Percentage CP in C4 grasses is typically 
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lower than C3 grasses (Minson, 1990) and N as applied in this experiment should not 

have been limiting for plant growth (Berg, 1990). Species differences in CP were evident 

throughout the entire period of investigation. Bothriochloa bladhii averaged higher than 

tiie otiier old world bluestems tested in any month except August of 2002 and 2003 

combined. These species differences were consistent with findings by Niemann (D. 

Niemann, unpublished), who suggested that B. bladhii was higher in CP than other 

bluestems tested. It is not clear if these advantages would hold at other locations. 

Sanderson et al. (1999) indicated that CP concenfration of this species depended on soil 

type. Also, Dewald et al. (1995) reported on similar CP concenfration in B. bladhii 

compared with other old world bluestems at Woodward, OK. This would limit CP 

prediction for investigated species to locations where differences were apparent and 

general conclusions about performance of these species would not be possible. 

Nevertheless, the consistently higher CP values under a production setting, shown with 

presented research, and grazing setting, as shown by Niemann (D. Niemann, 

unpublished) at the same location suggest that higher CP in B. bladhii vs. tiie other old 

world bluestems may be consistent under varying management sfrategies. Although B. 

bladhii was cleariy higher in percentage CP, nutiitional requirements of most livestock 

would still indicate that supplementation with CP would be needed (Minson, 1990). 

The partitioning of CP within the plants may help to explain the drop witii time of 

CP as observed in our investigation. Cmde protein contents in leaf blades are considered 

higher (Bames et al, 2003) than in stems. With time, a 50% decline in leaf stem ratios in 

spring was observed, regardless of water freatments. Thus, by shifting this ratio towards 
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more stem during the growing season, overall CP concentrations decreased. Pattems 

regarding CP were repeated in autunm, whereby irrigated plots showed a decline in CP, 

but under dryland conditions CP concentrations increased. Water freatment effects were 

not consistent. Thus, sfress influences on CP content remained uncertain. Although not 

examined in this research, determination of non-protein N could help explain effects on N 

metabolism. 

In comparison to findings regarding CP that fell by approximately 50% over the 

course of 3 mo, TNC stayed more stable during the first 2 mo of the growing season and 

increased imder all irrigation levels in July. Additionally, during May and June, TNC 

remained similar among water freatments, but differences became evident in mid-summer 

before the hay cut. These differences among water freatments in July may be attributed 

to higher cell solute contents due to water sfress. Coyne and Bradford (1987) suggested 

that on average, TNC concenfrations during the growing season were higher in leaf 

sheaths and enclosed stems followed by leaf blades and stem bases. Higher leaf stem 

ratios were observed under limited irrigation, but according to Coyne and Bradford 

(1987) that should have led to a decrease in above-ground plant TNC concentration. 

Thus, it is likely that TNC in July was enhanced due to sfress-induced cell sugar 

accumulation, relative to previous months and also among water treatments. 

Total nonstinictural carbohydrates tended to increase towards the end of the 

growing season. In September, TNC concenfration averaged 13.7% under a low 

irrigation level, and 11.2 and 8.3% under medium and high irrigation levels, respectively. 

Similariy to observations during spring, limited irrigation led likely to increased TNC 
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concenfrations, due to a more rapid decrease in respiration than photosynthesis. 

Observed TNC concenfrations in B. caucasica were somewhat higher than concenfrations 

of 5.7% as determined by Allen et al. (2000) for a site in Virginia under grazing. 

Forwood et al. (1988) suggested even less (4.7%) for B. caucasica that was moreover less 

than in native Andropogon gerardii. Conversely, Niemann (D. Niemann, unpublished) 

reported on TNC values ofB. caucasica averaging 12% under grazing. This value was 

reached in our research only at the end of the growing season under water sfressed 

conditions. 

Averaged over the growing season, a low irrigation level resulted in higher (P < 

0.05) DMD than under any other freatment. Spring and autumn DMD as affected by 

water freatments showed similar pattems, with the exception of dryland plots. Low 

digestibility of samples obtained from dryland sites may be the result of dead and 

dormant plant parts that were part of the sample. With little biomass accumulation, 

dryland sites were affected by dry periods that occurred during the growing season. The 

increase in DMD under water sfressed conditions could be due in part to an accumulation 

of sugars as evidenced by the increase in TNC concenfration. However, DMD was 

estimated based on percentage ADF, thus, additional factors influencing digestibility 

were involved. Animal trial are needed to more accurately assess apparent DMD. 

An important indicator for the value of forage crops is total DDM. The relatively 

small differences in DMD that ranged between 50 and 60% did not offset tiie advantages 

ofB. caucasica in total seasonal DM production. Thus, DDM followed closely the 

pattems of DM yield. Niemann et al. (2001) suggested similar gains on B. caucasica and 
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B. bladhii under grazing that supports our findings of similar amounts of DDM per unit 

area. Expressed in terms of irrigation water invested, between 15 and 30 kg ha"' $"' can 

be expected with varying water supply. Averaged over the two fiill growing seasons in 

2002 and 2003, low level irrigation seemed to be slightly more profitable than the other 

irrigation freatments. Moreover, B. caucasica seemed to have higher retums under water 

sfressed conditions (low irrigation) versus the other old world bluestems. 

Morphology 

Forage nutiitive value cannot be explained without taking into consideration 

morphological changes that occurred over the growing season. Thus, plant 

characteristics such as leaf stem ratio were partly included in the discussion on chemical 

composition of investigated old world bluestems. 

Leaf: stem ratios generally declined during the growing season as would be 

expected with advancing maturity stages. Additionally, increased irrigation levels 

affected leafstem ratios negatively and numerically lower ratios in well-watered plots 

versus sfressed units were observed in almost every month of sampling. Most striking, 

however, was that apparent leafiness ofB. bladhii throughout the growing season, but 

late season stem elongation and development of an inflorescence did not result in a 

measurable advantage in leafstem ratio over the other species during the growing season 

as expected initially. WTiile plant canopy ofB. bladhii maintained a leafy character, 

leafstem ratios were not measured to be higher than the other species. This species 
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appeared to maintain relatively long stems throughout the growing season that were not 

readily visible, compared with other species. 

Coyne and Bradford (1985a) found evidence that under greenhouse conditions B. 

caucasica maintained a 25% higher leaf blade area with frequent water supply. These 

authors showed additionally that leaf stemrroot ratios stayed relatively constant across a 

variety of species, including B. caucasica, B. ischaemum, and B. bladhii. Even though 

our results were in agreement regarding leafstem ratios, plots ofB. bladhii maintained 

canopy characteristics that should be of advantage to grazing animals by presenting more 

leaf within the canopy that can be physically prehended by the grazing animal. 

Live:dead ratios also showed a continuous decline across the growing season. 

With increased plant maturity leaf senescence also increased, especially under water 

sfressed conditions. There was evidence found that increased levels of irrigation led to a 

smaller percentage of dead material. Our data suggested under low irrigation live:dead 

ratios may increase in June. It is likely that under the environmental conditions during 

this month, calculated water replacements may have reflected values closer to optimum 

replacement than in tiie otiier water freatinents. In this context, it is advisable to develop 

crop coefficients for each stage of growth throughout the season to optimize water use. 

Mean stage weights and counts of 5. bladhii suggested clearly that maturity 

increased with greater amounts of irrigation and provided fiirther evidence of an increase 

in physiological matiirity with increased irrigation as well as a change in leafstem. The 

two distinctively different yr 2002 and 2003 characterized by relatively high and low 

seasonal precipitation, respectively, had little effect on tiller development. Mean stage 
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weights and counts were similar between these two seasons across water freatments. 

Thus, while biomass accumulation in 2003 was reduced relative to 2002 due to more 

sfressful conditions, tiller maturation seemed to be less affected. However, there was an 

overall decline in flowering over the entire period of investigation. Bothriochloa bladhii 

showed visually less development of inflorescence especially in the last year of research. 

Reduced tillering could have been influenced by only two defoliation events in each 

growing season. Also, growth in experimental units appeared to become more variable 

towards the end of the investigation. We additionally observed that elongated tillers in 

some cases had up to 9 nodes without developing an inflorescence, while others reached 

reproductive stages after developing the 5th node. 

Seed yield and germination was found to be highly variable across species, water 

freatinents, and yr. Bothriochloa ischaemum seemed to have some advantages above the 

other species in seed yield and percent germination. Germination rates above 50% were 

reached very seldom. There was some evidence that B. ischaemum had higher 

germination rates than the other species. Results on seed production and germination are 

not comparable with findings by Ahring et al. (1973) who reported on 225 kg ha"' seed 

yield of ischaemum-type old world bluestems. 

Conclusions 

We presented evidence tiiat water freatinents have profound effects on chemical 

composition of plants regarding fiber content, CP, TNC, and digestibility likely due 

primarily to effects on plant matiirity and leafstem ratios. Further research should 
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address defoliation sfrategies aimed at more frequent harvests to adjust for different rates 

of plant maturation due to water freatments. 

Species differences in chemical composition were not evident except for CP 

concenfration ofB. bladhii which showed consistently higher (P < 0.05) CP values across 

growing seasons but all forages investigated would likely require supplement with CP to 

meet livestock needs. 

Water sfress-induced improvement of nutritive value may increase TNC 

concenfrations in these forage species in areas with limited water supply. Additionally, 

higher (P < 0.05) digestibility was measured under low irrigation. However, several 

questions remain regarding whether this represents an advantage to producers under 

grazing conditions. Nutritive value under full irrigation may certainly be reduced, but 

smaller amounts of total DDM available under limited irrigation probably cannot be 

compensated for by increased digestibility as the numerically higher DDM of medium 

and high irrigation levels versus low and dryland showed. The value of a higher DMD 

would need to be evaluated in terms of animal response to this higher nutritive value. 

From a plant-morphological perspective, obvious leafiness ofB. bladhii canopies 

was not reflected in increased leafstem ratio compared with the other species. The larger 

basal area ofB. bladhii plants however, would probably be more resistant to impact by 

herbivores than any other old world bluestem tested and the architectural arrangement of 

the leaves within the canopy may have advantages to grazing animals. 

138 



References 

Allen, V.G., and J.P. Fontenot, and R.A. Brock. 2000. Forage systems for production of 
stcoker steers in the upper south. J. Anim. Sci. 78:1973-1982. 

Ahring, R.M., CM. Taliaferro, and L.G. Morrill. 1973. Effects of cultiiral and 
management practices on seed production of Plains bluestem. J. Range Manage 
26:143-146. 

AOAC. 1995. Official methods of analysis of the Association of Official Analytical 
Chemists (16th ed.). Assoc. Official Anal. Chem., Arlington, VA. 

Berg, W.A. 1990. Old world bluestem responses to nifrogen fertilization. J. Range 
Manage. 43(3):265-270. 

Christiansen, S., and T. Svejcar. 1988. Grazing effects on shoot and root dynamics and 
above- and below-ground nonstmctural carbohydrate in Caucasian bluestem. 
Grass Forage Sci. 43:111-119. 

Coyne, P.L; J.A. Bradford. 1985a. Morphology and growth in seedlings of several C4, 
perennial grasses. J. Range Manage. 38(6):504-512. 

Coyne, P.L, and J.A. Bradford. 1985b. Some growth characteristics of four old world 
bluestems. J. Range Manage. 38(l):27-33. 

Coyne, P.L, and J.A. Bradford. 1987. Nifrogen and carbohydrate partitioning in 
'Caucasian' and 'WW-Spar' old world bluestem. J. Range Manage. 40(4):353-
360. 

Crozier, J.A., V.G. Allen, N.E. Jack, J.P. Fontenot, and M.A. Cochran. 1997. 
Digestibility, apparent mineral absorption, and voluntary intake by horse fed 
alfalfa, tall fescue, and Caucasian bluestem. J. Anim. Sci. 75:1651-1658. 

Dabo, S.M., CM. Taliaferro, S.W. Coleman, F.P. Hom, and P.L. Claypool. 1987. Yield 
and digestibility of old world bluestem grasses as affected by cultivar, plant part, 
and maturity. J. Range Manage. 40(1):10-15. 

Dewald, C.L., Sims, P.L., and W.A. Berg. 1995. Regisfration of'WW-B. Dahl' old worid 
bluestem. Crop Sci. 35:937. 

The Forage and Grazing Terminology Committee. 1992. Terminology for grazing lands 
and grazing animals. J. Production Agriculture 5:191-201. 

139 



Forwood, J.R., A.G. Matches, and C.J. Nelson. 1988. Forage yield, nonstiiictiiral 
carbohydrate levels, and quality frends in Caucasian bluestem. Agron J 80-135-
139. 

Gillen, R.L., W.A. Berg, C.L. Dewald, and P.L. Sims. 1999. Sequence grazing systems 
on tiie southem plains. J. Range Manage. 52(6):583-589. 

Goering, H.K., and P.J. Van Soest. 1970. Forage fiber analysis (apparatiis, reagents, 
procedures and some applications). ARS U.S. Dept. Agr. Handbook No. 379. 
USDA-ARS, Washington, D.C. 

Hodges, M., and T.G. Bidwell. 1993. Production and management of old worid 
bluestems. OSU Extension Facts, No. 3020. Stillwater. 

Kamezos, T.P, A.G. Matches, and J.W. Keeling. 1993. Comparison of two calibration 
methods for predicting leaf percentages from sorghum and pearlmillets using 
near-infrared reflectance specfroscopy. p. 764-765. In: Proc. XVII Intemat. 
Grassl. Cong. 

Linn, J.G., and N.P. Martin. 1989. Forage quality tests and interpretation. Minnesota 
Ext. Ser., Univ. Minnesota, AG-FO-2637. St. Paul. 

Londofio, I., L.J. Bush, D.G. Wagner, and P.L. Sims. 1981. Digestibility of hays from 
improved selections of old world bluestems. Animal Sci. Res. Rep., Oklahoma 
Agric. Exp. Stat. Stillwater. 

Minson, D. J. 1990. Forage in mminant nutrition. Academic Press, Inc., San Diego, CA. 

Moore, K.J., L.E. Moser, K.P. Vogel, S.S. Waller, B.E. Johnson, and J.F. Pederson. 
1991. Describing and quantifying growth stages of perennial forage grasses. 
Agron. J. 83:1073-1077. 

Mounsif, M. 1986. Carbohydrates frends in Artemisia caudate. M.S. Thesis. Texas Tech 
Univ., Lubbock. 

Niemann, D., V. Allen, and C Brown. 2001. Potential of old world bluestems and 
lovegrass for grazing lambs in the Southem High Plains. Proc. ASA-CSSA-SSSA 
ann. Conf, 21-25, Oct. 2001, Chariotte, NC Am. Soc. Agron., Madison, WI. 

Texas Cooperative Extension. 2004. Estimated costs and rehims per ground acreage 
cotton, sprinkler irrigated. Retiieved Febmary 1'', 2004. 
<http://jenann.tamu.edu^udgets/distiict/land2/2003/csirrs.pdf> 

140 

http://jenann.tamu.edu%5eudgets/distiict/land2/2003/csirrs.pdf


Sanderson, M.A., P. Voigt, and R.M. Jones. 1999. Yield and quality of warm-season 
grasses in cenfral Texas. J. Range Manage. 52(2): 145-150. 

SAS Institiite. 1998. SAS/STAT user's guide. Version 6.03. SAS Inst. Gary, NC 

Steel, R.G.D., and J.H. Torrie. 1960. Principle and procedures of statistics. McGraw-Hill 
Book Company, Inc. New York, NY. 

Van Soest, P.J. 1963. Use of detergents in the analysis of fibrous feeds. II. A rapid 
method for the determination of fiber and lignin. J. Assoc. Off. Agr. Chem. 
46(5):829. 

141 



CHAPTER V 

TEMPERATURE DEPENDENCE OF THE REAPPEARANCE OF 

VARIABLE FLUORESCENCE AND TEMPORAL HEAT 

STRESS RESPONSE OF Bothriochloa caucasica, 

B. ischaemum, and B. bladhii 

Absfract 

Infroduced old world bluestem (Bothriochloa) species are widely used in the 

Great Plains of the U.S. due to greater forage potential production than many native grass 

species. The north-south gradient in average diumal and annual temperatures may affect 

performance of these species and information on optimum metabolic temperature, 

metabolic activity under heat sfress as parameter of environmental fitness, and canopy 

temperature may indicate potential adaptability to temperature sfress in the Southem 

High Plains. To determine effects of irrigation on canopy temperature, stands of three 

old world bluestem (Bothriochloa) species ['Dahl' (bladhii); 'Caucasian' (caucasica); 

and 'Spar' (ischaemum)] were surface drip-irrigated with low, medium, and high 

watering levels, including a dryland freatment, in 2002 and 2003. Water applied in the 

high freatinent was 100% replacement of potential evapofranspiration (PET) minus 

precipitation. Medium and low freatments were spaced evenly and calculated as 66 and 

33% of the high freatment; the dryland freatinent received no irrigation (0%). Each 

species and water freatment was replicated three times in a complete randomized block 

design with a split plot freatment arrangement. Canopy temperatiire was measured with 
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an infrared thermometer in the field during the growing season. Optimum metabolic 

temperature and fitiiess, tested on field-grown plant tissue, was conducted in 2003. 

Canopy temperatures progressively declined with increasing water supply. No 

differences (P > 0.05) were found among species. Plant tissue of Caucasian, Spar, and 

Dahl from plots with high irrigation were light satiirated and subjected to temperatures 

between 20 and 34°C in the laboratory. Reappearance of variable fluorescence (Fv) vs. 

non-variable fluorescence (Fo) was measured repeatedly in darkness during a 15-min 

period to determine optimum temperature. Most rapid reappearance of Fy occurred at 

24°C in Caucasian, at 24°C in Spar, and 28°C in Dahl. Additionally, metabolic activity 

was tested by subjecting plant tissue to a temperature of 38°C for 96 h in darkness. 

Measurements of maximal fluorescence (Fm) and Fy were conducted each 24 h. 

Metabolic activity expressed as the ratio Fy/Fm was reduced with increased duration of 

heat sfress. Also, metabolic activity of Caucasian after 96 h was higher (P < 0.05) than 

that of Spar, but did not differ (P > 0.05) from Dahl. No difference (P > 0.05) was 

observed between Spar and Dahl. Results indicated that Caucasian had a higher 

metabolic activity under prolonged heat sfress than Spar and, thus, was environmentally 

more fit at time of tissue sampling. 

Infroduction 

Plant metabolic pattems and characteristics may be indicative of plant adaptation 

to environmental conditions. Smimoff (1995) argued that enzymatic adaptation to 

climates was especially cmcial in developing advantages over other species. 
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Consequently, already manifested adaptations in forage species may also be helpfiil in 

selecting suitable lines for integration into agricultiiral systems located in semi-arid 

environments. Wanjura et al. (1988 and 1989) and Mahan (J.R. Mahan, USDA-ARS, 

Lubbock, TX, unpublished data) showed that canopy temperature could serve as an 

irrigation criterion to replace potential evapofranspiration based on predetermined 

optimum metabolic temperatiires in cotton (Gossypium hirsutum). Wanjura et al. (1988) 

showed that the thermal kinetic window method for irrigation resulted in earlier, more 

frequent, and smaller quantity irrigations than using a method that was based on soil 

water status. A later study conducted by the same authors (Wanjura et al., 1989) 

supported their hypothesis that optimum temperature measured via canopy temperature 

can serve also as the basis to regulate irrigation amounts. Obtained lint yield differences 

in cotton maintained at 28°C, 30°C, and 32°C canopy temperature indicated that cotton is 

very sensitive to minor differences in maintaining optimum metabolic temperature. In 

their study, canopy temperature was confrolled by supplying irrigation whenever canopy 

temperature exceeded for 15 min the freatment threshold of 28, 30, or 32°C. 

Forage-based agricultural systems may be viable options for enhancing overall 

sustainability in the Southem High Plains of Texas. Infroduced old world bluestem 

species were widely used to reestablish grass cover on formerly degraded and eroded 

farmland in this semi-arid environment. Allen (1999) reported on lower in water and N 

use with an integrated forage/crop/livestock system in the magnitude of 20 and 40%, 

respectively, utilizing B. bladhii as a C4 grass component compared with a cotton 

monoculture system. Other old worid bluestems of interest include B. caucasica, and B. 
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ischaemum. These species were infroduced to the U.S. with the objective to improve 

forage production in the Southem Great Plains. 

As ambient temperature should also affect the metabolic activity in forage 

grasses, it was hypothesized that determination of the optimum temperature range may 

give an indication of the adaptation of species that were selected for incorporation in 

agricultural systems located in semi-arid environments. Thus, the objectives were to 

determine the optimum metabolic temperature and metabolic activity under temporal heat 

sfress as indicator of the environmental fitness of the old world bluestems B. caucasica, 

B. ischaemum, and B. bladhii. 

Materials and methods 

Plant tissue samples were collected from well-watered, field-grovm B. caucasica, 

B. ischaemum, and B. bladhii to determine the optimum temperature by means of 

reappearance of variable fluorescence following illumination. Investigation of selected 

old worid bluestem species was conducted parallel to anotiier study that investigated 

water use efficiency ofB. caucausica, B. ischaemum, and B. bladhii where existing 

stands of these old worid bluestems were subjected to water freatinents of dryland, low, 

medium, and high irrigation levels. Species were replicated 3 times in a complete 

randomized block design. Water freatinents were applied in a split-plot arrangement. 

Details of the experiment site and procedures are given in Chapter III. In the present 

stiidy, tissues for determination of the optimum temperatiire were collected in bulk from 

the high irrigation level freatinent for all three species from a single block. 
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Plant tissues collected in the field were fransferred to airtight plastic bags 

containing wet paper towels to keep tissues hydrated. Bags were stored in a cooler 

containing ice and fransferred immediately to the laboratory for fiirther analysis. 

Fluorescence measurements were made on intact leaves that showed a uniform green 

color witiiout injuries or dry spots. Leaf sheaths were cut in 3-cm long segments and 

placed on moistened filter paper on top of a temperature-regulated plate. Leaf segments 

were placed on filter paper so that an area of approximately 4.5 cm^ was fully covered 

with tissue. During the first part of the experiment, eight temperature plates were used 

across a temperature range of 10 to 45°C with 5°C increments. Temperatiire was held 

constant with sensors and automatically adjusted if needed. Tissue was covered with 

fransparent plastic film (Gladwrap, CO2 permeable) and light-saturated for 10 min. A 

constant illumination time was used for all species and all temperature treatments. 

Measurements of recovery and magnitude of the variable fluorescence were then taken 

once per min over a course of 15 min, using a pulse modulated chlorophyll fluorometer 

(Opti-Science, Tyngsboro, MA). Non-variable fluorescence (Fo), variable fluorescence 

(Fy), and maximal fluorescence (Fm) of photosystem (PS) II were collected. Between 

measurements, sample tissues were kept in the dark. The ratio of Fy/Fo was used to 

calculate the recovery of Fy for each time increment in the dark and at which temperature 

and time maximum values of Fy occur. Optimum plant metabolic temperature was 

characterized by a combination of the maximum Fy/Fo ratio and the minimum time 

required to reach the maximum Fy/Fo ratio (Burke, 1990). The first part of the 

experiment was replicated five times for all species and temperature combinations. 
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Results were analyzed regarding range of temperatiires in which quickest and highest 

recovery of Fy may occur. In part two of the experiment, range of temperatiires was 

reduced from 20 to 34°C with 2°C increments to achieve greater accuracy in estimating 

optimum temperature for recovery of Fy. 

Effect of a 38°C temperatiire sfress on metabolic activity of leaf tissue during 96 

h in darkness was investigated according to a method used by Burke (J.J. Burke; USDA-

ARS, Lubbock, Texas, unpublished data, 2003) during autiimn of 2003. Plant tissues 

were sampled at day of year (DOY) 300 from all tiiree field replicates that were freated 

with low and high irrigation levels and fransferred to the laboratory as described above. 

Upon arrival, tissues from each species and water freatinent were placed on wet filter 

paper in a glass tray. Tissues were cut into 3-cm long segments and placed on paper so 

that approximately 4.5 cm^ of area was covered for each species-water freatment 

combination. There were three replications per plot and additionally three replications 

across blocks according to the randomized block design used for the field experiment 

investigating water use efficiency (Chapter III). Trays containing tissue were then placed 

in a darkened chamber with a constant temperature of 38°C. Fluorescence measurements 

were taken initially, and after 24, 48, 72, and 96 h. Metabolic activity as a measure of 

environmental fitness, i.e., adaptability for the area these old world bluestem species were 

grown in, was expressed as the ratio of Fy/Fm-

Canopy temperatures were determined by measuring the infi-ared portion of the 

spectmm that was reflected from the plant canopy. Measurements were taken 

approximately 1 h after solar noon with an Infrared temperature meter (Everest 
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Interscience; Tustin, CA). In each plot, the device was aimed at the canopy at an angle of 

approximately 45° on a north-south axis. One measurement per plot was recorded. The 

resulting canopy temperatiire was then compared to actiial air temperatiire at the time the 

data were recorded to calculate a temperature differential. Values of air temperatures 

were obtained from an on-site weather station, approximately 50 m from the research 

location. 

Additionally, from August through October of 2003, canopy temperature ofB. 

bladhii in block 3 across all water freatments was measured within the scope of a pilot 

project. An automated logger system was installed containing five thermocouples that 

monitored canopy temperature continuously. Two IRt/c thermocouples (Exergen Co., 

Watertown, MA) were installed in the low irrigation freatment plot; remaining plots were 

equipped with one IRt/c thermocouple each. Data was fransferred via hard wire to a 

datalogger (Campbell Scientic, Logan, UT) and temporarily stored in memory modules, 

holding up to 2 wk of data. Canopy temperature was sensed in an interval of 6 s, whereas 

15 min averages were recorded. Data were frequently (2 per wk) dovraloaded on a 

desktop computer and checked regarding irregularities and to ensure consistent 

performance of thermocouples. 

Results 

Reappearance of variable fluorescence 

In B. caucasica, no clear peak of the maximum ratio Fy/Fo could be determined 

(Fig. 5.1). Using the combination of fastest reappearance of Fv and time required to 
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reach maximum values of Fy/Fo within each temperatiire freatinent to determine optimum 

temperatiire as suggested by Burke (1990), an optimum metabolic temperatiire of 24°C in 

B. caucasica seemed most likely, although maximum Fy/Fo ratios of any freatment were 

observed under 20°C. In botii B. ischaemum and B. bladhii, variable fluorescence, as 

influenced by temperature, was more clearly defined (Fig. 5.2 and Fig. 5.3). In B. 

ischaemum, maximum recoveries of variable fluorescence were achieved under 24°C. 

Ratios of Fy/Fo indicated a steady decline when subjected to higher temperatures. 

Maximum Fy/Fo ratios for B. bladhii were observed under a freatment temperature of 

28°C 

Metabolic activity under temperature sfress 

Measurements of metabolic activity as an indicator of environmental fitness 

revealed no species by water freatment interactions (P < 0.05); thus, data were presented 

averaged over low and high irrigation levels (Fig. 5.4). Metabolic activity among the 

three investigated old world bluestems showed no difference up to 72 h. Bothriochloa 

caucasica appeared to decline more slowly in metabolic activity after 24 hr than other 

species tested, and by 96 h, B. caucasica had a higher (P < 0.1) metabolic activity than B. 

ischaemum. No difference was noted between B. ischaemum and B. bladhii at any point 

during the 96-h period. 
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Canopy temperature in B. caucasica, B. ischaemum, and B. bladhii 

Temperatures of plant canopies showed no species by water freatment 

interactions (P < 0.05). Thus, species were averaged and data presented indicated canopy 

temperatures across the growing season as affected by water freatments. 

During 2002, measurements suggested that canopy temperatures declined steadily 

with increasing irrigation levels with a sharp decline in temperature from dryland plots to 

temperatures noted in irrigated plots (Fig. 5.5). In these irrigated plots, temperatures 

generally stabilized at medium and high irrigation levels (linear, quadratic, and cubic 

relationships; P < 0.05). Deviation from air temperature was higher (P < 0.05) shortly 

after hay cut (Fig. 5.5). With subsequent regrowth, dryland plots maintained air 

temperatures between 10 and 15°C until the end of the growing season, while irrigated 

plots showed smaller deviations from ambient temperatures. 

During 2003, similar relationships were observed regarding effects of water 

freatments on canopy temperatures (Fig. 5.6). Dryland plots maintained relatively high 

canopy temperatures, whereas temperatures under irrigated conditions were lower and 

declined less sharply under high irrigation level (linear, quadratic, and cubic 

relationships, P < 0.05). Canopy temperatures above air temperatures were observed 

mainly under dryland conditions in the second half of the growing season (Fig. 5.6). 

Irrigated plots reached maximum deviation only at the end of the growing season, but not 

exceeding 5°C above ambient temperature. Canopy temperatiires under dryland 

conditions appeared to increase steadily towards the end of the growing season. 
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Canopy temperature in B. bladhii logged continuously 

Data indicating duration of temperatiire sfress showed that time under which plant 

canopies were above optimum metabolic temperatiire during the day occurred during the 

period of recording (Fig. 5.7). An increase in temperatiire sfress across all water 

freatinents occurred in wk 10 of the experiment due to a rise in ambient temperatiire. 

Generally, dryland plots appeared to sustain longer periods of temperatiire sfress than 

irrigated plots. In irrigated plots, periods when temperatiires were above optimum were 

less affected by low or medium irrigation levels. Moreover, during several weeks, plots 

under medium irrigation showed numerically slightly greater times where canopy 

temperature was elevated above predetermined optimum metabolic temperature. Periods 

above these temperatures were measured 10 h in mid-August and less than 10 h at end of 

the experiment in early November. 

Discussion 

Recovery of variable fluorescence and metabolic activity 
under temperature sfress 

With investigation of optimum plant metabolic temperature and metabolic 

activity under heat sfress, fiirther characterization was sought regarding the adaptability 

of the investigated old world bluestem species to the semi-arid region of the Southem 

High Plains of Texas. In B. caucasica, no clear peak was visible that could have 

determined decisively optimum temperature. Ferguson and Burke (1991) suggested that 

for determination of that temperature, a combination of maximum Fy/Fo ratio and 

minimum time in darkness required to reach maximum Fy/Fo ratio. Thus, an optimum 
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temperatiire of 24°C was suggested, despite maximum Fy/Fo ratios were found under 

20°C. Burke (J.J. Burke, USDA-ARS, Lubbock, Texas; personal communication) 

suggested that C4 plants can probably show two peaks of Fy/Fo ratios, for no known 

reason. This observation is usually not made in C3 plants. Previous determination of 

optimum temperature over a wider range of temperature (10 to 45°C) indicated 

temperatures around 24°C as optimum. Also, preliminary data regarding the thermal 

kinetic window may have suggested optimum temperature to be located around exactly 

that magnitude. Burke (1990) found evidence in various species (wheat [Triticum 

aestivum], cotton, tomato [Lycopersicon esculentum], bell pepper [Capsicum annuum], 

and petunia [Petunia spp.]) that temperatures providing maximal fluorescence as an 

indicator for maximal metabolic activity corresponded with optimum temperatures that 

were derived from enzyme purification with subsequent determination of minimum Km as 

an indicator of optimum plant metabolic temperature. Given the mountainous area at 

approximately 38° latitude north and 45° longitude east in which B. caucasica is 

probably endemic (Harlan and Chedda, 1963), this species should be adapted to a wide 

range of diumal and seasonal temperature changes. Therefore, it might be possible that 

pronounced peaks of Fy/Fo ratios could not be observed as was suggested for other 

species by Burke (1990). 

In B. ischaemum and B. bladhii, optimum temperature could be more clearly 

defined. In B. ischaemum, Fy/Fo ratios peaked at 24°C. Conversely, in B. bladhii 

maximum ratios of Fy/Fo were observed under a temperature freatinent of 28°C. These 

findings suggested a higher optimum temperature for B. bladhii than for other old world 
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bluestems. As to what extent our finding can be related to forage management in semi-

arid areas must remain unanswered and fiirther research is indicated. 

If optimum temperature indicates adaptation to semi-arid environments with high 

day-time temperature during the growing season, then B. bladhii should have advantages 

over other species in terms of viability under such conditions. The experiment on 

metabolic activity under heat sfress to test environmental fitness suggested that this might 

not be the case. While an absence of differences among species during the first 24 h was 

observed, after this period species effects seemed to separate and resuhed in a greater (P 

< 0.05) metabolic activity for B. caucasica than B. ischaemum. No difference (P > 0.05) 

was observed between B. bladhii and B. caucasica. Also, cell solutes ofB. ischaemum 

seemed to leak earlier than observed for the other two species. Results from initial pilot 

studies conducted on tissue sampled DOY 246 and 293 to validate the procedures and 

conducted with forage collected from block 1 from the experimental site were similar to 

that observed in the final experiment. In these pilot studies, ratios of Fy/Fm of species 

separated also after 24 h. Additionally, B. bladhii behaved the same as in presented data 

and showed less metabolic activity at the very end of the experiment after 96 h duration. 

There seemed no time effect to influence the outcome. Tested in September and October, 

these two pilot studies behaved similarly. 

An analysis of ambient temperatures measured days and hours before tissues 

were sampled indicated that these temperatures may have been more favorable for B. 

caucasica and B. ischaemum due to their lower optimum plant metabolic temperatiire. 

Mean air temperatiires for 10 d and 24 h before tissues were sampled on DOY 300 were 
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16.6 and 8.6°C, respectively. However, B. caucasica had a higher (P < 0.05) metabolic 

activity after 96 h than B. ischaemum. Enhanced metabolic activity in B. caucasica may 

have been caused by different rooting pattems and plant water statiis than B. ischaemum. 

Differences in rooting pattems between B. caucasica and B. ischaemum may have 

existed. The latter started earlier in spring to photosynthesize and perhaps maintains a 

root system that is able to retrieve water from deeper depths. In tum, B. caucasica was 

perhaps able to take up water more efficientiy from the surface at which irrigation water 

was applied. Also, relative water content (RWC) in B. caucasica was found to be higher 

(P < 0.05) than B. ischaemum (Coyne et al., 1982). Thus, during prolonged heat sfress 

and no fiirther accumulation of photosynthates, B. caucasica was likely able to mobilize 

more metabolic reserves than B. ischaemum. The findings of apparent enhanced 

environmental fitness for the location ofB. caucasica are supported by data that show 

increased total seasonal dry matter (DM) yield and monthly forage mass as described in 

Chapter III. There was no evidence found that plant tissue collected from plots freated 

with low irrigation level had any advantage over tissue obtained from plots with high 

irrigation level. Burke (J.J. Burke; USDA-ARS, Lubbock, Texas; personal 

communication) suggested that previously sfressed plants should have greater metabolic 

activity than non-sfressed plants due to accumulation of osmolites. 

Canopy temperature in B. caucasica, B. ischaemum, and B. bladhii 

Presented data followed the expectation that canopy temperature should decline 

with increasing levels of irrigation levels in combination with increased franspiration. 
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Also, canopy temperatiires in both years followed ambient temperatiire in their absolute 

values. That is, decline in canopy temperatiires in the second half of the growing season 

can likely be attributed to a decline in air temperatiire at time of sampling. In 2002, air 

temperatiire declined from 34.1 to 19.0°C during DOY when canopy temperatiire was 

sensed. The peak in canopy temperatiires at DOY 218 was due to the hay cut at DOY 

212. Measured canopy temperatures exceeded those of air by more than 15°C. Little 

regrowth occurred during the period of 6 d that occurred between hay cutting and the 

following measurement date, and measured values reflected stubble and bare soil. 

Towards the end of the growing season, canopy temperatures always stayed above air 

temperature and followed changes in air temperature closely. Canopy temperatures in 

irrigated plots were maintained close to the level of ambient temperature, with a low 

water freatment being sfressed apparently more than under medium or high irrigation 

levels. The increase in canopy temperatures in all water freatments despite a decline in 

air temperature at the very end of the growing season was likely due to leaf senescence 

and onset of dormancy that increased canopy temperature without plants being able to 

franspire to offset differences. 

In 2003, similar observations were made regarding relation between canopy and 

ambient temperature. In confrast to 2002, air temperatures at those days when 

measurements of canopy temperatures were taken were relatively similar in the second 

half of the growing season. Hence, canopy temperatures in irrigated plots were similar 

until the end of the growing season. Because only little biomass accumulation occurred 

in dryland plots, measured canopy temperatures again reflect large areas of bare soil 
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among plants. Shortly before DOY 162, precipitation occurred and increased 

franspiration appeared to have reduced canopy temperatiire below ambient temperatiire 

from all irrigation levels. 

Canopy temperature in B. bladhii logged continuously 

Previously, we presented evidence that canopy temperature declines with 

increased irrigation levels. Data that were continuously logged suggested that period 

during which canopy temperature stayed above presumed metabolic optimum 

temperature may be little affected for low and medium irrigation levels. Limited data are 

available, but our study suggested that plots irrigated with medium or low levels were 

similar in time of temperature sfress above presumed optimum temperature of 28°C. At 

the start of data collection, plots were still affected from the hay cut event. Thus, periods 

above 28°C probably reflected more sensible heat emitted from soils than plant canopy 

temperature. Logged values indicated that temperatures above 28°C prevailed well after 

sunset until approximately 2100 hrs during the first week of the experiment. Little forage 

mass accumulation occurred in dryland plots after hay cut; thus, the dryland plot reflected 

expected frends of having higher canopy temperatures. Under the high level of irrigation, 

periods under sfress were numerically shorter than in any other freatment. Questions 

remain why low and medium irrigation levels appeared to be similar. First, we used only 

2 thermocouples in plots with low irrigation level, and 1 each in dryland, medium, and 

high irrigation level plots. Second, the high standard error in many cases of more than 1 

hr made it impossible to make sound predictions. Third, if there was tmly a tendency 
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witii medium irrigation levels to raise canopy temperature, then the onset of water sfress 

in medium watered plants occurred earlier, but did not rise above that of low watered 

plants as our data on canopy temperatiire of all investigated species suggested. Thus, 

prolonged periods of sfress might have been the result more of canopy architecture than 

amount of water supplied to plants. Wind speeds may vary considerably with only little 

difference in height and may have caused increased franspiration in medium watered 

plants without a relative decline in canopy temperature. 

Conclusions 

Determination of optimum temperatures and metabolic activity suggested that 

differences among species may exist regarding these parameters. Bothriochloa bladhii 

showed a higher optimum temperature based on recovery of variable fluorescence than B. 

ischaemum and B. caucasica which had apparently similar plant metabolic optimum 

temperatures. Enhanced envirorunental fitness for the location of research ofB. 

caucasica is reflected in higher metabolic activity of this species compared with B. 

ischaemum. Cool night temperatures in the Southem High Plains of Texas may signify 

an advantage ofB. caucasica over B. bladhii. Results from canopy temperature 

experiment suggested that medium and high irrigation levels may maintain leaves at 

ambient temperature levels. To what extent duration of temperature sfress of leaf tissue 

can be used to make predictions regarding irrigation replacements remains uncertain. 

There seemed to be little evidence that low and medium irrigation levels differed in time 

span of sfress expressed during the pilot study conducted in autumn of 2003. 
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CHAPTER VI 

INFLUENCE OF REPLACEMENT OF POTENTIAL EVAPOTRANSPIRATION 

ON ROOTING DYNAMICS AND SOIL ORGANIC CARBON IN 

Bothriochloa caucasica, B. ischaemum, AND B. bladhii SWARDS 

Absfract 

Soil organic carbon (SOC) accumulation and rooting dynamics in grasslands may 

be influenced by irrigation. Stands of three old world bluestem (Bothriochloa) species 

('Dahl' [bladhii]; 'Caucasian' [caucasica]; and 'Spar' [ischaemum]) were surface drip-

irrigated with low, medium, and high watering levels, including a dryland freatment, to 

determine accumulation of SOC in autumn of 2003 in all species. Additionally, rooting 

pattems in Dahl were determined for each water freatment. Water applied in the high 

freatment was 100% replacement of potential evapofranspiration (PET) minus 

precipitation. Medium and low freatments were spaced evenly and calculated as 66 and 

33% of the high freatment; the dryland freatment received no irrigation (0%). Each 

species and water freatment was replicated three times in a complete randomized block 

design with a split plot freatment arrangement. Soil organic carbon was lower (P > 0.05) 

under dryland (4.6 g 100 g"') than irrigation (5.5 g 100 g"'; mean of irrigated freatinent). 

No differences (P > 0.05) in percentage SOC were found among irrigation levels (low 

5.5, medium 5.5, and high 5.6 g 100 g"'). Likewise, there were no differences (P > 0.05) 

among species. Counts of root tips per unit soil core area suggested water treatment 

effects, but differences were not signiflcant (P > 0.05). Results suggested tiiat SOC does 
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not respond linearly to increasing increments in irrigation but that even a small amount of 

added moistiire can increase SOC, compared witii dryland conditions. Rooting pattems 

can likely be influenced with irrigation but fiirther stiidies are needed to determine effects 

of water supply on B. bladhii. 

Infroduction 

Roots, as the elusive plant parts, are not often investigated in detail due to high 

demand in resources and destiiictive characteristics of measurements. Thus, little is 

known regarding those organs that in land plants are predominantly responsible for 

nutrient and water uptake. Roots also serve as soil anchors for plants and are subjected 

often to substantial tensile sfress. Rooting density may additionally affect water 

infilfration pattems and, thus, influence changes in soil stmcture with subsequent positive 

changes in SOC content. 

Little data are available regarding rooting dynamics and SOC accumulation in 

soil when the dominant vegetation is old world bluestems (Bothriochloa spp.). Svejcar 

and Christiansen (1987) showed that between 27 and 46% less root mass occurred in 

swards of Caucasian bluestem grazed heavily and lightly by steers. Christiansen and 

Svejcar (1988) also reported that a heavy grazing regime with steers resulted in smaller 

root mass than in a light grazing regime; however, swards in heavily grazed paddocks 

initiated about twice as many roots on an area basis. Furthermore, their research with 

these two grazing regimes revealed tiiat total nonstmctural carbohydrate (TNC) 
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concenfration in swards that were grazed heavily shifted towards below-ground biomass 

pools. 

With increasing evidence that human-enhanced global climate change will have 

adverse effects on human societies, research has focused on the potential for sequestering 

previously emitted carbon (C) into perennial grassland ecosystems. Likewise, there are 

several management opportunities to improve C accumulation on crop land (Lai, 1999). 

These include water and nutrient management, conservation tillage, and increased 

utilization of cover crops among others. With about 336 million ha of grazing land 

(Follett et al, 2001), the U.S. may be able to sequester large portions of released C in 

pastures and rangelands. Schuman et al. (2002) estimated that with appropriate grazing 

management, soil C storage could be increased by 0.1 to 0.3 Mg ha' yr', whereas newly 

established grassland could sequester an additional 0.6 Mg C ha"' yr' per year. Follett et 

al. (2001) argued that cropland converted to pastureland may recapture 2.0 to 5.8 MMTC 

(million metric tons of carbon) yr''. 

Farmers and rangers may be able to frade C storage. This could also affect 

management of old world bluestems grown in semi-arid environments, whether they are 

managed as a natural ecosystem or artificial ecosystems with the aim of intensive pasture 

management. The old world bluestems included in this investigation (B. caucasica, B. 

ischaemum, and B. bladhii) were infroduced to enhance forage production on marginal 

land. Especially B. ischaemum was grown extensively on Conservation Reserve Program 

land. Caucasian bluestem was infroduced from a mountainous region in Cenfral Asia and 

may be suited for colder regions fiirther north in the Southem High Plains. The old worid 
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bluestem 'WW-B. Dahl' (B. bladhii) was introduced from India in 1994. Stiidies showed 

that B. bladhii is well suited as a core forage component for crop/forage/livestock 

systems in the Southem High Plains (Allen, 1999; Niemann, unpublished data, 2001). 

WHiile all three old world bluestem species may be viable candidates for forage 

systems, little information is available regarding accumulation of SOC on rooting 

characteristics as affected by irrigation. Thus, our objective was to determine the amount 

of total SOC under grass cover ofB. caucasica, B. ischaemum, and B. bladhii when 

freated with either dryland, low, medium, or high levels of irrigation. Additionally, B. 

bladhii was investigated regarding rooting density under the same water freatments. 

Materials and methods 

Three old world bluestem species (B. caucasica, ischaemum, and bladhii) and 

four irrigation freatments (dryland, low, medium, and high) were compared to determine 

effects on SOC accumulation. A full description of the experimental site was given in 

Chapter III, thus, only a brief description is given here. Experiments were conducted 

during autiimn 2003 at tiie Texas Tech University Field Laboratory, New Deal. The 

experiment was a randomized block design with a split plot arrangement of irrigation 

freatments with three replications for each freatment. 

Total SOC was determined using the dry combustion method described by 

Robertson et al. (1999) with modifications by Whitford (W. Whitford, USDA-ARS 

Jomada Experimental Range, Las Cmces, NM; personal communication). From each 

plot, 8 randomly soil distiibuted samples were taken to a depth of 20 cm directly adjacent 
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to a plant and were subsequently separated into a depth of 0 to 5 and 5 to 20 cm. 

Samples were stored in airtight plastic bags and placed temporarily in a cooler for 

fransportation to the laboratory. Soil samples were thoroughly mixed and air-dried for 

approximately 1 wk before further processing. From each sample, approximately 35 g of 

soil were then fransferred to a ceramic cup (CoorsTek, Golden, CO), placed in a muffle 

fiimace (Fisher Scientific, Pittsburgh, PA), and bumed at 475°C for 24 h. The weight 

difference was obtained. Immediately after placing soil samples into ceramic cups for 

buming, soil was again stored in sealed plastic bags to maintain current soil moisture 

status. Subsequently, sub-samples of approximately 35 g soil were placed into aluminum 

weighing dishes (Fisher Scientific, Pittsburgh, PA) and dried in a forced draft oven 

(Precision, Precision Scientific, Winchester, VA) at I IO°C for 24 h. The resulting soil 

moisture content was subfracted from corresponding samples for determining SOC 

content on a dry matter basis. 

In autumn of 2003, 10 core samples to a depth of 1 m were taken from each B. 

bladhii plot to characterize root distribution. Cores were taken with a hydraulically 

operated sampler using a steel tube having a diameter of 4.1 cm. Because of high 

variability in plots at the end of the entire project, two rows of plants along drip tapes 

were chosen that were most uniform in growth. From these rows, 5 samples each were 

taken at a distance of approximately 2.5 m. Each core site was centered on a plant. Soil 

cores were removed from the tiibe and placed into a polyvinyl chloride (PVC) half-pipe 

with a diameter of 12 cm. Rooting pattems were analyzed following the core break 

method as described by Bohm (1979) with modifications. Soil cores were broken into 
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10-cm increments. Exposed faces of the column were washed back 0.5 cm with a 

spraying-type water container until root tips protmded. Tips were counted on the upper 

and lower face of each cut and averaged across all 10 cores and counts at the same depth. 

Results were plotted as root counts per depth and water freatment. 

Effect of species and water freatments on response variables were determined by 

analyzing variances within and among freatments (Steel and Torrie, 1960). Species and 

irrigation freatments were analyzed as main effects and all interactions among species 

and irrigation were tested for significant differences. 

Results 

Soil organic carbon content 

Results suggested that either low, medium, or a high irrigation level accumulated 

more (P < 0.05) SOC in the upper 5 cm of the soil profile than under dryland conditions 

(Fig. 6.1). Soil organic C in the upper 0 to 5 cm averaged 4.6, and 5.8 g 100 g"' under 

dryland and irrigated freatments, respectively. There were no differences (P < 0.05) 

observed among low, medium and high irrigation freatments. Additionally, no 

differences (P < 0.05) were noted among species. Nevertheless, tendencies were 

observed under low and medium irrigation levels that suggested possibly higher SOC 

accimiulation under B. caucasica than either B. ischaemum and B. bladhii (Fig. 6.2) at 

the lower irrigation levels but no indication of species effect were present under either 

dryland or high irrigation. At a deptii of 5 to 20 cm, no differences (P < 0.05) in 

percentage SOC occurred (Fig. 6.2). Percentage SOC in the upper part of the profile 
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Diyland Low Medium 
Water treatments 

IB. caucasica B B. ischaemum O B. bladhii 
Old world bluestem species 

Figure 6.2. Soil organic carbon (SOC) as influenced by dryland and irrigation levels of 
low, medium, and high and Bothriochloa caucasica, B. ischaemum, and B. bladhii at 
depths of 0 to 5 and 5 to 20 cm in auttimn 2003. tSE = standard error of tiie mean. 
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ranged between 4 and 6 g 100 g" while at the lower depth sampled, concenfrations were 

below 4 g 100 g ' . 

Root counts in Bothriochloa bladhii 

No water freatment by depth interaction was observed (P > 0.05). However, root 

counts were presented by depth and water freatment due to observed tendencies across 

irrigation levels (Fig. 6.3). Root counts also varied with depth. In the upper part of the 

soil profile, approximately 15 tips per 13.2 cm^ were determined, whereas at a depth of 

100 cm less than 5 counts of root tips per 13.2 cm^ were observed. Irrigation freatments 

of low and medium levels frequently tended towards numerically greater number of root 

tips protmding from core faces than either a dryland or a high irrigation freatment. From 

a depth of 60 cm to 80 cm, plots under dryland seemed to show slightly higher root 

coimts than the other freatments. At the lowest sampled depth, the medium irrigation 

freatment was observed to result in numerically more root counts than the other water 

freatments. 

Discussion 

Soil organic carbon accumulation results in a variety of effects that enhance 

productivity, such as soil fertility and water retention (Schlesinger, 1999). Our data 

suggested that after 3 yr, dryland plots were lower in SOC content tiian any irrigated 

freatinent, while low, medium, and high irrigation levels did not differ in amount of SOC 

in the upper 5 cm of the soil profile. Plots in which this investigation was conducted 
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were uniformly watered previously with an underground drip irrigation system to support 

a grazing stiidy, and, SOC contents were assumed to have been similar across plots prior 

to the beginning of this study. Our findings suggested that a low irrigation level may be 

sufficient to increase the SOC versus dryland. However, the observed effect may relate 

specifically to water application via surface drip irrigation as applied in this experiment. 

Moreover, it was likely tiiat dryland plots lost SOC, while irrigation freatinents just 

maintained previously accumulated amounts. This is evidenced by the fact that increased 

levels of irrigation did not lead to increased SOC accumulation. This implies that SOC 

may not be increased by irrigation, but that irrigation can prevent SOC from declining. 

However, if the initial point was dryland conditions, irrigation by even the low level 

might increase carbon sequesfration, hence, providing a possible opportunity to capture 

economic benefits of carbon credits. At a depth from 5 to 20 cm, no differences (P < 

0.05) in SOC among water freatinents were noted. Carbon at this depth averaged 3.6 g 

100 g-'. 

While effects of species on SOC were not observed, data suggested that B. 

bladhii may sequester less SOC than the other species in the upper 5 cm of soil under 

limited irrigation. In B. caucasica swards, plants were located closer to each other than 

in B. bladhii. Relatively more open space in B. bladhii plots could have led to increased 

soil temperatures and, thus, increased respiration and a more rapid rate of organic matter 

decomposition. Less availability of soil water due to enhanced evaporation could also 

have resulted in a negative impact on the SOC content in B. bladhii swards under ftiU 

gation canopies were closed and could have prevented these losses. It is questionable i m 
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if irrigation can be effectively used as a means to enhance carbon sequesfration in semi-

arid and arid lands. Schlesinger (1999) argued that any fossil ftiel-derived energy used 

for pumping water would offset gains in C Also, this author suggested that groundwater 

located in arid regions often contained more dissolved CO2 than the atinosphere and that 

this CO2 is subsequently released to the atmosphere, negating effects of enhanced plant C 

sequesfration. 

Root counts in B. bladhii 

High variability in root counts at any depth made it virtually impossible to detect 

differences (P < 0.05) among water freatments. Some general conclusions can be 

suggested, however, based on observed tendencies. In the upper 20 cm, root counts per 

13.2 cm appeared to be numerically higher under a low irrigation level versus the other 

freatinents. As expected, amount of roots in watered plots should be higher than dryland 

in upper parts of the soil profile as water was delivered at the soil surface. Relative 

differences among these irrigated plots and the dryland disappeared at a depth of 

approximately 50 to 60 cm. Also, root counts in dryland plots seemed to increase 

compared with other freatments at a depth from 50 to 80 cm. The underground drip 

irrigation system is located at a depth of 40 cm. The wetting front in spring during N 

application could have affected root growth in this depth under dryland, where no other 

source of water may be available for longer periods of time. Medium irrigation levels 

may have resulted in increased root counts at a depth of 40 cm. 
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Conclusions 

Soil organic C accumulation under irrigated pastiires may be a tool of enhancing 

carbon sequesfration to mitigate greenhouse gases. Our research showed little evidence 

tiiat equally spaced irrigation levels result in a proportional increase in SOC but that soils 

with any irrigation level had more SOC than with dryland conditions. Effects of 

irrigation on SOC observed in the upper 5 cm of the soil profile could be a short-term 

effect. Research is needed to assess if only small increases in irrigation may increase 

effectively SOC contents or is needed to keep already established levels of SOC. 

Absence of differences in depths of 5 to 20 cm suggested that differences in the upper 

part of the soil profile were affected by the irrigation method, thus, creating a favorable 

microclimate for soil organisms. 

Findings on rooting dynamics in B. bladhii suggested that water freatment effects 

may be present but could not be detected with the method used. We propose a screening 

of rooting pattems in investigated old world bluestem species as these differences could 

affect decisions regarding irrigation systems and management sfrategies under grazing. 
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CHAPTER VII 

OVERALL DISCUSSION AND IMPLICATIONS 

Overall discussion 

First records of infroduction of old worid bluestems to the North American 

continent date back to the year of 1894 (Celarier and Harlan, 1955; as cited by Coyne and 

Bradford, 1985) witii tiie aim to find bluestems that are superior in regard to production 

and nutiitive value for livestock. Over the course of the last century, caucasica, 

intermedia, and ischaemum types were infroduced from Cenfral Asia with the objective 

of mitigating degraded range and croplands in the Great Plains. Especially ischaemum 

types were widely planted on CRP land in the Southem High Plains. 

With concems regarding efficient use of water resources in semi-arid areas of the 

U.S., forage based or integrated crop/livestock systems may offer opportunities to reduce 

overall water use and fertilizer inputs as suggested by Allen (1999). Several authors 

conducted research on water use, dry matter yield, and nutritive value (Coyne and 

Bradford, 1986; Taliaferro et al., 1984; Sanderson et al., 1999) ofB. caucasica, B. 

ischaemum, and B. bladhii. Data was lacking to date on a comparison of these species 

under field conditions regarding their water use efficiency, nutritive value, and 

morphology as affected by differing inputs of water. 

Sims and Dewald (1982) suggested that B. caucasica and the Plains ischaemum 

type were most winter hardy, based on unpublished data by Voigt (P.W. Voigt, 

Oklahoma State University). These authors concluded that B. ischaemum (WW-Spar) 
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was the most winter hardy, followed by B. caucasica. Dewald et al. (1995) indicated that 

while WW-B. Dahl had more winter hardiness than other accessions of 5. bladhii, it was 

not as winter hardy as WW-Spar, but it cannot be determined with certainty whether B. 

bladhii is considerably less winter hardy than B. caucasica. Sims and Dewald (1982) 

argued that B. caucasica and B. ischaemum are best suited to survive the winters in the 

northem part of the Southem Plains. The fact that WW-B. Dahl, as an accession of 5. 

bladhii, was selected as superior old world bluestem sfrain to be released in central and 

south Texas (Dewald et al., 1995) gives rise to the argument that this species should favor 

warmer environments. 

Our research identified differences between B. caucasica and B. bladhii in total 

seasonal yield only in 2002 under medium irrigation levels. Bothriochloa ischaemum 

showed more forage mass at monthly intervals during the growing season than B. bladhii 

under dry conditions in 2003. This was additionally the only year in which B. caucasica 

outyielded the other two species in monthly forage mass imder high and medium 

irrigation levels. Water use efficiency was also higher in B. caucasica than B. 

ischaemum in 2003. These findings confrasted with suggestions made by Coyne et al. 

(1982) regarding an observed higher water use efficiency of 5. ischaemum versus B. 

caucasica and also higher forage mass production. While there was evidence in the 

published literatiire (Coyne et al., 1982) that B. caucasica is more drought resistant tiian 

B. ischaemum, further research is needed to determine differences that at tiie same time 

may be of advantage to producers. We showed evidence that B. caucasica has a higher 
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metabolic activity under prolonged heat stress than B. ischaemum, and there is also some 

evidence Caucasian bluestem may have a lower optimum temperature than B. bladhii. 

Under the conditions of the Southem High Plains of Texas, it is not certain to 

what extent observations regarding the water use efficiency, forage mass production, 

optimum temperature, and apparent differences in drought sfress will be of practical 

value to producers in the area. This can be exemplified with finding conceming forage 

nutritive value. While B. bladhii averaged higher in CP in almost any month of the entire 

period of investigation than the other two species, and dry matter digestibility was higher 

under a low irrigation level compared to medium and high, advantages may not be of 

much advantage after all, because these effects can easily be off-set with higher forage 

mass production that increases at the same time the total amount of digestible dry matter. 

However, with water use efficiency being a concem on any level of agricultural 

production, it may be recommendable for fiirther research efforts to specify if apparent 

differences in animal performance under drought might be detectable. For the Southem 

High Plains of Texas, eitiier B. caucasica or B. bladhii could perform well, with B. 

caucasica having advantages regarding drought resistance and productivity. 

Close relationships among water use, nutiitive value, and morphological 

development were evident. Increasing amounts of irrigation cleariy resulted in an 

increase in physiological age of these forages. Across species, percentage cmde protein 

concenfration was more affected by plant matiirity, whereas percentage TNC was 

influenced to a relative greater extent by water sfress. Still, enhanced plant mahirity as a 

result of increasing irrigation levels may have been the main factor influencing dry matter 

182 



digestibility resulting in digestibility higher under a low water freatinent compared witii 

any other irrigation level. Morphological differences in leaf-stem ratios between B. 

caucasica and B. bladhii were less evident than expected from observations in the field. 

However, while determined leaf-stem ratios explained plant matiirity, canopy architectiire 

should be of greater importance to animal performance as it influences both total dry 

matter intake and the ability of the animal to selectively graze. Also, under frequent 

defoliation through grazing, B. bladhii may be more favorable to animals in terms of bite 

size, if 5. bladhii maintains a leafy canopy stmcture while development of stems is 

effectively reduced. 

Aforementioned investigated metabolic activity as well as determination of 

optimum temperature showed that B. caucasica likely has an advantage under heat sfress 

compared with the other species tested. To what extent this is fransferable to field 

conditions is not entirely clear. Presented data under field conditions suggested that B. 

caucasica did compare similar to or better than other species under dryland conditions 

and results also reinforced findings by (Coyne et al., 1982) that plant-water relations in B. 

caucasica make it a better candidate for agricultural systems in semi-arid environment 

than the other two species. 

Even though the carbon dynamics in our research plots cannot be fraced back, 

findings regarding organic matter in irrigated versus dryland plots do not permit tiie 

conclusion tiiat irrigation may have increased the organic matter content over the short 

period of 3 years of research. Rather, it is more likely tiiat irrigation prevented a decline 

in SOC as indicated by dryland conditions. Dryland organic matter content averaged 
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4.6%, which was approximately 1% less than that observed in irrigated plots. From the 

perspective of tiie new idea of frading carbon credits, irrigation may be of use, if 

warranted for the agricultiiral system as necessity and if it results in other economical, 

environmental, and social benefits. 

Implications 

Evidence suggested that the old world bluestem species B. caucasica could be an 

altemative to B. bladhii in terms of forage production performance and nutritive value 

imder droughty conditions. Under the environmental conditions of the Southem High 

Plains of Texas, both B. caucasica and B. bladhii are more suitable in terms of 

productivity for agricultural systems than B. ischaemum. Further research should focus 

on performance ofB. caucasica as affected by grazing and to further validate indications 

of increased drought sfress tolerance. 
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