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ABSTRACT 

Arizona cottontop [Digitaria californica (Benth.) 

Henr.] has been replaced by Lehmann lovegrass (Eragrostis 

lehmanniana Nees.) on Southeastern Arizona rangelands. This 

research was conducted to investigate the effects of 

defoliation on their physiological and morphological 

characteristics. Plants were defoliated by clipping at a 5 

cm height and measurements made every 14 days. Clipping did 

not affect apparent photosynthesis or dark respiration 

during the 56-day study, however, defoliation reduced above 

ground biomass and the nitrogen and phosphorous content in 

both species. Root biomass of clipped Arizona cottontop and 

Lehmann lovegrass declined 59 and 28%, respectively. 

Nitrogen and phosphorous concentrations in Arizona cottontop 

roots declined 42 and 61%, and 32 and 27% in Lehmann 

lovegrass, respectively. The small decline in Lehmann 

lovegrass root production and the major change in Arizona 

cottontop root biomass after defoliation may partially 

explain why Lehmann lovegrass has been replacing Arizona 

cottontop. 

viii 



INTRODUCTION 

Lehmann lovegrass (Eragrostis lehmanniana Nees ), a 

perennial warm-season grass introduced from South Africa is 

displacing Arizona cottontop [Digitaria californica (Benth.) 

Henr.] in semidesert rangelands of southeastern Arizona and 

Central Chihuahua, Mexico (Cable, 1971, Freeman, 1979; 

Reese, 1980; Cox, 1984). Arizona cottontop, also a 

perennial warm-season grass is thought to be drought and 

grazing tolerant (Cable, 1979), but Lehmann lovegrass 

increases while Arizona cottontop decreases under light 

grazing pressure (Freeman, 1979). over the past 30 years, 

Lehmann lovegrass has been planted on approximately 69,000 

hectares and has spread to an additional 76,000 hectares in 

southeastern Arizona (Cox and Ruyle, 1986). 

The invasion of African grasses has not been limited 

to North America. Tropical savannas of Central and south 

America, and semidesert rangelands of Australia are 

currently being invaded by African grasses. In Venezuela, 

Trachypogon secundus (Humbl. and Bampl.) Nees, a native C4 

grass is being displaced by Hyparrhenia rufa (Nees) staph., 

and Melini's minutiflora Beauv.. A better germination than 

the native grasses, and disturbances such as bare areas 

caused by fire have helped these African grasses to 

establish (Baruch, Ludlow, and Davis, 1985). Tropical areas 

1 
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of Mexico, Colombia, Brazil, and the Greater Antilles have 

also been invaded by Guinea grass (Panicum maximum Jacq.), 

Kikuyu grass (Pennisetum clandestlnum Hochst.), Pangola 

grass (Digitaria decumbens Stent), and Para grass 

iBrachiaria mutica (Forsk.) Stapf.] (Parsons, 1972). Native 

semidesert grasses of Australia such as Mitchell grass 

(Astrebla elymoides F. Muell. ex F. M. Bailey), and mulga 

grass [Thyriodolepis mitchelliana (Nees) S.T. Blake], are 

being displaced by buffel grass (Cenchrus ciliaris L.), 

(Christie, 1975). 

Cattle prefer Arizona cottontop over the relatively 

unpalatable Lehmann lovegrass (Cable, 1971; Martin, 1983). 

Frequent defoliation is thought to reduce the vigor of the 

former and increases the chances of the latter to spread. 

Evidence shows that once soil moisture increases after a 

drought, germination of Lehmann lovegrass seeds is greater 

than native grass seeds (Tapia-Sanchez, 1970). These 

factors, along with soil disturbance contribute to the 

spread of Lehamnn lovegrass (Cox and Ruyle, 1986). 

Observations of growth, resource allocation, 

photosynthetic activity, and tiller dynamics, are essential 

in understanding grazing tolerance in grasses (Caldwell et 

al., 1981). Morphological and/or physiological differences 

between Arizona cottontop and Lehmann lovegrass may help 

explain their relative differences in grazing tolerance. 
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The objectives of the present study were to compare 

the effects of one severe defoliation on (1) photosynthesis 

and respiration rates of leaves and culms; (2) photosynthate 

allocation; (3) root and shoot growth; (4) stomate density 

in leaves, sheaths, and culms, and (5) the allocation of 

nitrogen and phosphorous in above and below ground biomass 

of Eragrostis lehmanniana Nees and Digitaria californica 

(Benth.) Henr. 



LITERATURE REVIEW 

Because grasses respond differently to defoliation, 

numerous studies involving simulated grazing or clipping 

treatments have been conducted under many environmental 

conditions (Crider, 1955; Cook and Kinsinger, 1958; Davidson 

and Milthrope, 1966; Evans, 1972; Ryle and Powell, 1975; 

Buwai and Trlica, 1977; Archer and Tieszen, 1980). Clipping 

studies do not duplicate grazing effects, but they do 

indicate how plants generally respond to harvesting 

(Holscher, 1945). They also give valuable information on 

how defoliation effects (a) root growth, (b) uptake of water 

and minerals, (c) the amount and reutilization of reserve 

carbohydrates, and (d) leaf growth (Alcock, 1964). Such 

studies are also helpful in providing relative differences 

and similarities in productivity potential (Berry and 

Bjorkmann, 1980), and in suggesting differences in 

vulnerability to herbivory (Chapin, 1980). 

Vegetative Growth and Defoliation 

Some grasses have morphological adaptations such as 

location of apical meristems, prostrate growth, and low 

reproductiveivegetative culm ratio that permit them to 

withstand defoliation (Hyder, 1972). Physiological 

4 



responses to defoliation are also important since the growth 

rate depends largely on them (Speeding# 1965). Moreover, 

environmental factors such as temperature, season, and 

climate, affect the plant's resistance to water stress 

(Mohammad, Dwyer, and Busby, 1982), and therefore, response 

to defoliation. Branson (1953) concluded that apical 

meristem growth in relation to height, and the ratio of 

fertile to vegetative culms or stems, influences grazing 

tolerance. Grasses with the apical meristem above the soil 

surface are sensitive to grazing, while those with high 

reproductive to vegetative stem ratios are considered non-

tolerant . 

Branson (1953) grouped grasses into three general 

classes based on apical meristem (growing point) elevation 

and growth habit. Class I grasses having vegetative growing 

points above the soil which decrease under heavy grazing 

are: switchgrass (Panicum virgatum L.), western wheatgrass 

(Agropyron smithii Rydb.), big bluestem (Andropogon gerardii 

Vitm.), buffel grass (Cenchrus ciliaris L.), rhodes grass 

(Chloris gayana Kunth.), and green panic (Panicum maximum 

Jacq.). These grasses regrow slowly if the active growing 

points which are elevated above the soil surface are removed 

(Branson, 1953; Osman and Abu Diek, 1982). Grasses in Class 

II have vegetative growing points at the level of the soil 

surface, and increase with heavy grazing, e.g. Kentucky 
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bluegrass (Poa pratensis L.), buffalograss [Buchloe 

dactyloides (Nutt.) Engelm.], bluegrama [Bouteloua gracilis 

{Willd. ex H.B.K.) Lag. ex Griffiths], and sideoats grama 

[Bouteloua curtipendula (Michx.) Torr.]. This 

characteristic permits them to withstand frequent 

defoliation because the growing points are rarely removed by 

grazing. Class III grasses have few or no vegetative 

growing points at all. Moreover, a high ratio of 

reproductive to vegetative stems is present, class III 

grasses include little bluestem [Schyzachyrium scoparium 

(Michx.) Nash], Canada wildrye (Elymus canadensis L.), and 

plains muhly (Muhlenbergia spp). These grasses decrease if 

grazed before seed maturity. 

Arizona cottontop has growing points above the soil 

surface as well as a high ratio of reproductive to 

vegetative culms (Cable, 1982), and therefore, would be 

expected to be sensitive to grazing. Growing point removal, 

however, stimulates axillary shoot growth (Cable, 1971) as 

it does in grazing-tolerant grasses (Dahl and Hyder, 1977). 

Hyder and Sneva (1963), state that crested wheatgrass 

(Agropyron desertorum Fisch.) is a grazing tolerant grass 

because of (1) its early root growth, (2) accumulation of 

leaf tissue, and (3) early accumulation of carbohydrates in 

the roots. However, this grass may lack palatability due to 

its high reproductive:vegetative culm ratio. 
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The production of short vegetative shoots and a 

prostrate growth form are important under heavy grazing. 

Bermuda grass (Cynodon dactylon), and some bunchgrasses 

(Stipa spp, Sitanion hystrix, most Bouteloua spp., and 

Calamovilfa longifolia) have short vegetative shoots. The 

growing points of these grasses are not removed, and the 

continuous short-shoot production maintains a high 

proportion of photosynthethic tissue relative to species 

with long shoots (Peterson, 1962; Dahl and Hyder, 1977). 

Grasses with short vegetative shoots produce a high 

proportion of vegetative vs. reproductive shoots (Dahl and 

Hyder, 1977). When heavily grazed, needle-and-thread grass 

(Stipa comata Trin. et Rupr.), an important mid-grass of the 

Great Plains, grows in prostrate form to reduce potential 

grazing (Peterson, 1962). 

Effect of Defoliation on Top Growth 

Although moderate levels of herbivory may stimulate 

plant growth rates (McNaughton, 1983), most clipping or 

grazing studies show a reduction of plant growth, dry matter 

yield, and/or vigor (Crider, 1955; Jameson, 1963; Trlica, 

1977). The majority of these studies show that intensity, 

frequency, and time of clipping will influence the plant's 

above-ground production (Holscher, 1945; Pearson, 1964; 

Buwai and Trlica, 1977b; Stout et al., 1980; Moser and 
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Perry, 1983). Few studies have shown an increase in yield 

due to severe foliage removal (Drawe, Grumbels, and Hooper# 

1972; Osman and Abu Diek, 1982). 

Holscher (1945), studied the effects of intensity 

and frequency of clipping on western wheatgrass (Agropyron 

smithii Rydb.) and blue grama [Bouteloua gracilis (H.B.K.) 

Lag.] during a 4-year period. Western wheatgrass was 

clipped to 3 cm above the soil surface every 2 and 4 weeks 

and at the end of the growing season, and to 8 cm every 2 

weeks; blue grama was clipped to 2 cm above the crown every 

2 and 4 weeks, and to 4 cm every 2 weeks. For western 

wheatgrass, a close and frequent defoliation (3 cm every 2 

weeks), reduced the quantity of herbage removed. For blue 

grama, all clipping treatments negatively affected its 

spread and the herbage yields as well as being more 

detrimental a frequent clipping during the growing season. 

For some species, foliage removal is more injurious 

when applied during the middle of their growing season. 

A. tridentata Nutt., Stipa comata Trin. and Rupr., Oryzopsis 

hymenoides (Roem. and Schult.), Poa secunda Presl., and Poa 

nevadensis Vasey ex Scribn., were harvested at ground level 

during active growth (Peterson, 1962). The woody species did 

not recover, while herbaceous plants recovered unless 

defoliation ocurred during seed maturation. Stipa comata 

and Oryzopsis hymenoides harvested during the middle of the 
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growth period (early-June, late-July) did not recover. 

Plants defoliated in the spring, however, began to regrow in 

2 weeks and produced flowers and seeds in the same growing 

season. 

The clipping frequency and height of clipping have 

different effects depending on the grass. As clipping 

frequency on big bluestem (Andropogon gerardii Vitman) 

increased, its tiller density, herbage production, and total 

non-structural carbohydrate content decreased (Owensby, 

Rains, and McKendrick, 1974). On basin wildrye (Elymus 

cinereus Scribn. and Merr), clipping height affected its 

yield and survival more negatively than harvest frequency 

(Perry and Chapman, 1976). Multiple defoliations of blue 

grama at 2 intensities (90 and 60% of the current's year 

growth removed, respectively), for a period of 1.5 years 

reduced herbage yield and vigor (Buwai and Trlica, 1977a). 

Moreover, basal cover and heights of defoliated blue grama 

decreased when compared to undefoliated plants. Studies by 

Stout et al., (1980) with pinegrass Calamagrostis 

rubescens), and by Moser and Perry (1983) with sand 

lovegrass [Eragrostis trichodes (Nutt.) Wood] showed similar 

trends by reducing herbage production, vigor, and basal 

cover. 
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Effect of Defoliation on Root Growth 

Since water is the major limiting growth factor in 

arid and semiarid rangelands, the extent and efficiency of 

the root system influences the amount of forage produced 
< 

(Weaver, 1930). Grazing reduces photosynthetic area, 

decreases carbohydrate levels, and stops root growth 

(Stoddart , Smith, and Box, 1975). 

Numerous defoliation studies on grasses have shown a 

reduction in root production or root growth stoppage. The 

effects of defoliation on root growth depends on frequency 

and intensity of leaf removal, as well as on harvest date, 

season, and water stress (Crider, 1955; Archer and Tieszen, 

1980; Mohammad, Dwyer and Busby, 1982; wolf and Parrish, 

1982; Moser and Perry, 1983). 

Crider (1955) applied clipping treatments at 

different frequencies and intensities to cool- and warm-

season grasses. After defoliation, the root growth of 

grasses ceased. In sand lovegrass shoot and root yields as 

well as new tiller formation, and total non-structural 

carbohydrate levels declined after clipping (Moser and 

Perry, 1983). The authors concluded that in sand lovegrass 

a severe defoliation during the growing season can have a 

negative effect if it occurs for several continuous years 

during the summer. Similarly, when -defoliated during the 
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summer at different frequencies and intensities, green panic 

(Panicum maximum Jacq.), reduced its root production (Rodel, 

1970). 

Water stress when combined with defoliation may also 

reduce root growth. Mohammad, Dwyer, and Busby (1982) 

applied four defoliation levels and three water stress 

levels to crested wheatgrass and Russian wildrye (Elymus 

junceus Fisch.) plants. Root yields declined sharply when 

plants were growing in dry soils. They concluded that the 

main effect on root reduction was due to water stress, 

rather than to intensity of defoliation. Likewise, wolf and 

Parrish (1982) found that inadequate root system resulting 

from low soil water potential, imposed growth limitations on 

tall fescue roots. When crested wheatgrass was subjected to 

various water and clipping treatments, both the number of 

roots and the depth of root penetration were diminished. 

This reduction in root number was more detrimental on 

unwatered plants when compared to irrigated plants (Cook and 

Kinsinger, 1958). 

Studies have shown that defoliation does not affect 

root growth. Crider (1955), after clipping orchardgrass 

(Dactylis glomerata L.) at 6.4 cm., did not detect a 

cessation of root growth. Similarly, a consistent removal 

of 85% of bluebunch wheatgrass [Agropyron spicatum (Pursh.) 

Scribn. and Smith] above-ground growth did not affect root 
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growth (Richards, 1984). The same treatment on crested 

wheatgrass decreased root growth by 50%, and more 

carbohydrates were allocated to reestablish photosynthetic 

surfaces (Caldwell et al., 1981). When clipped to 4 cm 

above the crowns, defoliated plants of blue grama allocated 

only 18% of the new growth to new root production, while 

undipped plants allocated 29% (Detling, Dyer, and Winn, 

1979). 

Richards (1984) concluded that the differences in 

root growth between species due to defoliation might be an 

important mechanism which has influenced the competitive 

balance of natural communities and pastures. He 

hypothesized that reductions in root growth might decrease 

below-ground carbon demands in defoliated plants, allowing a 

higher allocation of carbon to the shoots in order to 

reestablish photosynthetic canopy. 

Effect of Defoliation on Gas Exchange Rates 

The active photosynthetic tissue (source) produces 

compounds which can either be utilized for its own growth 

and maintainance, stored in situ, or translocated to other 

sites, (sinks) (Neales and Incoll, 1968; King, Wardlaw, and 

Evans, 1967; McNaughton, 1979). It has been found that the 

photosynthetic rates of source areas may increase when the 

drain of assimilates to sinks increases (McNaughton, 1979). 
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Therefore, a manipulation of the source:sink ratio by means 

of defoliation is expected to alter gas exchange rates. 

However/ the understanding of how the source-sink 

interaction influences carbon dioxide exchange rates is not 

clear. 

Gifford and Marshall (1973) completely defoliated 

Lolium multiflorum Lam. tillers leaving the main shoot 

intact. The net C02 exchange rates per unit blade in the 

leaves of the main shoot were found to be 15% greater after 

defoliation. They attributed the enhancement of 

photosynthetic rates to stomatal responses, and to the gas-
-1 

phase resistance which declined from 2.3 to 1.4 s cm . 

Detling, Dyer, and Winn, (1979) monitored blue 

grama shoot and root C02 exchange for 10 days after removing 

above-ground forage 4 cm above the crowns. Net 

photosynthesis increased rapidly on day 3 and then remained 

constant through day 10 on clipped plants, and was 
-2 -1 

significantly higher (11.1 mg dm hr ) than that of control 
-2 -1 

plants (9.2 mg dm hr ). Root respiration rates also 

decreased the first two days after clipping but no 

differences were found among control and clipped plants. 

The reduction on the net photosynthesis rates of clipped 

plants (per unit leaf area) was attributed to the removal of 

highly active photosynthetic tissue. 
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Caldwell et al.r (1981) defoliated plants of crested 

wheatgrass and Agropyron spicatum (Pursh.) Scribn. and Smith 

to 5 cm heights in the 5-6 leaf stage. The photosynthetic 

capacity of undipped leaves of both species was the same 

when calculated on a unit mass or unit nitrogen basis. Leaf 

blades of defoliated plants had higher photosynthetic rates. 

The relative increase was greater for crested wheatgrass. 

The greater photosynthetic capacity of clipped leaf blades 

was associated with higher nitrogen concentrations in newly 

formed tissues. 

Two populations of Western wheatgrass with different 

records of grazing were used to measure the effect of 

defoliation on photosynthetic rates (Detling and 

Painter, 1983). A clipping treatment removed 75% of the 

tillers at the ligule of the lowest leaf. Leaf gas 

exchanges were made immediately before treatment (Day 0), 

and on the same leaves, every two days for the next ten 

days. No significant differences were found in 

photosynthetic rates of plants from the two populations at 

Day 0. From Day 2 to Day 10 following defoliation, 

undipped leaves averaged 4% higher photosynthetic rates 

than before defoliation, while exchange rates on untreated 

plants declined with time and averaged 79% of predefoliation 

rates. A residual conductance to C02 considerably lower 

than stomatal conductances to C02 in both populations of A. 
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smithii, and a decrease in residual conductance to C02 over 

the 10-day period were the cause of the decline of 

photosynthesis rates in untreated plants. 

Wallace, McNaughton, and Coughenour (1984) evaluated 

the compensatory photosynthetic responses of three African 

graminoids, Kyllinga nervosa Steud., Themeda triandra L., 

and Hyparrhenia filipendula L., after applying different 

combinations of fertilization, watering and clipping 

treatments. Some of the defoliation treatments enhanced 

photosynthesis in all three species. Kyllinga nervosa Steud. 

plants clipped at 2 cm every 7 days with low water and low 

nitrogen treatments had photosynthetic rates 45% greater 
-2 -1 

than undipped plants (30.2 umol C02 m s vs. 16.4 umol 
-2 -1 

C02 m s , respectively). Clipping improved photosynthesis 

in Themeda triandra L. plants clipped every 3 days. In 

Hyparrhenia filipendula L., clipping accounted for most of 

the variance, although the increment on photosynthetic rate 

was small. Dark respiration rates did not respond to any of 

the treatments. The increment on photosynthetic rates was 

attributed to differences in stomatal conductances, which 

were higher for leaves of clipped plants. 

When a plant is defoliated either by grazing, or 

artificial means, an alteration of the source:sink ratio 

occurs. The morphological modifications caused by 

defoliation are expected to influence C02 exchange rates, 
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and also may influence morphology and metabolism during 

regrowth (Geiger, 1976). McNaughton (1979) concluded that 

plant productivity as influenced by herbivory consumption 

may be compensated or stimulated by: (1) increased 

photosynthetic rates in residual tissue; (2) reallocation of 

substrates from elsewhere in the plant; (3) mechanical 

removal of older tissues functioning at less than a maximum 

photosynthetic level; (4) consequent increased light 

intensities upon potentially more active underlying 

tissues, and (5) a reduction of the rate of leaf senescence, 

thus prolonging the active photosynthetic period of residual 

tissue. 

Effect of Defoliation on Nitrogen and Phosphorous Content 

. Besides reflecting forage quality, nitrogen and 

phosphorous play an important role in plant growth. 

Nitrogen is a major component of proteins and chlorophyll, 

therefore essential for growth, reproduction, and 

photosynthesis. Phosphorous is also necessary for 

photosynthesis, synthesis and breakdown of carbohydrates, 

and transfer of energy within the plant (Heath, Metcalfe, 

and Barnes, 1974). Any treatment which affects plant 

growth will affect nitrogen and phosphorous content, and in 

turn, forage quality. 
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In general, it is known that clipping improves 

nitrogen and phosphorous concentration in the plant, 

although this concentration decreases gradually with 

maturity. Ellett and Carrier (1915) showed that the 

increase in nitrogen content was significant enough to 

offset yield losses due to defoliation effects. Plants of 

Elymus junceus Fisch., Agropyron spp., and Stipa viridula 

Trin. produced more protein than dry matter yield when 

clipped several times (Heinrichs and Clark, 1960). However, 

for some grasses, the more severe the defoliation, the lower 

the effect on nitrogen accumulation (Burton, Jackson, and 

Hart, 1963). Similar results with clipped and senescing 

plants for both nitrogen and phosphorous concentrations were 

obtained by Powell, Crow, and Wagner (1978) in the tallgrass 

prairie watershed, and by Welch (1980) with Arizona fescue 

(Festuca arizonica Vasey), mountain muhly (Muhlenbergia 

montana), mutton bluegrass [Poa fendleriana (Steud.) Vasey], 

and little bluestem (Schizachyriun scoparium Michx) in a 

ponderosa pine forest. 



/ 

MATERIALS AND METHODS 

Arizona Cottontop [Digitaria californica (Benth.) 

Henr.] and Lehmann lovegrass (Eragrostis lehmanniana Nees) 

plants were collected at the Santa Rita Experimental Range 
o o 

80 km southeast of Tucson, Arizona (31 46* N Latitude, 110 

51* W Longitude). The elevation at the collection site is 

1,250 m and the climate is semiarid with an average annual 

precipitation of 466 mm. Approximately 70% of the rain 

falls from June 1st to October 30. Average daily maximum 

temperature surpass 32 C, and the average minimum 

temperature from December to February is 1.6 C. The 

dominant vegetation is velvet mesquite [Prosopis juliflora 

var« velutina (Sw.) DC.], burroweed [Haploppapus tenuisectus 

Greene (Blake ex Benson)], and Lehmann lovegrass. Arizona 

cottontop is distributed along the edges of arroyos or under 

the canopy of mesquite trees (Martin, 1966; Martin and 

Reynolds, 1973; Sellers and Hills, 1974). Soil at the site 

is a Comoro sandy loam classified as a thermic Typic 

Torrifluvent (Gelderman, 1972). 

During September 1985, grasses of each species with 

approximately the same height were selected. Plants were 

placed in a cooler box with water and transplanted into 15-

cm diameter plastic pots containing Comoro sandy loam soil. 

18 
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Plants were grown in a greenhouse. Day/night air 

temperature ranged from 34 to 21 C. Relative humidity 

varied from 50 to 85%. Quantum irradiance, measured with a 

LiCor-LI-1600 steady state porometer inside the greenhouse 
-2 -1 

at leaf level was 1,900 uE m s . 

After 8 weeks, five live tillers of each species 

with approximately the same shoot and root length were 

transplanted into 15.5 by 61.0 cm PVC tubes containing 60 

mesh sand. A 5 cm gravel layer at the bottom of each tube, 

and a wooden plug with a 2 cm hole facilitated drainage. 

Plants were watered every other day with 500 ml of 

tap water, and fertilized once a week with 600 ml of 

Hoagland's solution. Nutrient content of the Hoagland's 

solution is shown in Appendix A. 

A single clipping treatment 5 cm above the growth 

media surface was applied after seven weeks to one half of 

the plants of each species. Clipped and undipped plants 

were randomly distributed in a 4-block bench arrangement in 

the greenhouse. Each block had four clipped and four 

undipped individuals of each species, making a total of 16 

experimental units per block. 

Sampling Procedure 

Measurements were made at 2, 4, 6 and 8 weeks after 

the clipping. On each sampling date, one clipped and one 

undipped plant of Arizona cottontop and Lehmann lovegrass 
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was randomly chosen out of each block. Apparent 

photosynthesis and dark respiration were measured in leaves 

and culms. Above and below-ground biomass production, 

nitrogen and phosporous content in all plant components, 

number of tillers, and stomate density were also determined. 

Gas Exchange Measurements 

Rates of apparent photosynthesis and dark 
-2 -1 

respiration (umoles CO2 m s ) were measured in attached 

fully expanded leaves and culms. A closed photosynthetic 

system was used to estimate carbon dioxide change (Pig. 1). 

Culms with fully-expanded leaves were enclosed in a 

small plexiglass chamber (0.2802 1). Temperature inside 

of the chamber was maintained at 32 C. A budget dyna-pump 

(1/25 hp) circulated air inside the chamber. Carbon 

dioxide concentrations were measured with a Beckman model 

865 infrared gas analyzer, and graphed with a Heath-

Schlumberger model SR-205 strip chart recorder. 

Apparent photosynthesis rates were measured under a 
-2 -1 

light bank with a quantum irradiance of 1,160 uE m s 

The light bank consisted of seven 500-watt flood lamps 

submerged in a 15-cm water bath to control temperature. 

Dark respiration rates were monitored after the lights were 

turned off and plant material in the chamber covered with a 

black cloth. 



LIGHT 
BANK 

PUMP INFRARED GAS 
ANALYZER 

Flowmeter 
Air flow 

Plant y 
chamber 

Figure 1- Diagram of Closed Carbon Dioxide Exchange Systan used to 
measure apparent photosynthesis and dark respiration. 
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Leaves were cut from the culms, and culms v/ere 

re-enclosed in the chamber to estimate carbon dioxide 

exchange. Three replications for leaves and culms, and 

culms alone from each plant were considered for each 

measurement. Gas exchange rates were calculated in umoles 
-2 -1 

of C02 m s . The formula used for these calculations is 

shown in Appendix A. 

Leaf and Stem Area 

After physiological measurements, each grass was 
2 

clipped at the media surface and leaf and culm area (cm ) 

were measured with a LiCor-LI-3100 area meter. 

Stomate Density 
2 

Stomata number per mm for adaxial and abaxial leaf 

surfaces, as well as for culms and sheaths were estimated 

taking cellulose acetate impressions as described by Cooper 

and Quails (1967) and modified by Cole and Dobrenz (1970). 

Leaf, culm, and sheath impressions were taken from 

the top, middle, and basal plant sections of the culms in 

order to determine differences in culm sections. In leaves, 

impressions were always made from their middle section. For 
2 

stomate counting, five microscope fields of 0.132 mm each 

at 450x magnification were randomly selected in each 

impression. 



2 3  

Above and Below Ground Measurements 

Dry weight (g) of above and below-ground biomass 

were measured at each sampling date. Leaves, culms, 

seedheads, and crowns were separated, dried at 60 C for 48 

hours, and their weights recorded. Number of tillers for 

each plant was also recorded. 

The tubes were split and root production measured at 

0-10, 10-20, 20-30, 30-40, and 40-50 cm depths. Roots were 

washed over a 4 mm sieve and dried at 60 C for 48-hr. 

Nitrogen and Phosphorous Determinations 

Samples were ground to pass through a 20 sieve mill, 

and digested with a Technicon BD-40 Block Digestor. 

Digested samples were assayed using a Technicon Auto-

Analyzer II continuous Flow Analytical System. The 

determination of nitrogen and phosphorous was based on the 

colorimetric method (Technicon Autoanalyzer II, 1978). 

Statistical Analyses 

Statistical analyses were made for each sampling 

date. Analyses of variance for a completely randomized 

block design were used. When values were significant, the 

Duncan's New Multiple Range Test (Steel and Torrie, 1960) 

t 

was used to separate means. 



RESULTS AND DISCUSSION 

Vegetative growth responses of Arizona cottontop and 

Lehmann lovegrass to defoliation in this study were 

different. Observations made during the 48-day period show 

that in response to clipping, Lehmann lovegrass had a higher 

reproductive : vegetative culm ratio than Arizona Cottontop. 

According to Branson (1953) Lehmann lovegrass would be a 

non-grazing tolerant grass. Nevertheless, the ratio of 

reproductive : vegetative culms, and the position of the 

apical meristem are features revealing grazing tolerance. 

Data in this study suggest that responses of the grass 

concerning root production as affected by defoliation should 

also be considered in grazing ami non-grazing tolerance 

classification. 

Leaf and Stem Area. 

Correlation coefficients between leaf and stem area 
2 

(cm ) and weight (g) of green leaves and green stems of 

Arizona cottontop and Lehmann lovegrass show that expansion 

of leaves and culms is proportionately related to dry matter 

production in both species (Table 1). The same trend has 

been reported by Hanson (1971) in maize (Zea mays L.). and 

by Potter and Jones (1977) in Johnsongrass [Sorghum 

halepense (L.) Pers.]. In orchardgrass (Dactylis 

glomerata), the dry matter increase in the apex blade was 

24 
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Table 1. Mean values and correlation coefficients of area 
(cm2 ) and dry weight (g) of leaves and culms of 
undipped and clipped plants of Arizona cottontop 
and Lehmann lovegrass at four dates. 

Lehmann lovegrass Arizona cottontop 
Sampling Undipped Clipped Undipped Clipped 

Date Area Weight Area Weight Area Weight Area Weight 
2 2 2 2 

(cm ) (g) (cm ) (g) (cm ) (g) (cm ) (g) 

Leaves. 

1 202 2.2 5.0 .30 439 2.4 13.0 .4 
2 306 2.0 69.0 .20 541 1.6 63.0 .2 
3 342 2.4 131.0 .57 558 2.4 317 1.1 
4 364 3.3 96.0 .60 437 2.4 275 1.5 

r= 0. 55 r=0.70 r=-0 .48 r=0.85 

Culms. 

1 322 4.1 6.0 .15 324 4.1 6.0 .3 
2 493 4.7 27.0 .20 311 3.8 22.0 .3 
3 535 6.5 68.0 .70 374 5.0 98.0 1.3 
4 . 509 8.5 82.0 .83 428 7.1 173.0 3.0 

r= 0.66 r= 0.98 r= 0.98 r= 0.98 
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positively influenced by leaf area and carbohydrate reserves 

as well {Ward and Blaser, 1961). 

At the end of the study, leaf and stem areas of 

undipped plants of both species were significantly 

different from control plants (Table 2). On the average, 

clipped plants had 70 and 85.5% less leaf and culm area, 

respectively, when compared to undipped plants after a 56-

day growth period. 

Since no significant difference in leaf and stem 

area due to species within control or clipped plants was 

detected, defoliation responses of Arizona cottontop and 

Lehmann lovegrass were much alike under the same clipping 

and growing conditions. On an area (Table 2) and weight 

basis (Table 7), both species produced the same amount of 

green leaves and green stems when clipped or undipped. 

Stomata Density 

Many plants have a greater frequency of stomata on 

the adaxial than the abaxial epidermis of the leaf. Turner 

(1970) states that species in the Gramineae have almost the 

same stomata number on both surfaces. However, studies 

involving different grass species show some variation. 

In this study, stomatal densities of Arizona 

cottontop and Lehmann lovegrass leaf surfaces were 

significantly different (Table 3). Lehmann lovegrass had 
2 

148 stomates per mm in the adaxial surface compared to 66 



2.7 

1 2 
Table 2. Mean leaf and culm areas (cm ) of Arizona 

cottontop and Lehmann lovegrass as affected by 
treatment. 

Undipped Clipped 

a b 
Leaf Area 398 119 

a b 
Culm Area 4013 58 

1 
Means in the same row followed by the same letter are 

n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( P < . 0 5 )  a c c o r d i n g  t o  
Duncan's multiple range test. 
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1 2 
Table 3. Mean values for stomata densities per mm in leaf 

surfaces, culms, and sheaths of Lehmann lovegrass 
and Arizona cottontop. 

PlantComponent Lehmann lovegrass Arizona cottontop 

b d 
Adaxial 148 66 

c ab 
Abaxial 129 155 

a e 
Culm 167 3 

c d 
Sheath 113 77 

1 
M e a n  v a l u e s  w i t h  t h e  s a m e  s u p e r s c r i p t  a r e  n o t  

significantly different (P<.05) according to Duncan's 
multiple range test. 
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in Arizona cottontop. Akkad (1968) found that Bermudagrass 

[Cynodon dactylon (L.) Pers.] had higher stomata density on 

the adaxiai surface, although the difference was minimal, 

oats (Avena sativa L.) has a higher number of stomata for 

its adaxiai surface (Weier, stocking, and Barbour, 1974). 

Arizona cottontop showed a different trend, having more 

stomata on the abaxial surface. The abaxial surfaces of 

blue panicgrass (Panicum antidotale Retz.), sorghum [Sorghum 

bicolor (L.) Moench.], and corn (Zea Mays L.) leaves had 

also significantly higher stomata density than the adaxiai 

surface (Dobrenz et al.r 1969; Turner, 1970; Weier, 

Stocking, and Barbour 1974.). 

No significant difference in stomata density was 

found on leaves, culms and sheaths of Arizona cottontop and 

Lehmann lovegrass culms (Table 4). In blue panicgrass 

(Dobrenz et al., 1969) and Bermudagrass (Akkad, 1968), a 

significant difference in stomata density of leaves at 

different positions of the culm was found. Because of these 

results, Dobrenz et al., (1969) stressed the importance of 

selecting leaves from the same position on the culm when 

stomata density is being measured. 

When culm stomata densities in both species were 

compared, a significant difference was found (Table 3). 

Lehmann lovegrass* culms had more stomates per unit area 

than Arizona cottontop. Culms of Arizona cottontop were 

covered by the sheath from node to node, and sheath stomates 
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1 2 
Table 4. Mean values for stomata densities {mm ) on leaf 

surfaces, culms, and sheaths of Arizona cottontop 
a n d  L e h m a n n  l o v e g r a s s  a t  t h r e e  s e c t i o n s  o f  t h e  
plant canopy. 

Plant Canopy Area 

Tip Middle Base 

Leaf surface: a a a 
Adaxial 114 104 102 

a a a 
Abaxial 149 142 134 

a a a 
Culm 91 85 77 

a a a 
Sheath 101 95 88 

1 
Mean values within rows with the same superscript 

a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( P < . 0 5 )  a c c o r d i n g  t o  
Duncan's multiple range test. 
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would contribute to gas exchange. Stomata densities in 

Arizona cottontop sheaths are half the amount measured for 

Lehmann lovegrass culms. This characteristic may contribute 

to a greater gas exchange capacity of Lehmann lovegrass 

culms. This may be an advantage for the species because 

there are evidences that Lehmann lovegrass culms remain 

green longer than Arizona cottontop (Jerry Cox, personal 

communication). Therefore possibilities of contributing to 

gas exchange activities for longer periods when temperature 

and moisture conditions are less favorable may exist. 

Carbon Dioxide Exchange Rates 

Apparent photosynthesis and dark respiration rates 

of leaves, culms, and culms with leaves attached (leaves 

plus culms) of control and clipped Arizona cottontop and 

Lehmann lovegrass plants at four different dates are shown 

i n  T a b l e s  5  a n d  6 .  

In contrast with results reported by other authors, 

no significant differences in carbon dioxide exchange rates 

were detected among species, between sampling dates, or due 

to clipping. Photosynthetic rates of control and clipped 

Lehmann lovegrass plants were slightly higher than 

photosynthetic rates of Arizona cottontop plants (Table 5). 

In Agropyron spicatum, a clipping treatment at 5-cm height 
-2 -1 

enhanced photosynthetic rates from 20 to 30 umol C02 m s ; 
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the same clipping regime on A^_ desertorum improved its 

photosynthetic capacity (Caldwell et al., 1981). 

Defoliation of Lolium perenne tillers increased net C02 

exchange rates by 15% the first day after defoliation 

(Gifford and Marshall, 1973). Also, Wallace, McNaughton, 

and Coughenour (1984) working with two African grasses 

(Themeda triandra and Hyparrhenia filipendula), Painter and 

Detling (1981) with western wheatgrass, and Detling, Dyer, 

and Winn (1979) with Bouteloua gracilis, detected an 

enhancement of photosynthetic rates after defoliation. 

These works also showed no effect on dark respiration rates 

due to clipping. The same results concerning dark 

respiration were found in this study (Table 6). 

Photosynthetic rates of leaves during the first 42 

days were similar for both species (Table 5). A slight 

decline at the fourth sampling date was evident, but not 

significant. This decline in photosynthetic rates may be 

attributed to the increased age of the plants. Several 

studies have demonstrated that as the plant ages, the 

apparent photosynthesis of the leaves declines (Smillie, 

1962; Thorne, 1963; Jewiss and Woledge, 1967). 

Lehmann lovegrass did not regrow during the first 

12 days after clipping, and no carbon dioxide exchange 

measurements were recorded. However, after 28 days (second 

sampling date), Lehmann lovegrass clipped plants were 

photosynthetically active. 
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1 
Table 5. Mean values of apparent photosynthesis 

(rag C02/m2/s) in leaves, culms# and leaves plus 
culms of control and clipped plants of Arizona 
cottontop and Lehmann lovegrass at four dates. 

APPARENT PHOTOSYNTHESIS 
DATES/ Leaves Culms Leaves+Culms 

SPECIES 
UN* CL UN CL UN CL 

1 /Lovegrass 

Cottontop 

a 
2.6 

a 
2.73 

b 
0 
a 

3.2 

a 
1.43 

a 
1.06 

b 
0 
a 

.35 

a 
4 .03 

a 
3.79 

b 
0 
a 

3.55 

2 /Lovegrass 

Cottontop 

a 
2.83 

a 
2.51 

a 
3.3 

a 
3.0 

a 
1.2 

a 
.50 

a 
.70 

a 
.81 

a 
4.03 

a 
3.01 

a 
4.00 

a 
3.81 

3 /Lovegrass 

Cottontop 

a 
2.52 

a 
2.42 

a 
3.3 

a 
2.8 

a 
1.22 

a 
.93 

a 
.89 

a 
.30 

a 
3.74 

a 
3.35 

a 
4.19 

a 
3.10 

4 /Lovegrass 

Cottontop 

a 
1.9 

a 
.84 

a 
2.2 

a 
1.6 

a 
.75 1 

a 
.96 

a 
.07 

a 
.84 

a 
2.65 

a 
1.80 

a 
3.27 

a 
2.44 

1 
Mean values followed by the same letter are not 

significantly different (P<.05) according to Duncan's 
multiple range test. 

* UN= undipped plants 
CL= clipped plants 
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1 
Table 6. Mean values of dark respiration {mg C02/m2/s) in 

leaves, culms, and leaves plus culms of control 
and clipped plants of Arizona Cottontop and 
Lehamnn lovegrass at four dates. 

DARK RESPIRATION 
DATES/ Leaves Culms Leaves+Culms 

SPECIES 
UN* CL UN CL UN CL 

a b a b a b 
1 /Lovegrass .99 0 .77 0 1.76 0 

a a a a a a 
Cottontop 1.1 .6 1.25 .5 2.35 1.1 

a a a a a a 
2 /Lovegrass .82 .6 .74 .7 1.56 1.3 

a a a a a a 
Cottontop .67 .6 .88 .7 1.55 1.3 

a a a a a a 
3 /Lovegrass .9 .9 .7 .8 1.6 1.7 

a a a a a a 
Cottontop .75 .9 1.21 .8 1.96 1.7 

a a a a a a 
4 /Lovegrass .93 .9 .84 .9 1.77 1.8 

a a a a a a 
Cottontop .87 .74 .87 .8 1.74 1.54 

1 
Mean values followed by the same letter are not 

significantly different (P<.05) according to Duncan's 
multiple range test. 

* UN= undipped plants 
CL= clipped plants 
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Above Ground Biomass Production 

Clipping at 5-cm affected the production of Arizona 

cottontop and Lehmann lovegrass. No difference between 

species was detected after clipping. 

Table 7 shows a significant difference between 

production of green leaves and green culms for undipped and 

clipped plants. In grasses, a severe defoliation negatively 

affects plant production, whereas frequent defoliation at 

moderate levels may stimulate net production per unit area 

due to the plant's compensatory growth (McNaughton, 1983). 

Data from this study demonstrate that Arizona cottontop and 

Lehmann lovegrass respond the same to a severe defoliation. 

The same trend was found in western wheatgrass and blue 

grama (Holscher, 1945), big bluestem (Andropogon gerardii 

Vitman) (Owensby, Rains, and McKendrick, 1974), and in 

sand lovegrass (Moser and Perry, 1983). 

No differences in green seedheads, dry leaves and 

dry culms were found, however, total aboveground production 

was five times greater on control than clipped plants (Table 

7). Measurements of number of tillers showed no differences 

due to species or treatment (P<.05). Arizona cottontop 

produced an average of 5 new tillers, while Lehmann 

lovegrass produced 4 new tillers during the 56-day growth 

period. 
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Nitrogen and Phosphorous Content in Above Ground Biomass 

No differences were found in nitrogen and 

phosphorous concentration of Arizona cottontop and Lehmann 

lovegrass plants. Total nitrogen content in aboveground 

biomass of control plants was four times higher than in 

clipped plants (Table 7). Under optimum nitrogen and 

phosphorous soil concentrations, and with a severe 

defoliation, accumulation of nitrogen and phosphorous was 

reduced 75 and 76%, respectively in clipped plants of both 

species. it is known that under field conditions in arid 

rangelands, nitrogen and phosphorous availability becomes 

scarce. If these grasses are defoliated more than once 

during the growing season/ their total mineral concentration 

would be expected to drop even more, with a subsequent 

reduction in net production. 

Clipped plants had a higher forage quality than 

undipped plants, crude protein (%) in green leaves, green 

stems, and green seedheads of defoliated plants was 

significantly higher than crude protein in leaves, stems and 

seedheads of undipped plants (Table 8 ). Similar responses 

to clipping have been reported by others (Burton, Jackson, 

and Hart, 1963; Ethredge, Beaty, and Lawrence 1973; Beaty et 

al., 1980). 
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1 
Table 7. Mean above ground biomass production (g) and 

total nitrogen and phosphorous content of control 
and clipped Arizona cottontop and Lehmann 
lovegrass plants. 

PLANT COMPONENT UNCLIPPED CLIPPED 

Height (9) 

Green leaves 2.32a 0.64b 
Green culms 5.31a 0.86b 
Green seedheads 0.47a 0.32a 
Dry leaves 1.30a 0.07a 
Dry culms 0.20a 0.10a 

Total Aboveground 9.60a 1.99b 

Nitrogen (ng) 

Green leaves 44.0a 16.8b 
Green culms 68.3a 14.2b 
Green seedheads 7.9a 0.84a 
Dry leaves 10. 8a 0.63a 
Dry culms - -

Total Nitrogen 131.0a 32.47b 

Phosphorous (ng) 

Green leaves 2.83a 1.23b 
Green culms 4.26a 1.01b 
Green seedheads 1.02a 0.90a 
Dry leaves 0.89a 0.10b 
Dry culms 0.20a 0.05a 

Total Phosphorous 9.20a 3.29b 

1 
Mean values in the same row followed by the same 

letter are not significantly different (p<.05) according to 
Duncan's multiple range test. 
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1 
Table 8. Mean crude protein content (%) in aboveground 

bioraass of undipped and clipped plants of 
Arizona cottontop and Lehmann lovegrass. 

PLANT COMPONENT UNCLIPPED CLIPPED 

Buds 8.23a 8.41a 
Crowns 6.46a 6.13a 
Green seedheads 10.35a 14.60b 
Green leaves 11.90a 16.25b 
Green culms 8.20a 9.70a 
Dry seedheads 3.50a -

Dry leaves 5.30a 5.70a 
Dry culms 3.05a 3.97a 

1 
Mean values in the 

letter are not significantly 
Duncan's multiple range test. 

same row followed by the same 
different (P<,05) according to 
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Below Ground Biomass Production 

The effects of clipping on root production in this 

study followed the same trends found by others. Clipping or 

defoliation negatively affects root growth and/or weight 

(Crider, 1955; Stoddart, Smith, and Box, 1975; Moser and 

Perry, 1982; Wolf and Parrish, 1982). 

Significant differences in root weight were found 

due to clipping in both species (Table 9). Clipped plants 

of both species yielded less total root weight when compared 

to control plants of Arizona cottontop. 

Clipped Arizona cottontop plants had the same total 

root weight as control plants of Lehmann lovegrass. 

However, after a 56-day growth period, the relative decrease 

in Arizona cottontop was significantly higher (59%) than in 

Lehmann lovegrass (28%) when compared to control plants. 

Total root production of Lehmann lovegrass was statistically 

similar for clipped and undipped plants, however, a slight 

reduction was noted (Table 9). 

It has been documented that Arizona cottontop is 

preferred by cattle, and is defoliated more frequently than 

Lehmann lovegrass (Cable, 1971; Martin, 1983). While one. 

clipping severely damaged Arizona cottontop's root 

production, a continuous defoliation such as the one exerted 

by cattle on this grass would reduce root production to a 

much greater extent, placing Arizona cottontop at a great 
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disadvantage. This may be one of the primary reasons why 

Lehmann lovegrass has been spreading, and displacing Arizona 

cottontop. 

Nitrogen and Phosphorous Content in Below Ground Biomass, 

Content of nitrogen and phosphorous on roots was 

different between clipped and undipped plants of Arizona 

cottontop and Lehmann lovegrass (Table 9). No differences 

between species and sampling dates were detected. 

Total nitrogen and phosphorous in roots of clipped 

Lehmann lovegrass plants, although not statistically 

different, was lower than that of undipped plants. A 

reduction of 32 and 38% in total nitrogen and phosphorous 

content, respectively, was caused by clipping Lehmann 

lovegrass. Total nitrogen and phosphorous in Arizona 

cottontop due to defoliation declined 44 and 61%, 

respectively. 
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1 
Table 9. Mean root production (g), total nitrogen and 

phosphorous content (mg) of control and clipped 
plants of Arizona cottontop and Lehmann lovegrass 
at different depths. 

DEPTH (cm) LEHMANN LOVEGRASS ARIZONA COTTONTOP 

Undipped Clipped Undipped Clipped 

Root weight fg) 

0-10 0.42a 0.35a 0,78a 0.43a 
10-20 0.22b 0.17b 0.74a 0.28b 
20-30 0.17b 0.12b 0.59a 0.20b 
30-40 0.20b 0.12b 0.59a 0.19b 
40-50 0.27a 0.15a 0.45a 0.15a 
TOTAL 1.28b 0.91b 3.15a 1.25b 

Nitrogen (mg) 

0-10 3.97a 3.23a 5.85a 3.50a 
10-20 2.12b 1.66b 6.44a 2.42b 
20-30 1.70a 1.18a 5.72a 6.95a 
30-40 2.15b 1.16b 5.68a 1.82b 
40-50 3.40a 1.94a 5.35a 1.70a 
TOTAL 13.34b 9.17b 29.04a 16.39b 

Phosphorous (mg) 

0-10 0.21a 0.19a 0.28a 0.23a 
10-20 0.11b 0.09b 0.35a 0.15b 
20-30 0.10b 0.06b 0.34a 0.11b 
30-40 0.10b 0.06b 0.37a 0.11b 
40-50 0.18b 0.10b 0.53a 0.11b 
TOTAL 0.70b 0.50b 1.87a 0.71b 

1 
Means in the same row followed by a different letter 

are significantly different (P<.05) according to Duncan's 
multiple range test. 



CONCLUSIONS 

When Lehmann lovegrass and Arizona cottontop plants 

were clipped at 5 cm above the soil surface, and grown under 

controlled conditions: 

1.- Carbon dioxide exchange rates were not affected. 

Apparent photosynthesis and dark respiration rates were 

lower than expected, perhaps because the study was 

conducted in winter. Moreover, taking the plants from the 

greenhouse to the laboratory may have affected carbon 

dioxide exchange rates due to temperature changes; 

2.- Above ground biomass of both species was significantly 

reduced by clipping, nevertheless, above ground 

photosynthate allocation was not different between species; 

3.- Clipping significantly reduced root production of 

Arizona cottontop, whereas root production of Lehmann 

lovegrass was not affected by clipping, and 

4.- Total nitrogen and phosphorous concentrations in above 

and below ground biomass of clipped plants were 

significantly lower than undipped plants. In below ground 

biomass, total nitrogen and phosphorous content was reduced 

in Arizona cottontop, but not in clipped Lehmann lovegrass. 

The results of this study can not be directly 

related to field conditions, but the trends suggest that 

Lehmann lovegrass is less sensitive to defoliation than 

Arizona cottontop. Lehmann lovegrass root production 
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moderately declined after defoliation, and may indicate a 

greater chance for survival under field conditions. The 

fact that Lehmann lovegrass had a higher reproductive : 

vegetative culm ratio when clipped, and consequently more 

seed production, may suggest that this species has a better 

chance of spreading by seed after defoliation. Nitrogen and 

phosphorous concentrations in Lehmann lovegrass roots were 

not significantly reduced by defoliation, therefore, the 

plant may be able to survive more harsh conditions than 

Arizona cottontop. Further research under field conditions 

is necessary to verify differences under "real world" 

situations. 



APPENDIX 
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HOAGLAND STOCK SOLUTION FOR 500 GAL TANK 

CaN03 (Calcium Nitrate) 3,280 g 

MgS04 (Magnesium Sulphate) 1,960 g 
per 5 gal 

KN03 (Potassium Nitrate) 2,000 g 

KH2P04 (Potassium phosphate) 560 g 

Minor Nutrient Stock Solution 

H3B03 (Boric Acid) 11.45 g 

MnS04 (Manganase Sulphate) 5.52 g 

ZnS04 (Zinc Sulphate) .88 g per 5 gal 

CuS04.5H20 (Cooper sulphate) .32 g 

H2M04.4H20 (Molybdic Acid) .36 g 

NOTE: Sulphuric Acid (80 ml) and Hamp soil (73 mol) to be 
added directly to 500 gal tank. 
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Formula 1. 
-2 a b c d e f 

Mg dm »(Change in Co2/min)(44,000/22.4)(.9192)(.9015)(V)(60) 
leaf area in square decimeters 

a= Sensitivity per number of marks per minute 

b= Conversion factor of ppm to mg 

c= Temperature conversion factor 

d= Barometric pressure conversion factor 

e= Volume of chamber 

f= Time in seconds 
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