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ABSTRACT 

Opuntia imbricata (Haw.) D. C. ("cholla")/ is featured as a 

"grassland species" because it occurs in these vegetation 

types of the southwestern U. S. Its status as a range plant 

is somewhat contradictory because of its desirable and 

undesirable traits. Its main effect as a weed is mechanical 

interference with livestock grazing and handling. 

This study was conducted at Lovington, Lea County, New 

Mexico, to (a) evaluate total nonstructural carbohydrates 

(TNC) trends in new and old shoots, flowers/fruits and roots; 

(b) relate changes in TNC concentration of an organ to 

variations in TNC concentration of other organs and/or 

phenological and environmental events to establish TNC 

source-sink reiationships among the piant parts; and (c) 

utilize that information to define key stages so that foliar 

applied herbicides might be more effectively timed. 

Samples from the selected plant organs where taken monthly 

from May 1986 to November 1987. Phenologicai status of each 

plant, soil temperature and moisture were recorded each 

sampling date. TNC concentrations were analyzed using the 

acid hydrolysis with 0.2N HCl and determined spectrophotome-

trically. 

The most remarkable environmental difference between the 

two growing seasons sampled, May-August 1986 and May-November 

1987, was the higher soii water content during the latter, 

mainly due to early spring rainfall. This climatic event 

triggered the development of numerous cohorts of reproductive 

and vegetative organs, which had a significant effect on *. he 

TNC dynamics of the plant. 
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The interaction between plant parts and environmental 

parameters upon the TNC concentration of the organs sampled 

was significant (P<0.05). TNC concentrations in organs of 

O-imbricata were low during the first growing season, 

gradually increased during the following fall-winter and 

reached their maximum values just before the second growing 

season. In that season, flowers/fruits produced the highest 

TNC concentrations, while TNC values of aboveground 

vegetative organs were lower than those of reproductive 

organs, but higher than their respective levels of the 

previous growing season. Throughout the study, roots usually 

had the lowest TNC concentrations and the least amount of 

variability. 

Analysis of correlation was used to determine the source-

sink reiationships between plant organs and to define the 

appropriate timing for herbicide applications. In the long-

term (entire study data), TNC source-sink reiationships were 

apparentiy nonexistent or negligible. Organ linkages, 

evaluated through the significance of the partial coefficient 

of determination among TNC trends of plant parts in the 

short-term (seasonal data), were a seasonal event, and 

capable of being heaviiy influenced by the past and current 

environmental and physiological conditions of the plant. 

Judging by the magnitude of these determination coefficients, 

changes in TNC concentration in a particular organ that could 

be attributed to TNC concentration variations in another 

organ(s) were smail compared with other possible sources of 

variation like phenologicai variations of the organ itseif, 

age, diameter, position in the plant, etc. 

Since they represent the highest proportion of plant 

biomass and support the new vegetative and reproductive 

growth, old shoots were seiected as "target organ" of 

0 imhricata. The TNC stream should be directed toward the 

roots to select an appropriate time for herbicide 
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application. In both fall seasons sampled, linkages between 

new shoots and the target organ were high, while the behavior 

of the TNC trends suggested downward TNC transiocation. 

Therefore, the fall should be the appropriate season for 

control of O.imbricata with broadcast sprayings of foliar-

applied herbicides. 

The presence of flowers/fruits was an important factor that 

altered the seasonal TNC dynamics and flux. Although they 

constituted a small part of the total biomass of the plants 

sampied, they maintained relatively higher TNC concentration 

levels and upward TNC trends during the second growing 

season. This shift in the importance of old shoots and roots 

as TNC sinks, especially in reiation with reproductive organs 

when good weather conditions are encountered, could decrease 

the efficiency of the application even if the herbicide is 

applied in the appropriate season. 
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CHAPTER I 

INTRODUCTION AND OBJECTIVES 

ntroductÍQn 
Opuntia imbricata (Haw) D.C., a cactus species commonly 

calied "Choila" or "Walkingstick choila" in Texas and New 

Mexico, is distributed in southcentrai North America 

(southwestern U.S. - northern Mexico). It is featured as a 

"grassland species" because of its occurrence in these 

vegetation types of the southwestern U.S., located in an 

intermediate position between forests at higher altitudes and 

deserts at lower eievations. 

O.imbricata is a native plant, with distinctive 

characteristics because of its photosynthetic active stems 

and abiiity to withstand drought. Like other cacti, its 

status as a range plant is somewhat contradictory because of 

its desirable and undesirable traits. Fruits are considered 

food for wildlife and aiso for cattle during intense drought 

periods, Frequently, its woody stems are the only abovegrour.'i 

structure in the short grass ranges that birds can use for 

nesting, However, because of its ability to spread by seeds 

and "joints," the species can dramaticaiiy increase its 

density and begin to act as a range weed. 

The reasons of the increase of 0.imbricata are not well 

understood. In New Mexico and west Texas, where the species 

attains its maximum potential, there are an estimated 

6,430,000 and 4,330,900 acres, respectively, with various 

degrees of infestation. 

Competition for environmental resources between 0 . : ;• :. ricat a 

and desirabie grasses has not been shown in the li'erature. 
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Significant reduction in grass production due to heavy 

densities of Q.imbricata has likewise not been proven. 

However, its main action as a weed is a mechanical 

interference with livestock grazing and handling. Decrease in 

wool value due to entanglement with cholla spines has also 

been reported. Heavy densities of O.imbricata decrease forage 

utilization by cattie, that only graze in infested areas 

under severe drought conditions. 

Control of O.imbricata has been attempted by different 

methods. The shaliow roots of cacti make them appropriate for 

mechanical treatments, but the abiiity of asexual 

reproduction of choila limit these methods to areas with 

light densities or old, decaying stands. Fire is successful, 

but an inverse relationship exists between mortality and 

plant height. Chemical methods are not effective in broad, 

extensive appiications mainly because of the necessity of 

complete wetting of the plants being treated and the 

difficulty of the herbicide solution to penetrate the piant 

epidermis. Although chemical methods could be very successful 

if complemented with fire, absence of recommendations for an 

appropriate timing seriously limit their utilization and lead 

to erratic responses. Since the herbicides used for range 

improvement are usually growth hormone-type and are 

transiocated in the photosynthate stream, monitoring of 

trends in total non-structural carbohydrates (TNC) of 

different plant parts could be used to assess appropriate 

time for herbicide application (Boo and Pettit 1975, Potter 

et al. 1986). Use of this approach led to a complete revision 

of the traditional timing recommendations for Q.lindheimeri 

(Lindheimer prickiypear) (Potter et al. 1986). 
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Qbjectives 

The general objective of this research was to find 

information for proper timing of foliar herbicide application 

to 0.imbricata. Specific objectives were: 

a) To evaluate total TNC trends in the foliowing plant 

parts of O•imbricata: new and oid vegetative organs (past and 

current year's shoots), flowers/fruits and roots, 

b) To reiate changes in TNC concentration of a particular 

organ to variations in TNC concentrations in other organs 

and/or phenological and environmental events to evaluate TNC 

source-sink relationships among the plant parts under study, 

and 

c) To utilize the information obtained above to define key 

stages so that foliar herbicide applications for controlling 

O.imbricata may be more effectively timed. 



CHAPTER II 

LITERATURE REVIEW 

DescrÍDtion of Qpuntia imbricata 

Qpuntia imbrioata (Haw.) D. C. belongs to the Cactaceae and 

its common names are: "Walkingstick cholla" in New Mexico, 

(favored by Fraser and Pieper 1972), or "Cholla" in western 

Texas. Other common names are "Tree cholla, " "Cane cactus," 

"Candelabra cactus," "Coyote candles," "Velas de coyote" (Rea 

and Pieper 1973, Benson 1974, Weniger 1984). 

According to Benson (1974) it is a smail tree, arborescent 

plant or thicket forming shrub, with a short trunk and much 

iarger branches. Height varies with site (e.g., 1.50-1,95 m 

in the Desert Grassiand, 2.70-4.35 m in the Sonoran desert). 

The characteristic cylindroidal joints are about 12.5-37.5 cm 

long and about 2-3 cm in diameter, with few but prominent and 

sharp tubercles in 3-4 rows. Each areole has 10-30 spines 

that spread in all directions, straight and strongiy barbed 

(Fig. 1). 

There are several characteristics that distinguish the 

cacti from other range plants or weeds (Benson 1974): 

1) All food manufacture is carried out by the green cells 

of the stem. The true leaves are small, fleshy, ephemeral (2-

3 months) and only appear in the new joints. 

2) A large part of the stem is occupied by ceils especially 

adapted for water storage and its surface is covered by a 

waxy epidermal layer that prevents or retards evaporation. 

The spines give protection from rodents and concentrate 'vv.-.- er 

in their joints, which serve as "driptips." Minor st orms rr.ay 



Figure 1. Plant of Opuntia imbricata (Haw.) 
D. C. in the study area, Monteith Ranch, Lea 
County (N. M.), at the beginning of the fall 
season. Note the yeilow, mature fruits and 
the red epidermis on the younger shoots. 
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be converted into "water drips" falling near the base of the 

cactus. Tubercles and curvature of the stems serve to 

concentrate rain into drops or even small streams. 

3) The cacti usually have two types of roots: (a) the 

shallow ones that spread laterally for considerabie distances 

and are well adapted to absorbing large quantities of water 

during the brief periods of time when it is available in arid 

and semiarid regions, and (b) those that go directly downward 

beneath the plant and serve as an "anchor" (Cannon 1911 and 

1925, Thornber 1911, Anthony 1954, Benson 1974, Yeaton et al. 

1977, Yeaton and Cody 1979). The underground parts of the 

cacti represent a small fraction of the whoie plant (10-30%) 

and tend to occupy the upper level of the soil (Dittmer 1959, 

Garcia Moya and McKell 1970, Yeaton and Cody 1979) . This high 

shoot/ root ratio is characteristic of many mature perennials 

adapted to arid and semiarid environments (Barbour 1973). 

O.imbricata has a fibrous root system with strong vertical 

growth and comparatively little spread. Usuaily the roots are 

confined to a small area beneath the main trunk and the 

iargest lateral extension is about 1.5-3 m from the plant 

(Cottle 1931, Dittmer 1959, Pieper et al. 1974). 

Taxonomy of Opuntia imbricata 

According to Benson (1974) O.imbricata belongs to the 

Cactaceae Family, Subgenus Cylindropuntia, section 

Cyiindropuntia, series Imbricatae: the "flowering chollas." 

Their main characteristic is the cyiindroidal and tubercular 

stem (Bravo 1937, Benson 1974). 

Benson (1974) cited 16 species of Cylindropuntia that share 

the common name of "choila" or have this word on it. Key 

features used for their botanical identification are 

predominantly morphological: length of spines and tubercles, 

color of the flowers, etc, all capable of bein.j influe:.covi 

by the environment (Weniger 1984) . Although the gei.us .: •::.•. : : 



responds rapidly to changes in the environment and produces 

different growth forms (Cannon 1925, Weniger 1984), the 

literature does not consider the possibility of ecotypes 

within cholla. The most related species, Q.spinosior (Cane 

cholla), Q.fulgida (Jumping cholla), Q.imbricata , 

0.versicolor and Q.biaeloviir occur in the contiguous 

grassland-desert vegetation types of Texas, New Mexico and 

Arizona (Tschirley 1963, Fraser and Pieper 1972, Benson, 

1974). Pieper et al. (1974) considered New Mexico as the 

center of distribution of O.imbricata. 

Anthony (1956) described Q.imbricata var.argentea that 

differs from 0.imbricata in its lower stature, smaller 

tubercles and its chubby appearance. It is found in the Big 

Bend Region of Texas. Weniger (1984) also describes 

O.imbricata var.viridiflora (B.& R.) Wen. and Q.imbricata 

var-texans, They are small populations with oniy taxonomic 

vaiue. 

Qpuntia imbricata and its Environment 

Distribution, Climate, Soils and Vegetation 

Area of distribution• Q.imbricata is found in south central 

North America. In the U.S. it is found from near Colorado 

Springs (Colorado) and west of the Rocky Mountains in 

Archuleta Co.(Colorado), New Mexico, Kansas (Richfield Co.), 

Oklahoma (Kenton Co.), western half of Texas and eastern 

Arizona (Gila, Pima and Cochise Co.). In Mexico it is 

distributed in the north and north-central regions 

(Chihuahua). Yeaton and Romero M, (1986) cited the presence 

of Q imbricata in Zacatecas, Mexico, at 22^ 23' north Lat. In 

New Mexico and Arizona the species gradually intergrades with 

Q spinosior (Cane cholla), one of the most closely related 

species of Qpuntia (Fraser and Pieper 1972, Benson 1974, 

Kinraide 1978, Weniger 1984). 
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Climatft. The area occupied by Q.imbricata seems to 

experience a January average temperature above -l^C, with 

extremes of -10/-18°C and common occurrence of frosts and 

snowfall in the northern and eastern edges of the range. 

Annual average precipitation varies between 280-480 mm, 

concentrated usually in the spring and summer months, 50-80% 

falling during May-June to September-October (Anthony 1956, 

Fraser and Pieper 1972, Yeaton and Romero M. 1986). 

Altitude. Within the area of distribution the altitude 

range cited for Q.imbrioata is between 800 and 2,600 m. 

(Emerson 1932, Anthony 1954 and 1956, Benson 1974, Rea and 

Pieper 1973, Heirman and Wright 1973, Kinraide 1978). 

Physioaraphy. Different physiographic forms can be found in 

the area of distribution but O.imbricata tends to grow in 

rolling, gentle, undulating hills (Cottle 1931, Pieper 1971, 

Fraser and Pieper 1972, Heirman and Wright 1973). Kinraide 

(1978) reported that in El Paso Co. (Colorado) Q.imbricata 

achieves its greater densities upon south facing slopes and 

concave surfaces, regardless of whether the concavity is 

sharp or extremely gradual. Although 0-imbricata may grow in 

areas that receive extra water from runoff, concave surfaces 

which are too moist or occasionally flooded never support the 

species (Cottle 1931, Pieper 1971, Kinraide 1978). Although 

Fraser and Pieper (1972) noted that O.imbricata is associated 

with 8.5-10% slopes, Kinraide (1978) showed that the density 

of the species increased from flat areas to areas with 12-16% 

slopes. 

Soils • In the central part of its area of distribution (îJov; 

Mexico) 0.imbricata is associated with fine textured soils, 

clay, clay loams and sandy loams (Emerson 1932, Heirman and 

Wright 1973, Kinraide 1978, Bunting et al. 1980, Garrison and 

McDaniel 1982) . In more desertic areas (Arizona, Big Ben.i in 

Texas) Q.imbricata is found on gravelly soils with higher 

sand content but the chollas in general tend to be present ^ :. 

heavy textured soils. Kinraide (1978) found in the cen*ral-



northern edge of the species range that higher densities of 

O.imbricata are associated with fine textured soils. Other 

soils characteristics that showed significant relationships 

were water content and avaiiable water capacity (Kinraide 

1978). 

Carbonate deposition layers ("caliche") at shaliower soil 

depths are also common in the area of distribution (Rea and 

Pieper 1973), although no information about their relation 

with O.imbricata is found in the literature. In general, 

caliche layers could greatly influence plant water economy 

since they act as a physical barrier for soil water movement 

(Cunningham and Burk 1973) . 

Veaetation types and plant species associated with O. 

imbricata. In New Mexico 0.imbricata occurs in the biack 

grama-tobosagrass grasslands or savannahs, blue grama-

galleta-buffalo grass steppes, the pinyon-juniper formation 

and sometimes it is associated with some "creosote bush 

disclimax" caused by overgrazing (Emerson 1932, Whitfield 

1938, Fraser and Pieper 1972, Rea and Pieper 1972, Rea and 

Pieper 1973, Pieper et al. 1974). In Texas it occurs in the 

short grass plains and in the deserts, woodlands and 

rangelands of the Big Bend (Cottle 1931, Anthony 1954 and 

1956, Heirman and Wright 1973, Bunting et al. 1980) . In 

Arizona Benson (1974) cited the Chihuahuan desert, the Great 

Piains and the pinyon-juniper areas as the zones of primary 

occurrence of the species. 

We could conclude from the review that O.imbricata grows on 

xeric and reiatively mesic sites. The arid environment to 

which the species is adapted is often caused by climatic 

action (higher insoiation and low precipitation) and, in 

other situations by the presence of a caliche layer or fine 

textured soils with the consequent enhancement of seasonai 

water stress. Major development and success of 0.imbricata 

are achieved in vegetation types intermediate between the 

forests at higher altitudes and deserts at iower eievations. 
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Therefore, Fraser and Pieper (1974) defined Qpuntia imbricata 

as a "grassiand species." 

Ecophysiology 

Growth, Reproduction and Life Span 
of Opuntia imbricata 

Veaetative arowth. New growth of O.imbricata usually occurs 

near the top of the piant. New branches arise in a whorled 

pattern from the previous year's growth. The new stems are 

very succulent but became lignified with the age and are 

quite woody near the base of the plant (Fraser and Pieper 

1972, Rea 1972). In New Mexico the initiation of branch buds 

occurs in April. The first indication of piant activity is 

regaining branch turgor. The period of most active branch 

growth is usually short, occurring from the last week of June 

to August in New Mexico. Growth rate of branches is 1.5 

cm/day during July, which also coincides with flowering (Rea 

1972, Fraser and Pieper 1972, Pieper et al. 1974). 

0•imbricata branches undergo an annual cycle of water 

content, In the winter, water content is low and the dry 

matter is high. In the spring, because of the rains, the 

water content increases, decreasing the dry matter to 20% 

during the growing season, Water replenishment in the spring-

summer months is apparentiy controlled by soil water content. 

The shallow taproots of the cacti are well adapted to the 

rapid absorption of large quantities of water (Benson 1974, 

Yeaton et al. 1977), 0.imbricata seems to utilize soil water 

from shallower depths than grasses. Although moisture content 

in 0.imbricata branches and soil water content in the upper 

12.5 cm of the soii are correlated (r=0.71), there is a 

negative correlation between branch diameter increase and 

moisture in the upper 35 cm of the soil in medium and iarge 

plants, This may indicate that the plants were growing fast 

when moisture levels are the lowest (Fraser and Pieper 1972) 
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Despite these observations, Pieper et al. (1974) stated that 

flowering delay with the rain in O.imbricata suggests that 

soil water content may be more important than the photoperiod 

and maximum temperature in controlling phenologicai 

development of the species. 

Reproductive growth. Initiation of flower buds in 

O.imbricata occurs aiso in April in New Mexico. They are 

fuily developed by May and the flowering begins in the last 

week of June. Fruit formation occurs in iate Juiy-early 

August (Fraser and Pieper 1972, Pieper et al. 1974). Anthony 

(1954) and Gould (1962) reported a similar sequence for south 

Texas. A large plant of O.imbricata could hold 50-60 flowers, 

each with 30-60 seeds. It is common that the fruits persist 

in the plant so that crops from different years may be 

present (Griffiths and Hare 1906, Anthony 1956, Pieper et al. 

1974). 

Reproduction of O.imbricata^ Although the species seems to 

have potential for both sexual and vegetative reproduction, 

there are different opinions in the literature concerning the 

main way that its population increases on rangelands, Pieper 

et al. (1974) found no seedlings in their experimental areas 

and observed very littie germination in the laboratory of 

seeds soaked for various periods in sulfuric acid, bleach, 

dimethyl-sulfoxide and other substances or following 

freezing, heating or hand scuffing. They also found that 

detached joints (stems) established easily in field 

conditions. Two factors that interacted with the 

estabiishment success were amount of bare soii and 

phenological stage of the plant when the joints broke off. 

In contrast, Kinraide (1978) reported 59% seed germinatior. 

in laboratory tests and stated that the requirements for 

germination of O.imbricata are quite strict. He also repo:*eá 

that seedling establishment may account for the hiviher 

density of the species in soils with high clay content. The 

non-clumped dispersal in his area of study, locatt^ 1 in 
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Colorado, was indicative of well dispersed propagules such as 

seeds or plant fragments carried away by some means. The 

author concluded that both modes of reproduction occur in the 

field. Supporting these data, Anthony (1954) found that among 

the cacti, seedlings of O.imbricata were the only kind that 

are seen frequently in the open, "perhaps because they... 

[the plants]... seed so heavily." Among the species of cacti 

observed by Anthony (1954) all but O.imbricata exhibited 

vegetative reproduction by joint detachment. 

Because the fruits of chollas rarely "rip-off" the plant, 

dissemination through range animals have been proposed 

(Thornber 1911, Tschirley 1963) . Potential for both types of 

reproduction provides highly adaptable species complexes, 

capable of rapid evolution under highly selective pressures. 

Apomixis enables the perpetuation of heterozygozity, and when 

it predominates, it usually generates complexes of ecotypes 

(Kigel and Kobler 1985). 

Asexual reproduction seems to be the only reproduction way 

in other "cholla" species, especially in O.fulgida (Jumping 

cholla) (Tschirley 1963). Holthe (1985) reported that 

O.fulgida is 3n and 2n with abortive gametogenesis. Johnson 

(1919) reported the presence of germination inhibitors in the 

fruit of this species. 
Life span• Q imbricata is considered a perennial, although 

its life span is not reported in the literature. Related 

Cylindropuntia species show an average of 40 years of life in 

xeric environments. Slow rates of growth have been reported 

for Q fulgida. Q,imbricata and other chollas: plants 10 years 

old or more can be only 15-50 cm tall (Thornber 1911, Shreve 

1929, Anthony 1954, Gould 1962, Tschirley 1963, Martin and 

Cable 1974) . 

Older, taller plants of Q.imbricata and other chollas 

always show signs of decadence: dry stems, intense insect 

attack (Thornber 1911, Bunting et al, 1980), Tschirley (196-) 

reported that plants of O.fulgida decrease in height with 
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age. According to Reynolds and Martin (1968) reinvasion of 

Q.ful<yida and Q. spinosior in areas where old stands have died 

is usually quite slow. 

However, in Mexico, populations of Q.imbricata continue to 

grow and expand in size unless they are controlled by 

chemical or mechanical treatments (Ibarra and Prieto G. 

1983). 

Carbohydrate Physiology of 
Qpuntia imbricata 

Carbohydrate synthesis mechanisms. Q.imbricata, being a 

cactus, has the Crassulacean Acid Metabolism (CAM) pathway of 

photosynthesis. This has been demonstrated by: (a) titratable 

acidity and (b) subjective evaiuation of the presence of 

succulent tissues (Syvertsen 1976, Szarek 1979). General 

features of the CAM pathway include net fixation of CO^ which 

occurs at night by phosphoenolpyruvate carboxylase to form 

oxalacetate which is reduced to malate. The malic acid is 

stored in the large vacuoles at night, removed the next day 

and decarboxylated to furnish CO^ for the C3 pathway of 

photosynthesis in the chloroplast. This part is the same as 

the C3 cycle in other plants (Black 1985). 

Other adaptive features of the CAM pathway are listed below 

(Dittmer 1959, Szarek et al, 1973, Szarek and Ting 1974b, 

Hanscom and Ting 1977, Yeaton and Cody 1979, Rayder and Ting 

1981, Black 1985): 

(1) Stomata are more often open at night than during the 

day, and as a consequence, major quantities of CO2 are fixed 

at night in green cells, 

(2) Major utilization of stored carbohydrate supplies at 

night in green cells to form the CO2 acceptor, PEP 

carboxylase, 

(3) Diurnal fluctuation of acidity in the stem due to tht-

depletion and successive replenishment of the malic acid 
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pool. This is one of the primary characteristics of CAM. The 

major acid fluctuation occurs in the subepidermal chloroplast 

containing cells. 

(4) Ability to reduce stomatal apertures as a standard 

function in daylight. This fact, coupled with the fewer 

stomata/area (Dittmer, 1959, reported 11 stomata/mm^ in 

Q. imbricatf^) , allows for a iower water requirement for dry 

matter (DM) production: 18-155 gr H^O/ gr DM produced. 

CAM plants such as O-imbrioat;^ also show the phenomenon of 

CAM-idling. It has been defined as a physiological state 

where the stomata are continuously closed and a constant, 

though reduced, malic acid flux persisted by recycling 

endogenously produced CO^. This mechanism also diminishes 

photooxydation of the photosynthetic apparatus. The CAM-

idling has been interpreted as a carbon conserving mechanism 

allowing succulent plants to survive periods of drought 

(sometimes 2-3 years) in a moderately active state, which in 

turn, enabies them to respond to precipitation and assimilate 

CO2 (Szarek and Ting 1974, Holthe and Szarek 1985, Winter et 

al. 1986). 

Carbohydrate storage substances. According to Sutton (1975) 

glucan is the major storage substance in the succulents, and 

it also suppiies carbon as the substrate for CAM, Glucan is 

defined as a ciass of glucose polymers, including starch, 

which are insoluble in aqueous solvents but are soluble in 

HCISO4 at 35%. Mucilage, earlier considered as a tool for 

water conservation, is now considered a carbohydrate reserve 

in addition to glucan (Sutton 1981, Holthe and Szarek 1985). 

Carbohydrate storage organs. According to Moser (1977) 

woody desert shrubs have aboveground perennating organs that 

usually overwinter: carbohydrates are produced and stored in 

these parts. Cacti would not be an exception to this grow*h 

form if we consider that their underground parts represer.' •. 

small fraction of the whole plant. 
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Potter et al. (1986) concluded that fluctuations of TNC 

concentrations in roots of O.lindheimpri were small compared 

to those observed in cladophylls and crowns, which suggest 

that roots are not major storage organs. Menke and Trlica 

(1981) sampled only roots in a population of the same species 

and found similar results. 

Environmental Factors Affecting 
Carbohydrate Synthesis 

The carbohydrate synthesis and use follow two patterns: a) 

a daily trend, and b) a seasonal trend. 

Daily trend. According to Osmond (1976) and Gerwick and 

Williams (1978), phases of CO^ exchange in CAM plants are the 

foliowing: 

Phase I: dark (also called night) uptake. 

Phase II: initial burst of CO^ uptake in the eariy 

morning. 

Phase III: CO2 loss or zero exchange (midday). 

Phase IV: iate afternoon uptake of CO2. 

The main factors that affect this daily trend are: 

thermoperiod (day/night temperature amplitude), water stress, 

a combination of the latter two and age of the stems. 

Laboratory investigations with CAM piants have emphasized 

the significance of low nighttime temperature on nocturnal 
CO2 assimilation, with net CO2 uptake generally at 

temperatures less than 25°C. Low nighttime temperatures 

enhance stomatal opening (decrease of stomatal resistance) 

and enzymatic reactions (stimulation of production of 

carboxylation through the breakdown of glucan) especially 

after a rain when the water stress is low and also the 

temperature decreases (Szarek and Ting 1974, Nisbet and 

Patten 1974, Gerwick and Williams 1978, Winter et al. 1986). 

Gerwick and Williams (1978) working with O.polyacantha 

(pricklypear) found that only 5°C of difference in day/niqht 

temperature seems to inhibit nocturnal uptake of CO2• 
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Nisbet and Patten (1974) reported that the carbohydrate 

synthesis mechanisms in Q-polyarani-h;̂  have temperature 

compensation points where the balance between influx-efflux 

of CO2 is zero. It seems that the warm days and cool nights 

favored CO^ fixation during the night, early morning and iate 

afternoon. However, O.po yacantha has the capacity of diurnal 

fixation of CO^ in the shortgrass prairie because of greater 

precipitation than in other arid and semiarid environments. 

Water stress plays a key role in CO^ fixation in addition 

to temperature. In most of the CAM piants investigated a 

long-term water stress gradualiy reduced the uptake of 

external CO^ and led to its release throughout day and night. 

Rainfall immediateiy restored daytime CO^ uptake since water 

was quickly absorbed despite shailow roots, whiie the 

recovery of nocturnal CO^ was delayed. Water potential during 

the night seems to determine the degree of acidification (Von 

Willert et al. 1983). Szarek and Ting (1975) reported that 

the levei of physiological activity in Q.basilaris was 

controlled mainly by plant water potential, despite 

variations in thermoperiod or photoperiod. Very iow soil 

water potential affected the physiologicai activity of 

0.basilaris solely by influencing plant water potential. 

Severe water stress depressed dark fixation and nocturnal 

acidification in O.vulgaris and high respiration ratios due 

to the high tissue temperature resulted in a significant CO^ 

recycling via CAM-idling (Winter et al. 1986). A minimum 

level of soii water potential of -7 bars seems to be 

necessary to begin photosynthesis in CAM plants (Szarek and 

Ting 1974, Hanscom and Ting 1977, Gerwick and Williams 1978). 

The observations discussed above suggest that the CAM 

plants are less adaptive in hot deserts and would be e.xpected 

to have their distribution centers in regions with cool * o 

moderate night temperature (Guimon and Bloom 197 9). Hanscom 

and Ting (1977) reported that during periods of low wa'er 

stress and moderate temperature, CAM plants evidently shitt 
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to the C3 mode of photosynthesis. The balance of pathways is 

regulated by photoperiod, temperature and water stress. 

Photosynthesis is also influenced by the age of cacti 

stems. Young stems had the most marked diurnal variations in 

acid contents showing that photosynthesis is greater than in 

older stems. Young stems are mainly chloropyllous cortical 

tissue and mature stems have a large portions of water 

storing parenchymatous tissue (Hanscom and Ting 1977). 

Seasonal trend. In the long run the carbohydrate balance of 

the cacti is affected by the logical seasonal variations of 

the environmental factors that also affect the daily trend. 

Since most of the succulents capable of CAM are found in arid 

and semiarid habitats, with low rainfall characterized by 

infrequent or variable patterns, it becomes apparent that an 

important survival mechanism of the plant is the maintenance 

of moderate energy levels during periods of moisture stress 

(Hanscom and Ting 1978b). 

Water availability plays a key role in the seasonal 

variation of gas exchange. Szarek and Ting (1974) reported 

that in Q.basilaris the plant water status foliows the soil 

water status until the latter is -40 bars. Plant water 

potential stabilizes around -10 to -12 bars, rarely going 

iower than -16 bars. During periods of severe soil water 

stress, CO2 assimilation does not occur, despite mild to 

moderate plant water stress. After a rain, plant water 

potential increases rapidly, indicating that the feeder roots 

near the soil surface are readiiy capable of quickly 

increasing the plant water content, Nocturnal and diurnai 

opening of stomata are common during periods of mild plant 

water stress. If plant water stress increases, diurnal 

opening is first restricted and if the stress continues, 

nocturnal opening is also restricted, until the stomata 

remain closed throughout the day/night cycle (Hanscom .ir.d 

Ting 1977). 
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The great potential for growth of CAM plants occurs during 

the rainy season in arid and semiarid regions. However, the 

temperature plays a secondary, but important role in creating 

the conditions for assimilation and growth. Uptake of CO^ is 

iimited to periods of fair weather conditions, probably only 

after a rain in the more arid areas (Hanscom and Ting 1978a). 

Szarek and Ting (1974) reported low CO^ influx in O.basilaris 

from March through August, although the greatest rates of 

photosynthesis occurred after the midsummer rainfall in 

California. 

Nisbet and Patten (1974) reported that maximum CO2 influx 

probably occurred in O.polyacantha from November through 

February, when minimum air temperature is far below night 
temperature CO^ compensation point and maximum air 

temperature is usually slightly above average day temperature 
CO2 compensation point. From mid July to mid August, minimal 

air temperature does not fall below night temperature 

compensation point, meaning that maximum potential for CO^ 

influx is zero during this period. Average maximum CO^ efflux 

is greatest during May-June. Gerwick and Williams (1978) 

found that Q.polyacantha in Colorado grew mainly in the 

summer months, when warm days and cool nights favored CO^ 

fixation during the night, early morning and late afternoon, 

Weather conditions during that season are fair and they 

provide conditions for maximum CO^ fixation and yearly 

increase of biomass. 

During drought periods CAM piants resort to the CAM-idling 
mechanism for fixation of CO^ coming from endogenous sources. 

Sutton (1975) reported a decrease in the glucan level and the 

soluble sugars during drought periods in Kalamanchoe 

daigremontianaf an Australian CAM plant. 

Biological factors affecting carbohydrate physioloay. 

Carbohydrates produced by the plants are used immediately :or 

growth, or stored and later utilized during periods when 

there are higher constructive demands. Thus the ph.enoloay o: 
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the plant is the ultimate and most important factor that 

affects the carbohydrate physiology. Menke and Trlica (1981) 

studied the carbohydrate trend in roots of Q.polyacantha_ 

This species exhibited a typical "U" shaped curve of TNC. 

Respiration requirements during the winter dormancy 

(quiescence) probably resulted in a TNC decline. In the 

spring it was a drawdown that extended from March through 

June, corresponding with the phenological stage of regreening 

pods and flowering stage. Root TNC were rapidly replenished 

after fruit drop in September, reaching a maximum at fall 

quiescence. 

Potter et ai. (1986) observed the TNC trend in 

Q.polyacantha and its correlation with phenological stages. 

The TNC in mature ciadophylls, basal crowns and roots were 

greatest just prior to or during bud break and deciined 

rapidiy thereafter. Minimum TNC concentrations in basal 

crowns and mature cladophylls occurred when the fruits were 

full size, but still green. TNC concentrations in roots 

foliowed a similar pattern but the seasonal fluctuations were 

small compared to those observed in the other two organs 

sampled. 

Qpuntia imbricata as a Range Plant 

Relation with Range Condition 

Strictly in a floristic approach of the range condition 

concept, the cacti are considered a distinctive feature of 

the southwestern undisturbed ranges of south central North 

America, especially those located in arid areas. In New 

Mexico, the SCS (1978) considered the "Chollas" without 

identifying the species, as a native plant of the High Piains 

sites. Cory and Parks (1937) and Gould (1962) considered 

Q imbricata as a native plant of two vegetation areas of 

western Texas: the mountains and deserts of the Trans-Pecos 

and the Plains country. O.imbricata had positive association 
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with perennial monocots and negative with dicots which are 

indicative of range deterioration in Colorado (Kinraide 

1978). He also stated that "...Q.imbricata cannot be 

thoughtlessly lumped together with pasture weeds or with 

other shrubs of the Short Grass prairies." 

Despite the above information, Smith and Rechentin (1964), 

Gay (1965), Pieper et al. (1974), Martin (1975) and 

Vallentine (1980) reported an increase of density of chollas 

(Q.ÍmbrÍcataA Q-spinosior, O.fulgida, etc.) associated with a 

decrease in range condition. However, chollas and especially 

0.imbricata couid provide spiny shelters where grasses can 

take refuge from overgrazing in ranges in very poor condition 

(Whitfield 1938, Anthony 1954). 

Dynamics of Opuntia imbricata 

O.imbricata can reproduce by seeds (sexual) or from joints 

(asexual). This ailows for a great potential of population 

increase, despite environmental changes like drought, fires 

or overgrazing. Factors that could affect the increase or 

decrease of the species populations are: 

Decrease of arass cover. The opening of the grass sward by 

overgrazing or drought is considered a key factor in the 

success of cacti population increase in general, particularly 

in the case of 0•imbricata• Success of the joints of 

O.imbricata and other chollas to establish themselves in 

disturbed ranges with bare soil and in the absence of litter 

is well documented in the literature (Glendening 1952, 

Tschirley 1963, Pieper et al. 1974). 
Livestock and wildlife interactions. Cattle have positive 

and negative effects in the spreading of chollas. Trampling 

destroys the tiny cacti seedlings originated from seeds or 

joints that are not protected by larger plants (Thornber 

1911, Anthony 1954) . The slow growth rate of chollas also 

makes young plants especially vulnerable to damage by ca"tlt>. 
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In fact, Thornber (1911) reported an increase of young plants 

of cholla in areas where cattle were excluded. 

On the other hand the cattle, in the eagerness to reach the 

fruit of Q.fulgida and Q.spinosior during drought periods, 

push against the plants and the joints remain hanging in the 

head, neck and shoulders. Later they fall off and could take 

root and form a new plant (Humphrey and Mehikoff 1958). 

In Q.imbricata these facts are not clear. In the Big Bend 

region of Texas, vegetative reproduction of O.imbricata 

occurred by fragmentation of the plants by the stock, 

although the fruits were seldom eaten by the animals (Anthony 

1954) . 

Wildlife seems to have more positive effects in the 

dissemination of chollas. Glendening (1952) observed that the 

transport by cattle and rodents in Arizona was an important 

factor in the spreading of Q-spinosior. Rodents, birds and 

other animals ingest the fruit of the chollas, and the seeds 

germinate readily after scarification due to passage through 

the digestive tract.(Tschirley 1963), Rodents search chollas 

for food and water during critical seasons as evidenced by 

seeds of cholla that were often found in rodent dens 

(Thornber 1911, Cook 1942, Reynolds 1950, Tschirley 1963). 

Although damage of cholla by wildlife searching green food 

in the winter has been reported by Thornber (1911), rabbits 

enhance cholla spread because they exert more heavy pressure 

in the cacti competitors, especially grasses (Vorhies and 

Taylor 1933) . In field trials, exclusion of cattle did not 

contribute to the decrease in cholla such as the exclusion of 

rabbits (Reynolds 1950, Glendening 1952). 

Diseases and insects attack. Usually the cacti are attacked 

by microorganisms and insects. Cook (1942) cited Dactylopius 

sp, and Melitora dentata (Grote) as the insects that live 

upon the juices of pricklypear, reproduce very quickly in 

warm, moist years and depress considerably the popuiation of 

the species, Anthony (1954) found that fungi in generai 
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caused more evident damage in cactus than insects. The 

symptom is distortion in the formation of spines. Older 

plants of Q.fulgida were always attacked by Erwinia 

carnegiana that causes necrosis (Tschirley 1963). 

Decline of cholla populations in the southwestern U.S. has 

been attributed to a buildup of insects and pathogens (Martin 

and Cable 1974, Martin et al. 1974, Gerard 1983). However, 

none of these agents have been cited or reported specifically 

in Q-imbricata. Bunting et al. (1980) found that mortality by 

natural causes is only 2% in the 0.imbricata populations on 

the High Plains of Texas, and neither drought nor activity of 

rodents and insects appear to have much effect on mortality 

of cholla. He observed that the base of some plants were 

stripped of the green epidermal tissue, but most plants were 

able to recover. The woody interior protected the vascular 

system of the plant. 

Competition with Grasses and other 
Desirable Plants 

Competition for environmental resources between Q.imbricata 

and more desirable species, like perennial grasses, has not 

been clearly shown in the literature. It is also not clear 

for other cacti that are also considered range weeds (Bement 

1968, Price et al. 1985). 

In general, competition for moisture and nutrients is more 

likely to be severe if two species grow together during the 

same time (Fraser and Pieper 1972). Glendening (1952) stated 

that the cacti are shallow rooted and must utilize surface 

soil moisture at such times that it is temporariiy availabie, 

Consequently, the decline in grasses which also utiiize 

surface moisture would be expected to favor the establishmer.*, 

and growth of cacti. This may be an important factor in 

critical environments. Supporting this approach of the cacti-

grass competition, Fraser and Pieper (1972) reported that 

Q•imbricata always begins to grow earlier than the herbaceous 



23 

vegetation, primarily blue grama grass. They also reported 

that 90% of the O.imbricata branch length was completed by 

July 25, while only 60-75% of the herbaceous growth was 

completed by that time. 

Rea and Pieper (1973) also reported that branches from 

O.imbricata plants with the herbaceous vegetation removed 

from the base were about 190 mm larger than those from which 

the herbaceous vegetation was not removed. Pieper et al. 

(1974) found competition for soil moisture under certain 

conditions between blue grama and O.imbricata growing in pots 

at three different levels of soil moisture. 

However, a significant a decrease in grass production due 

to the presence of O.imbricata has not been demonstrated. In 

fact, areas with heavy densities of the species produced more 

grass than grubbed plots and areas with light and moderate 

densities produced less than the grubbed ones. Pieper (1971) 

attributed this enhancement of grass production to a) 

improvement of the microclimatic conditions by the presence 

of O^ imbricata, and (b) utilization of a different source of 

soil water than that used by blue grama. Later, Rea and 

Pieper (1973) and Pieper et al. (1974) found that grass 

production was considerably higher in areas where 0.imbricata 

had been removed. However, Bohning (1952) and Martin (1974) 

attributed a 10% decrease in grass production due to 

O.fulgida, whereas there was 100% decrease due to the 

presence of mesquite. Gay (1965) and Martin (1974) reported 

that, generaily, more response in grass production resuited 

from controiling mesquite than the Cylindropuntias, 

Despite all these evidences, Ibarra and Gamboa (1983), and 

Ibarra et al.(1985) reported that in Mexico the cattlemen 

"feel" that cholla controi results in a substantial increas" 

in forage production. 
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Other Interferences 

Although some reduction in the range carrying capacity may 

be due to the presence of O. imhri oat;̂ , its most important 

action as a weed is the interference with livestock grazing 

and handling because its sharp and abundant spines.-

In Arizona, O.imhrir.ata and other chollas are more 

objectionable in interfering with grazing and livestock 

management than the decrease that is caused in grass 

production (Reynolds and Martin 1968, Martin and Cable 1974, 

Martin 1975, Vallentine 1980). In New Mexico, dense stands of 

cholla tends to limit livestock movements and the joints and 

spines tangled in fleeces lower wool values (Pieper 1971, Rea 

1972) . In south Texas, once O.imbricata is established, it 

develops into impenetrable thickets that severely hampers 

livestock movements (McGinty and Winstead 1986) . 

Utilization of herbage by livestock is enhanced by the 

control of O.imbricata Only during drought periods do cattle 

move into the cholla infested areas (Rea and Pieper 1973, 

Martin and Cable 1974). 

Infestation Features 

Density and CQver- Densities of O.imbricata and other 

chollas reflect site characteristics (Table 1), It is not 

clear in the literature what could be considered a heavy 

infestation of this species. Garrison and McDaniel (1982) 

considered 5-100 plants/acre a light density; 100-250 and 

more than 250 plants/acre as medium and heavy densities, 

respectiveiy. 

Cover of 0.imbricata expressed as leaf area or some other 

parameter is not reported usually in the literature, For 

0.fulgida^ cover estimates range between 0,5-1 m/m^ (Reynol is 

and Bohning 1956, Yeaton et al. 1977, McLoughlin and Bcwers 

1982). In heavy stands of 0.imbricata^ Ibarra et ai. (1985) 

estimated 1.8-3.2 m/m^, Due to the intrinsic morphology o: 
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Table 1. Densities of O.imbricat^ on different range 
sites, according to different sources. 

Density Range site, soil or 
(plants/ha) topographic position Source 

607 Upper part of slope Pieper (1971), 

427 Medium part of slope Pieper (1971). 

328 Lower part of slope Pieper (1971). 

475 Loamy site Rea and Pieper 
(1973). 

310 Loamy site Rea and Pieper 
(1973), 

398 Haplustoll, fine loamy Pieper et al. 
(1974) , 

204 Haplustoll, fine to Pieper et al, 
coarse, mixed, mesic (1974). 

113 Argiustoil, loamy, mixed Pieper et al, 
(1974) . 

800 Ibarra et al, 
(1985) , 
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the cacti, a low canopy can be expected. This may result in a 

low competition for light and consequently this may 

contribute to the low decrease in grass production due to the 

chollas. 

Area infestpd Pieper et al. (1974) estimated 4,000,000 

acres infested by Q.imbrioata in New Mexico, which was 

exceeded only by the pinyon-juniper infestation. More 

recently, Garrison and McDaniel (1982) reported 6,430,000 

acres with the greatest densities in the central and eastern 

parts of the state. 

There are 4,330,900 acres infested with O.imbricata in 

Texas, with the heaviest densities in the western areas (SCS 

1982). 

Qpuntia imbricata as Food for Cattle 

Earlier in the century, the cacti were not thought to be a 

problem. In fact, they were considered desirable as a 

supplementary or emergency food for cattle during drought 

periods (Humphrey and Mehikoff 1958). Technical bulletins 

reported ecological and nutritional features of many cacti 

species, results of establishment trials and even included 

management suggestions. Ranchers in Arizona and New Mexico 

were encouraged to seed areas with cholla due to their 

nutritional value, adaptability to the harsh environment, 

usefulness as rough forage, longevity and persistence, 

excellent natural reproduction and abiiity to protect the 

fruit with their spiny joints year after year (Thornber 1911, 

Vinson 1911) . Griffiths and Hare (1906) reported for dry 

fruits of Cylindropuntias (chollas) crude protein contents 

between 1.75-10.73%, higher than those of the Platyopuntias 

(pricklypears). Fruit yields varied between 40-140 Ib/plant 

year (Wooton 1911). However, Vinson (1911) and Dayton (1931) 

did not recommend use of cacti fruits alone for supplementing 

sheep or cattle because their extremely succuient and salt y 
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features that could produce scours. 

Although it has been reported that cattle eat joints and 

fruits of chollas on the rangeland, this is not well 

documented in the case of Q-imbricata. its fruit may be eaten 

only in critical situations by cattle, because of the extreme 

discomfort and injury involved. Consumption could be 

increased by the use of fire to facilitate access (Martin 

1966, Ibarra et al. 1985). However, some cattle seem to 

become accustomed to cholla fruit and are called "cholla 

eaters" (Garrison and McDaniel 1982, McGinty and Winstead 

1986). 

Qpuntia imbricata and Wildlife 

Cacti as a group are considered food for rabbits (Lepus 

alleni and Lepus californicus) and Merriam kangaroo rats 

(Dipodomys merriami). However, cholla joints are less 

preferred than the seeds and branches of the Platyopuntia 

(pricklypears) because their abundant spines, Rabbits only 

eat cholla joints in late spring and dry summers, when there 

is little other succulence on the range (Thornber 1911, 

Vorhies and Taylor 1933, Reynolds 1953). Ibarra and Gamboa 

(1983) reported strong attacks of rodents to younger plants 

of 0-imbricata, but only during critical seasons. They also 

reported the use of dry branches for nest cover. Fruits of 

cholla are eaten by deer (McGinty and Winstead 1986). In some 

ranges, chollas are the only woody plant that exists and are 

used by birds for nesting (Hensley 1954) . Complete 

erradication of cholla, for this reason, may be not 

compietely desirable. 
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CQntrol of Opuntia imbrioata 

Different methods of control of Q.lmbricata and other 

chollas have been attempted with varied degrees of success. 

The methods vary according the relative importance of the 

chollas compared with other range weeds, availability and 

cost of the inputs and expected results. 

Fire and its Effects 

Perhaps the first observation of fire damage in cholla 

(Q.fulgida) was made in Arizona by Thornber (1911) . He stated 

that prairie fires were essential in maintaining low 

popuiations of the species: fires iiterally burned the clumps 

of younger cacti among the older plants. Fuel was supplied by 

the accumulation of dried cacti joints at the base of older 

plants. 

Work on fire application for controlling O.fulgida and 

O.spinosior continued in Arizona during the 1950's. Mortality 

averaged 40-50%, with subsequent reduction in density in 

burned areas, usually at the beginning of the second season 

after the fire (Humphrey 194 9, Humphrey and Everson 1951, 

Reynolds and Bohning 1956). 

Fire effects specifically in O.imbricata were studied in 

Texas more recently. Heirman and Wright (1973) studied the 

mortality caused by fire in chained and unchained areas with 

understory of tobosa and buffalo grass. Their results showed 

more plants killed in tobosa grass than in buffaio grass, 

which was attributed to the higher temperatures created by 

higher fine fuel loads of tobosa grass. Simiiar resuits were 

not observed in the chained areas where the flames equaliy 

engulfed all the stems. Fewer cholla taller than 0,30 m were 

killed than those less than 0.30 m. Mortality of 0.imbricata 

increased with time, due mainly to insect activity and 

partially to drought and small mammal damage. Bunting et al. 

(1980) reported a similar trend, cholla taller than 0.6 m 
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were less easily killed than those less than 0.6 m. Mortality 

of the plants increased with time: 3 years after the 

treatment up to 50-60% of the burned plants died. This 

inverse relationship between fire damage and plant height was 

also reported by Martin (1975) and Ibarra et al. (1983). 

Mechanical Methods 

The shallow roots of cacti and their relatively weak 

aboveground parts made them appropriate for the application 

of mechanical methods of control. The most common methods 

applied to cholla are:(a) chaining, cabling and/or railing, 

and (b), hand-grubbing, usually followed by burning of the 

piled plants. 

Chainina or cahling The ability of cholla to reproduce 

vegetatively make these methods not completely useful. 

Results are temporary (1-2 seasons) and the future stand may 

be several-fold more dense than the original. Aithough it has 

been reported that most of the new plants may die in 3 years, 

final densities remained the same as pre-treatment (Schmutz 

et al. 1959, Tschirley 1963, Martin and Cable 1974, Martin et 

al. 1974, Ibarra et al. 1985). 

Grubbing. This method is successful in controlling 

O.imbricata and other chollas, but it is labor intensive and 

costly. It could be applied in stands with light to moderate 

density of cholla. Grubbed plants are piled and burned after 

they dry. It is recommended not to scatter the joints because 

of reestablishment of plants (Gay 1965, Ibarra et al, 1985, 

McGinty and Winstead 1986). 

If the mechanical methods are applied in combination with 

other methods (fire, herbicide, etc) results in controlling 

cholla could be more successful (Heirman and Wright 1973). 

Ibarra and Gamboa (1983) and Ibarra et al. (1985) repor*ei 

that activity of rodents and lagomorphs searching "green" 

food during drought periods successfully complemented 
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mechanical treatments of controlling Q.imbricata. 

Herbicide Control 

Although herbicides have been successfui for controlling 

cholla in individual plant applications, they have not 

succeeded in the same degree when used in broadcast sprays. 

Erratic responses have been attributed to different reasons, 

among them: inappropriate timing of application, difficulty 

to penetrate the cuticle of the cacti, and incomplete wetting 

of the plants. However, herbicide applications could be 

successfully complemented with fire (Johnsen 1966, Heirman 

and Wright 1973). 

Although the literature is clear in the kind of herbicide 

used and method of application, it is confusing in relation 

to dosage required and timing of application for controlling 

cholla. 

Kind of herbicide and dosage• Growth hormones, usually used 

as herbicides in rangelands have been applied to choila with 

different degrees of success. Effectiveness of 2,4,5-T (2, 4, 

5-trichlorophenoxyacetic acid) has been partial and cholla, 

like other cacti, are resistant to low rates. Dosages 

recommended vary from 1 to 8 Ib a.i./acre and the ester 

formulations have been more effective than the amine 

formulations Qther products used include 2,4-DP (2, 4-

dichlorophenoxypropionic acid) and Kuron [2-(2, 4, 5-

trichlorophenoxy) propionic acid]. Picloram (4, amino-3, 5, 

6-trichloro-picolinic acid) is more effective than 2,4,5-T 

and suggested rates vary between 2 to 4 gallons of commercial 

product/acre. Use of a mixture of diesel oil as a carrier for 

increasing penetration is also suggested for better results. 

Railing also may help penetration (Arizona Agr. Exp. Sta. 

1950, Young et al. 1950, Garcia and Hinckley 1964, Johnsen 

1966, Texas Agr. Exp. Sta. 1965-1975, Martin 1975, Ibarra and 

Gamboa 1983, Welch 1984, Bovey et al. 1984, New Me.xico Ag. 
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Exp. Sta. 1985). 

Method of appllcation Complete wetting of each plant 

treated is strongly emphasized in the literature. Cacti, 

especially Cylindropuntias, regrow from their base and it is 

difficult to get good herbicide coverage because grasses are 

generally quite close to this portion of the plant (Arizona 

Agr. Exp. Sta. 1950, Gerard 1983). For this reason, 

individual plant treatment using hand sprayers is suggested, 

but that limits the number of plants that could be 

economically treated (Arizona Agr. Exp. Sta. 1950, Young et 

al. 1950, Garcia and Hinckley 1964, Johnsen 1966, Texas Agr. 

Exp. Sta. 1965-1975, Bovey 1977, Dickerson 1981, Ibarra and 

Gamboa 1983, Welch 1984, Bovey et al. 1984, New Mexico Agr. 

Exp. Sta. 1985) . 

Timing of application. Growth hormones are translocated 

within both the apoplast and symplast and act in meristematic 

regions. These features indicate that they may be foliar or 

soil applied. 

A key factor in the success of foliar appiications is 

timing. The herbicide must be incorporated into the 

photosynthate stream and its direction of movement will 

determine which plant part will be killed (Dahi and Sosebee 

1984, Sosebee, 1983 and 1985, Potter et al. 1986). It is 

suggested in the literature to spray chollas any time after 

the air temperature exceeds 15.5*̂ 0 (60^F) or when growth 

starts. Both events usually occur in May in the southwestern 

U.S. (Garcia and Hinckley 1964, Texas Agr. Exp. Sta. 1965-

1975, Bovey 1977, Welch 1984, Bovey et al. 1984, New Mexico 

Agr. Exp. Sta. 1985). Only Johnsen (1966) recommended 

applications in July-August (midsummer). However, reports of 

20 years of spraying demonstrations of 0.imbricata in New 

Mexico showed inconsistent responses for these months. For 

different herbicides and carriers, mortaiity varied from 0 • o 

100%, from late May to early August (New Me:-:ico Sta. Univer. 

Dept. of Agr, Coop. Ext. Ser, 1973, 1976, 1978 and 1981). 
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Improper timing information is frequently responsible for 

erratic responses in growth hormone applications (Dahl and 

Sosebee 1984, Sosebee 1983 and 1985). 

Based on the TNC trends of O•lindheimeri, Potter et al. 

(1986) concluded that the best time of the year for herbicide 

applications would be August through March. This contrasts 

with traditional recommendations of spraying from spring to 

late summer. Other species of pricklypear have a typical "U" 

shaped TNC cycle (Menke and Trlica 1981). Sosebee (1983) 

stated that, presumably, plants with this type of TNC trend 

are easier to control if the herbicide is applied during 

rapid TNC repienishment, which occurs after the new growth is 

completed (late summer and fall). 

The TNC trend is influenced by physiological and 

environmental conditions and as a consequence the efficiency 

of the growth hormones is increased. To avoid problems of 

climate variability, typical of arid an semiarid regions, 

soil applications have been recommended (Aidridge et al. 

1983, Scifres 1983, Potter et al. 1986), but they have the 

disadvantage of high cost and their extreme dependence on 

precipitation for their incorporation into the soil solution 

(Sosebee 1985). 



CHAPTER III 

EXPERIMENTAL PROCEDURES 

DescrÍDtion of the Study Area 

The study area was a fenced pasture of the Monteith Ranch, 

located 16 km north of Lovington, Lea County, New Mexico. The 

county has been cited by Pieper et al. (1974) as having dense 

stands of O.imbrioat^ According to more recent estimations, 

the density of the species is medium, between 247-618 

plants/ha (Garrison and McDaniel 1983). 

PhySÍQgraphy. The northern half of Lea County, where the 

study area is located, is the southwest part of the Llano 

Estacado, a remnant of the southern extension of the High 

Plains. It is a nearly flat area, with an elevation of 1,200-

1,320 m in the western part, decreasing to 1,080-1,170 on the 

east (Turner et al. 1974). There are no perennial streams. 

Rainfall seepage evaporates or creates intermittent streams 

or channels that fade out within a few miles or terminate in 

closed depressions, locally called "playas." Natural drainage 

is south to southeast (Turner et al. 1974). 

Climate. Climate of Lea County is semiarid-continental, 

with warm summers, cool, dry winters and many days of 

sunshine. Primary source of rainfall is the moisture from the 

Gulf of Mexico. The northern part of the county receives 

greater amounts of rain than the southern part. Strong 

surface heating in the summer contributes to the brief and 

intense thunderstorms which are responsible for most of the 

yearly rainfall. Blizzards are rare, and snow generaily melts 

soon after falling (Turner et ai. 1974). 

33 
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Average annual temperature is 14-15^0 with maximum and 

minimum averages of 30^0/1700 in July and 140c/-3.330C in 

January, respectively. The frost free season is 190-205 

days/year. Mean annual precipitation is 400 mm, with 80% 

falling from May to October. Average annual snowfall is 25.4 

mm (Turner et al. 1974). 

Average speed of wind is 20 km/hr, blowing from November to 

April from the southwest and from May to October from the 

southeast. Dust storms are common in March, and tornadoes and 

hail storms occasionally occur in April and May (Turner et 

al. 1974). 

Evaporation from a Class "A" free surface evaporation pan 

averages 2625-2750 mm/year, with 65% of the evaporation 

occurring from May to October (Turner et ai. 1974). 

Annual average relative humidity is 40-50% and 75% of the 

days could expected sunshine during the year (Turner et al. 

1974). 

Soils. There are two dominant soil series in the study 

area: Kimbrough-Lea complex and Kimbrough-gravelly loam with 

0-3% slope, with inclusions of Slaughter, Stegall and Mansker 

ioams. Major soil series belong to the order Mollisol (Turner 

et al. 1974). Their main characteristic is the presence of a 

caliche layer at shallower soil depths. 

Kimbrough series are loamy, mixed, thermic and shallow, 

belonging to the Petrocalcic calciustoll subgroup. Lea series 

are fine-loamy, mixed, thermic and belong to the Petrocalcic 

paleustoli subgroup (Turner et al, 1974), 

Range sites. The study area is located is the Southern High 

Plains Resource Area. Kimbrough series is characteristic of 

the Shallow (HP) Range Site, with available water holding 

capacity ranging from 1.25 to 8.75 cm, Effective rooting 

ranges from 10 to 55 cm. Kimbrough-Lea complex belong to the 

Loamy Range site with water holding capacity ranging from 5 

to 27,5 cm (Turner et al. 1974). 
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Land Ufífí. An estimated 90% of Lea County is rangeland; 

cattle and sheep are the most important kind of livestock. 

There is also irrigation, dryland farming, oil and gas 

industries. The study area is devoted to cattle ranching. 

DescrÍPtion of the Population of Q.imbricata 
Constituting the Study 

The population of O^imbricata in the study area consisted 

of relatively tall plants, 1.5-2.0 m in height, some with 

profuse basal branching. Many mature individuais showed the 

signs of decadence described by Thornber (1911) and Bunting 

et al. (1980). Old branches formed the structure of the 

plants and had a dark-green, almost black epidermis and were 

covered with sharp, woody spines. However, if the epidermis 

was removed, bright green tissue was present underneath, New 

stems were green-bright green and were usually iocated in 

middle-top positions of the plant. 

Density in the study area was estimated to be approximately 

160 plants/ha; and falls in the "medium infestation" category 

of Garrison and McDaniel (1982). Density varied broadly: 

areas with regularly scattered individuals with 2-5 m between 

main trunks alternated with circular spaces without cholla 

plants. It is supposed that the depth of the caliche layer in 

the soil was the cause of that uneven and clumped 

distribution. Few younger plants and almost no seedlings were 

observed. For the above reasons, the population of 

O.imbricata in the study area was presumed to be declining. 

As a range weed, the main effect of O^ imbricata in the 

study area was estimated to be its interference with 

livestock grazing and handling because its sharp spines, 

since plants imposed relative limitations on forage 

availability. Their open canopy did not limit sunlight a:.d 

grass cover was almost not affected. 
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Since Q.imbricata was the only tall, woody plant in the 

study area, its influence over wildlife was important: birds 

nested in the tallest individuals and small mammals used 

cholla joints to build and cover their nests. During winter 

and drought periods some lower branches were stripped off, 

apparently by rabbits searching for green food and/or water. 

According to Mr. Monteith (personal comm.), owner of the 

ranch, the population of O.imbricata in the study area was 

originated by dispersion of seeds eaten by grazing steers. He 

reported that in 10 years, the plants increased from 

practically none to the current density. 

Experimental Procedures 

Sampling for Total Nonstructural 
Carbohydrates (TNC) 

Field sampling procedure. Each sampling day, 10 plants of 

0.imbricata, regardless of number of stems and height, were 

randomly selected from a transect located at random in the 

study area. Only death and/or highly damaged plants were 

rejected. Each plant was considered as "experimental unit" 

for statistical purposes. Sampling involved plant destruction 

and/or damage, therefore 10 new individuals were selected 

each sampling date. 

From each piant, individual samples of mature or old stems, 

young stems, flowers/fruits and roots were obtained. These 

plant organs were assumed to have different functions in 

relation to the TNC plant dynamics and physiology, and 

considered as "treatments" for statistical purposes, They are 

described below: 

(1) Old shoots (mature stems): Stems with dark-green color, 

located in middle or lower position on the plant, composed by 

structural (woody) tissue and at least last year's growth 

(Fig.2a); 
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(a) 

(b) 

(c) 

Figure 2, Plant organs (tissues) 
sampled in O.imbricata (Monteith Ranch, 
Lea Co., N. M . ) : (a), old shoots; (b), 
new shoots; and (c), roots. 
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(2) New shoots (young stems): Stems with light, bright 

green color, located mainly at the top of the plant and 

composed of parenchymatous or fleshy tissue (current year's 

growth) (Fig. 2b); 

(3) Flowers and fruits; and 

(4) Roots: Belowground organs, located in a imaginary 

volume of 50 cm^ of soil, immediately beneath the plant's 

main trunk (Fig. 2c). 

In the above descriptions it was assumed that vegetative 

aboveground organs would have different TNC related functions: 

new shoots would perform photosynthesis while old stems would 

function primarily as a TNC storage and transport. This is a 

simplification, since it was estimated that a large proportion 

of the old shoots could also perform photosynthesis. The 

relative dominance of one of the functions over the other (TNC 

synthesis versus storage-transport) would depend on the age of 

the stem and its position of the plant. 

One of the most remarkable features of the roots of 

O^ imbricata^ in addition to their small proportion of plant 

biomass, was their broad variation in diameter within and 

among plants if compared with other organs. 

Frequency of samplina. Samples were obtained once a month, 

from May 1986 to November 1987. Samples were not taken in 

September 1986. From May 1986 to April 1987, new shoots 

belonged to the same cohort. It was not possible during that 

sampling subperiod to harvest enough fruits from the same 

individual of O.imbricata to complete a sample; for that 

reason they were not included in the statisticai analysis, In 

May 1987, new and numerous cohorts of vegetative and 

reproductive organs and tissue developed, allowing the 

samples to be taken as initially prescribed, 

Identification and transportation of samples. Tissue 

samples were stored in paper bags, identified according to 

collection data, placed immediately in a container with dry 

ice and transported to the laboratory. 
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TNC Analytical Procedure 

Drvina. grinding, and storage of samples. Tissue samples 

were dried in a forced air oven at an average temperature of 

60^0. After the samples were dried, they were ground to pass 

a 0.5 mm sieve in a Wiley mill and placed in plastic vials; 

identified by plant tissue and sampling date, and stored at 

room temperature until chemical analysis was performed. 

Chemical analysis. Samples of each plant organ/sampling 

date were analyzed to determine the concentration of TNC, 

which included fructosans, dextrines and starch, but not 

structural carbohydrates such as cellulose, hemicellulose and 

lignin (Menke and Trlica 1981). 

Extraction of TNC was performed on 0.5 g sample of each 

tissue, using 0.2N hydrochloric acid (HCl) as described by 

Murphy (1958) and Smith (1965). TNC concentration was 

determined spectrophotometrically and expressed as percent of 

the tissue dry weight. Two aliquotes/sample were analyzed, 1 

ml each. Chemical and spectrophotometer analyses were 

performed again if the TNC concentration determined in each 

aiiquote exceeded 10% of the mean. Detailed information about 

TNC chemical analyses procedures is given by Mounsif (1987). 

Phenological Monitoring 

On each TNC sampling date, the development of new 

vegetative and reproductive organs was registered using 

numerical codes and later grouped into corresponding 

Phenophases. Ordinal scales used are shown in Table 2 

(adapted from West and Gasto 1976, Menke and Trlica 1981, 

Potter et al. 1986). 
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Table 2. Phenophases and numerical codes used for 
identification of development stages of vegetative and 
reproductive organs of O.imbricata. 

Code 
number 

1 
2 
3 

4 
5 
6 
7 

8 
9 
10 

11 
12 
13 

14 
15 
16 
17 
18 

19 
20 
21 

22 
23 
24 

Qrgan 

Vegetative 

Reproductive 

Description of 
veaetative staae 

Stems reddish 
Stems desiccated 
Stems flaccid 

Bud swell 
Bud enlargement 
True leaves present 
Spines emerging 

True leaves dropping 
Spines enlarging 
Spines full length 

Stems light green 
Maturity 
Stems turgid 

Floral bud swell 
Floral bud enlargement 
True leaves present 
Flowers open 
Flowers closed 

Flowers dropping 
Fruits enlarging 
Fruits fully developed 

Fruits turning yellow 
Fruits bright yellow 
Fruit drop 

PhenoDhases 

Quiescence 

Early stem 
growth 

Late stem 
growth 

Stem 
maturity 

Flowering 

Fruit 
development 

Fruit 
maturity 



41 

Environmental Monitoring 

Soil water rnni-̂ ni- Qn each TNC sampling date, soil samples 

were taken at three locations at two depths, 0-15 and 15-30 

cm, using a Veihmeyer tube. Sites were located at random near 

the transect used for TNC sampling. Soil samples were placed 

in air tight containers and transported to the laboratory, 

where water content was determined by gravimetric analysis 

and expressed as percent. 

Soil temperature. Soil temperature was measured with 

mercury filled thermometers on each TNC sampling date at the 

same locations and depths used for soii water content 

measurements. Thermometers were inserted at the prescribed 

depths in holes (0.95 cm diameter) made with a steel shaft, 

and allowed to equilibrate for at least 10 minutes prior to 

the temperature readings. 

Air temperature and rainfall. Daily records of maximum and 

minimum air temperatures, rain and snowfall from January 1986 

to December 1987 were obtained from Lea County Electric 

Cooperative (1988) located 16 km south of the study area. 

Analysis of Data 

Statistical Analysis of TNC Trends 

TNC concentrations (%) for each plant organ of O.imbricata 

were averaged and piotted against time (sampling dates). To 

test significant differences in TNC concentrations among 

piant organs (expression of plant features) , sampling dates 

(expression of environmental features) and their respective 

interactions, TNC data were subjected to an analysis of 

variance with completely randomized design with split-pio^. 

arrangement. Plant organs (old/new shoots, roots and 

flowers/fruits) constituted the main factor of the analysis 

whiie sampling date (phenological stage) constituted th.e 

subplot factor. Statistical model used was as follows: 

Yijk = |i + ai + eij + Pk + aPik + Eijk, where: 
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Yijk = Concentration of TNC of the k'th sample, 

\l = Overall TNC concentration mean, 
tti = Effect of plant organ (treatment A), 

eij = Error associated with treatment A, 

p]c = Effect of sampling date (environmental conditions, 

treatment B), 

ttpik = Interaction with plant organ and environmental 

conditions, 

Eijk = Error associated with environmental conditions. 

Previous to the analysis, both residuals (eij and Eijk) 

were tested for normality. The Shapiro-Wilk test was used if 

the sample size was less than 51, while the Kolmogorov test 

was used if the sample size was greater than 50 (SAS 1985). 

Variance homogeneity of the first residual (e^j) was tested 

using the Bartlett test (Steel and Torrie 1980), while the 

Greenhouse-Geisser adjustment to the F-test was used to test 

the homogeneity of the second residual (Eijk) (Kirk 1982). 

The Univariate and GLM procedures of the SAS package were 

used for this part of the analysis (SAS 1985). 

The statisticai model was considered mixed, since 

individuals of Q-imbricata (observations) where chosen at 

random, and the main effects, plant organs (flowers/fruits, 

new-old shoots and roots) and sampling date were considered 

to be fixed and at random, respectively. Expected mean 

squares (EMS) are shown in Table 3. A Quasi F-ratio was used 

to test the significance of the first main effect (plant 

organ, A) , as foliows (Kirk 1982): 

F'-test plant organ (A) = MS(A) + MS(E) 

MS(AB) + MS(e) 

(MS = Mean squares). 

Degrees of freedom (df) for the Quasi F-ratio were 

calculated by the following formulas: 

Numerator df = 
[MS(A) + MS(E)]2 

[MS(A)2/df(A) + MS(E)2/dl(E)] 
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Table 3. Expected mean squares (EMS) for the model used in 
the statistical analyses of the TNC trends (Kirk 1982). Modei 
is mixed, with individual plants of Q.imbricata 

(observations or replications = K) at random, and both main 
effects, plant organ (A) and sampling date (B), fixed and at 
random; respectively. References: number of observations = n, 
number (levels) of plant organs = p, number (levels) of 
sampling dates = q. 

Effects E (MS) 
Plant organ (A) Gg^ + apĵ ^ + qCji^ + nC(xp^+ nqlttj^/(p-1) 

First residual (e) ^^2 + ^^^2 + ^^^^2 

Sampling date (B) Og^ + op;̂ ^ + nOap^ + npop2 

Interaction (AB) Og^ + op̂ ^̂  + nO(xp2 

Second residual (E) ^ 2 + ogĵ ^ 
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Denominator df = 

[MS(AB) + MS(e)]2 

[MS(AB)2/df (;̂ ) + MS(e)2/df (e) ] 

The MS of the interaction between both main effects (AB) 

was used to test the significance of the second main factor 

(sampling date, B). The MS of the second residual (E) was 

used to test the significance of the interaction between the 

two main effects (AB). A significance level of 0.05 was used 

throughout the analysis. 

Significant TNC concentration means were separated using a 

LSD test with a significance level of 0.05 (Steel and Torrie 

1982). The error term for these tests was estimated by 

pooling e^j and Eijk according to the following formula (Kirk 

1982) : 

Pooled error term = df(e)MS(e) + df(E)MS(E) 

df(e) + df(E) 

TNC concentration data were divided in two Cycles: 1, (May 

1986-April 1987) and 2, (May 1987-November 1987) according to 

the phenological development of O.imbricata. Statistical 

analyses as described above were performed on both TNC Cycles 

separately. 

Phenological Development 

Graphs showing the phenological progression of O. imbrir.ata 

during the study period were drawn by plotting the numerical 

codes corresponding to vegetative and reproductive stages and 

Phenophases described versus sampling dates. 

Weather Trends 

Soil water content and temperature measurements were 

averaged by depth, and the results considered as 

representatives of those soil climatic parameters on each 
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sampling date. Maximum and minimum air temperatures obtained 

fr̂ ^̂  ̂ he Electric Cooperative (1988) were averaged on a 

e y basis. These means were used to calculate: a) an 

r < 11" monthly mean air temperature, (maximum+minimum/2) 

g I ) an average temperature amplitude (maximum-minimum). 

lo ^ I nd snowfall were summarized monthly and annually. 
1§ 00 , 

,g 3 ^ inalyze seasonal weather trends, curves of climatic 

rigl > ters of soil (moisture and temperature) , air (monthly 

åfcÍ! O maximum, minimum and amplitude temperature means) and 

4íl 5 11 were constructed for the TNC sampling period (May 

'^Í^ (D ovember 1987) and compared between themselves and with 
• ã m 
g"S' jj ic data for Lovington as reported by Turner et al. 
sr < 

O 5 
m i 

a-

TNC Source-sink Relationships 

Success of rangeland weed control through the use of 

hormone-type herbicide is based on two key factors: a) which 

organ is related with the plant survival (sprouting in the 

case of shrubs) and (b) identification of carbohydrate sinks 

and sources (carbon flux from synthesis and/or storage organs 

to other plant parts). Since hormone-type herbicides are 

translocated in the TNC stream, the direction of the carbon 

flux within the plant will determine which organ will be 

killed. A corollary of these two tenets is that herbicide 

applications should coincide with the time when the 

perennating organs are a sink of TNC. 

Identification of the plant organ related to the survivai 

of Q imbricata was realized by observing the location of the 

new vegetative and reproductive buds in each plant samplei. 

The assessment of a) existence and magnitude of TNC source-

sink relationships among plant organs of Q.imbricata and b) 

probable aim of the TNC stream (carbon flux) within th.' plan' 

throughout the seasons was accomplished by the gathering o: 

information provided by: 
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(1) Analysis of correlation of TNC concentration curves of 

the different plant organs, 

(2) Evaluation of the seasonal differences among TNC 

concentration means of the organs sampled (TNC trends), and 

(3) Phenological observations. 

In (1) the GLM procedure of the SAS statistical package was 

used (SAS 1985). 

Analvsis of corrf^1ai-inn . The theoretical approach for this 

analysis was based on the assumption that there were two 

potential sources of TNC concentration variation in one 

particular organ of O.imbrioata: phenological events proper 

to the organ itself and TNC concentration changes in another 

plant organ(s). In other words, the questions were: a) "How 

much of the variation of TNC concentration in one plant part 

could be attributed to the TNC concentration variation in 

other organ(s) (source/sink relationships)?" and b) "How much 

of the TNC concentration variation of a plant organ can be 

attributed to the phenological (e.g., growth) events of the 

organ itseif?" Conceptually, it can be written: 

TNC(%)organ a= f(TNC(%)organ b^ Phenological events). 

A statistical model for the above function can be developed 

as follows: 

TNC(%)organ a = ^̂  + TNC(%)organ b + Day + Exp. Error. 

The constant "k" was introduced in the Model since it is 

assumed that the TNC concentration in a particular organ 

along time is never zero. The term "TNC(%)organ b" is ^ hf-

TNC concentration in any other organ "b," used as predictor 

(independent variable) in the modei. Statistically, its 

importance was evaiuated by the partial coefficient of 

determination (r^b.d)^ between the TNC concentration data of 

two particular organs. It would represent the T::C source-sink 

relationships (carbon flux) between plant organs. Tĥ - "day" 

term is a time-environment factor. Statistically, i*s 

importance was estimated by the partial coetticien- o: 

determination (rad.b)^ of the TNC concentrati r. calcul^ted 
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when the other independent term of the model (organ) was held 

constant. The residual term, "Experimental error," is that 

part of the TNC concentration due to other factors; true 

experimental error, differences in size, age and position in 

the plant of the dependent organ, etc. Interactions between 

the two main factors are also included in this term. 

Formulae used to calculate the partial coefficients of 

determination are as follows: 

í^ab.d)^ = Sum of squares (bld) ' 

Total sum of squares - Sum of squares (d) 

and 

(^ad.b)^ = Sum of squares (d|b) 

Total sum of squares - Sum of squares (b) 

Significance levels of 0.05 and 0.10 were used in the 

correiation analysis. 

Time Frames 

The analysis of source-sink relationships was done within 

two main time frames: the long- and the short-term. The 

relationships determined in the long-term time frame would 

represent the permanent relationships among plant parts since 

this approach makes abstraction of the seasonal weather 

changes and their influence on plant physiological processes 

and development. The short-term takes into consideration 

seasonal variations of weather conditions and in consequence 

the seasonal TNC sources and sinks. It allowed a more pre:ise 

detection of short-term variations and, consequently, to 

select a more appropriate season for herbicide use. 

The long-term analysis was made using the whole se* of 

experimental data. New shoots were a seasonal organ and those 

sampled here belonged to different, although successive 

cohorts. However, their presence on the plant wj.s more 

permanent and longer lasting than flowers and trui*s. For 

that reason they were included in the long-t erm ar.alysis. 



The short-term analysis was approached by dividing the 

sampling dates into the climatic Phases and transitions 

periods discussed later. Transition periods were included in 

the previous respective climatic Phase, since they are 

considered to be a iogical continuation of development. 



CHAPTER IV 

RESULTS AND DISCUSSION 

General Weather Conditions during 
the Study 

On an annual basis, no significant departures from the 

averages were observed in the main climatic parameters 

(rainfall and air temperature) during the study period. 

Maximum and minimum mean air temperatures in July and January 

1986 and 1987 recorded by the Electric Cooperative, Lovington 

(Fig. 3) were very close to the averages reported by Turner 

et al. (1974) for the same months and location. Total annual 

precipitation aiso had a narrow variation; 400 mm were 

reported by Turner et al. (1974) as the annual average for 

the northern half of Lea County (where Lovington is located) 

and 444 mm and 380.5 mm were registered for 1986 and 1987, 

respectively, by the Electric Cooperative (1988), (Fig. 3), 

precisely in Lovington (Appendix B). 

On a seasonal basis, however, variations were wide, 

especially if the late winter/mid-spring months of both years 

were considered. The heavy spring-summer rains fell almost 

one month earlier in 1987 than 1986 (Figs. 3 and 4). An 

intense drought occurred from February to May of 1986 when 

only 52.5 mm of rain fell and were poorly distributed (Table 

4). Temperatures were high, increasing the potential 

evapotranspiration for the study site (Fig. 3). On the other 

hand, weather conditions were milder for the same period o: 

1987; precipitation was 147.75 mm (almost 3 times higher than 

1986), and evenly distributed. Air temperatures were lov.-er, 

some days with minimum temperatures below 0^0 until April. 

49 
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Figure 3. Monthly mean; maximum, minimum mean air 
temperatures and mean temperature amplitude (°C) for 
Lovington (N. M.) in 1986 and 1987 (Electric Coop. 
1988). TNC sampling period in 0.imbricata is 
highiighted by the box within the graph. 
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Figure 4. Monthly rainfall (mm) and mean air temperature 
(OC) for Lovington (N. M.) in 1986 and 1987 (Electric Coop. 
1988). TNC sampling period is highlighted by the box within 
the graph. 
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Table 4. Some climatic parameters for the late 
winter/mid-spring months of 1986-1987 in Lovington (N 
(Electric Cooperative 1988) . 

M.) , 

Year/ 
Month 

Rainfall (mm) Air temp. (QQ 

Total 
Days with 
rain>lmm 

Mean Days 
Max. Min. temp<OQ TA' 

February 10.0 
1986 

19.4 2.7 11 17 

March 24.3 4.7 20 

Aprii 

May 

February 

March 

Aprii 

May 

42.5 

8.0 

1.3 

5.0 

132.5 

3 

2 

1 

7 

1987 

2 6 . 0 

2 8 . 0 

14 . 0 

1 7 . 0 

2 3 . 0 

2 7 . 0 

6 . 6 

1 0 . 0 

- 2 . 0 

- 1 . 0 

2 . 0 

11 . 0 

2 

1 

22 

21 

8 

19 

18 

16 

16 

19 

22 

'TA = Temperature amplitude (̂ C) 
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Weather conditions for the mid-early spring months of 1987 

were more suitable for CO^ fixation and carbohydrate 

synthesis via the CAM pathway than those for the same period 

of 1986. Higher water availability and appropriate night/day 

temperature amplitude (thermoperiod over 5^0 are the two 

main factors controlling CAM metabolism (Szarek and Ting 

1974b, Nisbet and Patten 1974, Ting 1976, Hanscom and Ting 

1977, Gerwick and Williams 1978, Winter et ai. 1986). 

Site-Weather Interactions 

The study site presented particular characteristics that 

directly affected soil water economy and temperature. The 

main feature was the presence of a caliche layer (weli 

developed petrocalcic horizon firmly cemented with carbonate) 

at shallo soil depths. This layer acted as a physicai 

barrier, limiting water drainage and interacted with the 

lower site slopes causing flooding conditions after heavy 

rains or snowfalls. On the other hand, caliche enhanced 

drought periods since it strongly limited both depth and 

water holding capacity of the soil. The effect of caliche 

iayer upon the water economy of desert piants has been 

discussed by Cunningham and Burk (1973). They reported the 

improvement of piant water relationships resulting from light 

rains. Shallower roots of plants growing in soils with 

caliche allow them to absorb moisture that in other 

situations will be iost by evaporation or percolation. 

A secondary characteristic was the reiatively fine texture 

of the soil (loam, gravelly loam). This feature, with its 

associated good water retention properties, tended to balance 

some of the negative influences of the caiiche layer during 

periods without rainfall. 
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Weather Conditinnc, -i p t.he Study Site 

Soil temperature and moisture recorded at the study site 

followed the features of the general weather trend already 

discussed (Tabies 13, 14 and 15, Appendix B). Correlation 

coefficients between air temperatures and soil temperatures 

were high (r=0.91, or higher) and are shown in Tabie 5. 

Correlation between rainfall and soil moisture were not 

significant, probably due to the sampling schedule. However, 

since the soil temperature and moisture data were recorded on 

location, they will be used as representative of the 

prevailing weather conditions encountered during the study 

period. 

Based on the trends of the soil temperature and moisture 

curves for the two depths sampled, four main ciimatic Phases, 

separated by transition periods that coincided with the 

inflexion points of the respective curves could be 

distinguished (Figs. 5 and 6). These phases approximately 

correspond with the seasons of the year. Soil temperature and 

water content means for the two soil depths are reported in 

Table 15, Appendix B. Phase I, spring-summer of 1986 (May-

August), could be considered the first growing season (Fig. 

5). Average soil temperature (32°C at 15-cm depth) was the 

highest observed in the study; the soil also had the lowest 

average moisture content (5%). Only data for the 15-cm soil 

depth were available due to mechanicai impedence in sampling 

due to dryness. This Phase was foilowed by a short transition 

period (Qctober 1986) . During Phase II, fall-winter of 1986-

1987 (November 1986 to March 1987), soil temperature dropped 

abruptly to an average of 7^0 at both soii depths; but, the 

soil moisture increased, averaging 23-24% during the Phase. 

This sharp increase of soii moisture is attributed to *.he 

interaction of snowfalls, perched water due to the prese^nce 

of the caliche layer, and relatively low po^ential 

evapotranspiration rate. 
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•sr; 

Tabie 5. Correlation coefficients between monthly air 
temperature means (^C) registered in Lovington (Electric 
Coop. 1988) and soil temperature (̂ C) means at two soil 
depths, recorded in the study area from May 198 6 to 
November 1987 (Monteith Ranch, Lea Co., N. M.). 

Air mean 
temperatures 
(Lovington) 

Soil temperature 
means 

(Monteith Ranch) 
Depths (cm) 

0-15 15-30 

Maximum 

Minimum 

Mean 

0.94* 

0.91* 

0.93* 

0.96* 

0.92* 

0.95* 

* Significant P<0.0001 
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Figure 5. Climatic Phases and curves of soil 
temperature (̂ C) and moisture (%) at the 15-cm soil 
depth from May 1986 to November 1987 in the study area 
(Monteith Ranch, Lea Co., N. M.). Each value is an 
average of three replications/sampling date. 
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Figure 6. Climatic Phases and curves of soil 
temperature (̂ C) and moisture (%) at the 30-cm soil 
depth from May 1986 to November 1987 in the study area 
(Monteith Ranch, Lea Co., N. M.). Each value is an 
average of three replications/sampling date. 



After a new transition period (April 1987), the second 

growing season began which constituted Phase III (May-August 

1987). A lower mean soil temperature, 28^0 at 15 and 30 cm 

was recorded during this Phase. 

After the third transition period, September 1987, the last: 

two months sampled (October-November 1987) were considered 

Phase IV (fall of 1987) and are characterized by a graduai 

decrease in soil temperature. 

The most remarkable difference between growing seasons was 

a higher soil water content during Phase III (16-17% at both 

depths). Higher rainfall during April-May 1987 "charged" the 

soil and it was able to maintain a high water content during 

the entire growing season. Lower soil temperatures can be 

attributed to the cooling effect of water. 

Comparing values of precipitation recorded at Lovington 

(Electric Coop. 1988) and soil moisture levels observed at 

the study location, there is a contradiction in the high 

amount of rainfall in June 1986 and the low soil moisture 

percentages during Phase I, first growing season. This could 

be attributed to: a) local variation of frequency and amount 

of precipitation, typical of arid-semiarid areas or b) higher 

air temperatures in the mid-winter/spring months of 1986 

resulting in a higher evapotranspiration load. 

PhRnological Development of 
Qpuntia imbricata 

Phenophases of Q-imbricata were apparently affected by the 

weather fluctuations throughout the climatic Phases (Figs. 7 

and 8). 

Plants of O-îmhricata did not produce significant 

phenologicai changes during Phase I, first growing season 

(Fig. 9). Few flowers were observed only on the first 

sampling date. Throughout the season few plant s wert» ohsi^.rve^ 

with fruits, and in that case, the load was s:v,all (2 to 3 
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Figure 7. Vegetative Phenophases and stages observed 
in o imbricata from May 198 6 to November 1987 in the 
study area (Monteith Ranch, Lea Co., N. M.) 
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Figure 8. Reproductive Phenophases and stages 
observed in O.imbricata from May 1986 to November 1987 
in the study area (Monteith Ranch, Lea Co., N. M.) 



61 

Figure 9. Phenological stages of 0.imbricata 
during climatic Phase I, May-August 1986 (Monteith 
Ranch, Lea Co., N. M.). Vegetative and reproductive 
Phenophases observed were stem and fruit maturity. 
Note the small load of fruits/plant and the effects 
of drought on the grasses. 
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fruits/plant). New shoots were turgid and light green, but 

the number of new stems per plant was low. The possibility 

exists that all early reproductive and vegetative stages 

occurred before this study was initiated. 

During fall and winter of 1986-1987, Phase II, conspicuous 

changes occurred in stem color, size and shape. Younger stems 

became reddish early in the season and brown as the 

phenoiogicai development progressed (Fig. 10). Their size and 

shape were gradually reduced, apparently caused by water loss 

and subsequent desiccation. Necrotic spots were observed in 

the margin of the stem tubercles and some of the youngest 

branches located on the upper part of the plants died, 

damaged probabiy by the subfreezing temperatures. Older 

stems, especially those forming the basic plant structure 

became darker, almost black. The plant population acquired a 

shabby, curled and decadent appearance (Fig. 11). 

During the 1987 growing season, Phase III (May-August), the 

phenological development changed completely. No significant 

event was observed on the April sampling date, but in May 

vegetative and reproductive buds were observed in high 

numbers/plant, usually at the top of the terminai branches. 

Reproductive and vegetative organs in different stages of 

development were often present on a single plant. 

The lilac-light purpie colored flowers were first observed 

in June 1987 and were almost all gone by Juiy 1987 (Fig. 12). 

Fruits were also first observed on that date, some well 

developed, but still green and with spines (Fig. 13) . The 

fruit load/plant was much greater than that of Phase I. 

During the remainder of Phase III, the third transition 

period (September 1987), and Phase IV (October-Ilovember 

1987), fruits were gradually changing their green color to 

yellow, they lost their spines and their epidermises becam^-

bright and lustrous (Figs. 1 and 10). Some plant s heid '.heir 

fruits until November 1987, but the majority of them dehisced 

or disappeared, iikely eaten by livestock or wildlifo. 
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Figure 10. Phenological stages of O.imbricata 
during early climatic Phase II, fall-winter, 
November 1986 to March 1987 (Monteith Ranch, Lea 
Co., N. M.) . Vegetative and reproductive 
Phenophases observed were stem quiescence (stems 
reddish, desiccated) and fruit maturity (fruit 
bright yellow, fruit drop). Note red epidermis on 
new shoots, bright yellow fruits and the dark green 
epidermis of old shoots forming the plant 
structure. 
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Figure 11. Phenologicai stages of 
O.imbricata during middle climatic Phase 
II, fall-winter, November 1986 to March 
1987 (Monteith Ranch, Lea Co., N. M.). 
Vegetative and reproductive Phenophases 
observed were stem quiescence (stems 
desiccated) and fruit maturity (fruit 
drop). Note the decadent appearance of the 
plant, and the stems damaged by the frosts 
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Figure 12. Phenological stages of O.imbrloata 
during eariy ciimatic Phase III, second growing 
season, May-August 1987 (Monteith Ranch, Lea Co., N. 
M . ) . Vegetative and reproductive Phenophases observed 
were early stem growth (true leaves emerging) and 
flowering. Note flowers in different degrees of 
opening and the new vegetative stems in the back. 
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Figure 13. Phenological stages of O.imbricata 
during late ciimatic Phase III, second growing season, 
May-August 1987 (Monteith Ranch, Lea Co., N. M.). 
Vegetative and reproductive Phenophases observed were 
early stem growth (spines enlarging-full length) and 
fruit deveiopment (fruits enlarging-fuily developed 
and turning yellow). Note the load of fruits in early 
stages of development per plant, with their epidermis 
still green. 
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Vegetative buds were first observed on May 1987. They 

varied in length from 0.5 to 5 cm. The smaller ones could not 

be differentiated from reproductive buds, while the longest 

showed the characteristic fleshy and succulent true leaves of 

the Cactaceae (Fig. 14). As the season progressed, new 

vegetative growth could be observed in aimost all plants and 

in large numbers, especially at the top and in the middle of 

older branches. Some new stems had outstanding growth, 

reaching a length of 35 to 40 cm and initiated new vegetative 

growth from their apex (Fig. 15). During June-July 1987, true 

leaves began to dehisce and spines replaced them. Not all of 

the new stems produced were able to withstand the harshness 

of the growing season and a large number disappeared, 

apparentiy dropped by the plant since they were observed 

drying on the ground. During Phase IV, new vegetative growth 

became bright green and turgid and as the temperatures 

dropped, the red epidermis appeared again (Fig. 10). 

The observed sequence and dates for phenological events of 

O•imbricata, although they are approximations since sampling 

frequency was monthly, do not differ from reports by Fraser 

and Pieper (1972), Rea (1972) and Pieper et al. (1974). 

The most important difference between the two growing 

seasons (Phases I and III) was the amount of reproductive and 

new vegetative growth. This difference is attributed mainly 

to the more favorable weather conditions during mid-Phase II 

(late winter 1987)-Phase III (spring 1987), already 

discussed. The interaction between rains and flowering 

behavior of O.imbricata has been reported by Pieper et al. 

(1974) who suggested that a flowering delay wouid be causel 

by late rains in New Mexico. 

Other significant phenologicai features of O. imbrica^ .̂  weie 

the speed of the succession in phenological even* s 

(flowering-fruit development in 2 months) and the presonce o: 

voqc^tative and reproductive organs in different stans ot 

devolopment on the same plant. 
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Figure 14, Phenological stages of 
Q.ÍmbcÍCãta during early climatic Phase III, 
second growing season, May-August 1987 
(Monteith Ranch, Lea Co., N. M.). Vegetative 
and reproductive Phenophases observed were 
eariy stem growth (mature leaves emerging, 
spines enlarging) and fruit development 
(fruits enlarging-fully developed). Note the 
new stems holding the true leaves of the cacti 
and the immature fruits with green epidermis 
and still with spines. 
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Figure 15. Phenological stages of 
O•imbricata during middle-late ciimatic Phase 
III, second growing season, May-August 1987 
(Monteith Ranch, Lea Co., N. M.). The 
vegetative Phenophase observed is stem 
maturity (stems fuli length-light green). Note 
the length of the new shoots in the center of 
the picture and the new growth near its apex. 
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Total Nonstructural C;:.rbohydrates (TNC) 

Trends nf Opi ntia imbricata 

TNC concentration trends observed in O.imbricata were very 

similar to those reported for other cacti, mostly belonging 

to the subfamily Platyopuntia, the "pricklypears" (Menke and 

Trlica 1981, Potter et al. 1986). In those species, the 

highest TNC concentrations were usually observed in quiescent 

piants (fail-winter) or just before the new growth started. 

For 0.imbrioata^ and in a general view (Fig. 16), TNC 

concentrations for aboveground organs and roots were low 

during Phase I, gradually went up in Phase II and reached 

their highest values in the second transition period (April 

1987), before the second growing season (Phase III). In Phase 

III, a new aboveground organ, flowers, developed. They 

reached their highest TNC level in July when they were losing 

their petals and/or transformed in fruits. TNC concentration 

in vegetative organs were lower than flowers in Phase III, 

but higher than their respective levels during the previous 

growing season. In Phase IV (October-November 1987), TNC 

concentration in new shoots was higher than the other organs. 

Throughout the study, roots usually had the lowest TNC 

concentrations and the narrowest variations, both features 

shared with other species of cacti (Potter et ai. 1986). 

To anaiyze the interaction between plant organ, expression 

of plant features (physiological, morphological and/or 

phenoiogical), and sampling date or day, expression of 

climatic-environmental variation, TNC concentration curves 

were divided in two main cycles: a), Cycle 1, that includes 

Phase I (May to August 1986), the first transition period 

(October 1987), Phase II (November 1986 to April 1987) and 

the second transition period (April 1987); and b) Cycle 2, 

that includes Phase III (May to August 1987), the third 

transition period (September 1987) and Phase IV, (Oct.l - r-

November 1987). Differences between both Cycles are based on 

a combination of phenological and climatic criteria: 1) 
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Figure 16. TNC concentration (%) means and trends 
in flowers/fruits, new and old shoots, and roots of 
O,imbricata from May 1986 to November 1987 (Monteith 
Ranch, Lea Co., N. M.). Each mean is average of 10 
replications/plant organ. 
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belonged to the same cohort; 2) in TNC Cycle 2, another 

cohort of new shoots, flowers and fruits developed; and 3) 

while Phase II could be considered as the logical 

continuation of Phase I, weather during Phases III and IV 

implied a new situation in growing conditions, especially in 

water avaiiability. 

Statistical analysis were performed on both TNC Cycles 

separately. 

TNC Cycle 1 The interaction between organ and day was 

significant (Appendix C and Fig. 17). The TNC concentration 

of a piant organ is the result of the interaction of 

environmentai and phenological features. 

During Phase I and the first transition period, TNC 

concentrations means of the three organs were low if compared 

with those observed in later climatic Phases and not 

significantly different (Fig. 17). Explanation of this 

behavior may be related to the drought conditions (low soil 

moisture, high air temperatures) prevailing during Phase I. 

Szarek and Ting (1975), Ting (1976) and Winter et al. (1986) 

reported that soil water potential controls CO^ fixation in 

CAM plants, despite variations in other ciimatic parameters. 

Intense drought depresses dark fixation of CO^ and 

acidification, stomata are closed and to avoid destruction oí 

the photosynthetic apparatus, piants resort on the CAM-idling 

mechanism. 

In Phase II, levels of the TNC concentrations and the 

behavior of the curves were in contrast with those of Phase 

I. Aboveground organs, especially old shoots, began a 

sustained increase in TNC concentrations that reached to the 

highest values observed in that organ during the study toward 

the end of Phase II. Based on the dates when TNC 

concentrations means were significantiy different (Fig. 17), 

Phase II could be divided in two Subphases: Ila, fall, from 
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Figure 17. TNC concentration means and trends in 
O.imbricata during TNC Cycle 1, May 1986-April 1987 
(Monteith Ranch, Lea Co., N. M.). Means followed by 
the same letter within sampling dates were no^ 
significantly different, LSD method, P>0.05. 
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November 1986 to January 1987; and Ilb, winter, from February 

to April 1987. In Subphase Ila, TNC concentration means of 

new and old shoots were significantly different from that of 

roots oniy on one sampling date, but the general TNC trend in 

the three piant organs sampled was upward, suggesting active 

carbohydrate synthesis and/or storage activity. In Subphase 

Ilb, old shoots had the largest increase in TNC 

concentrations, with their means on the two last sampling 

dates being significantly different from roots and new 

shoots. Roots increased slightly in their TNC concentration. 

New shoots showed a decline in TNC concentrations that lasted 

until the start of Phase III. The trend in this subperiod 

seemed to have shifted to a replenishment of reserves more 

intense than during Subphase Ila. 

Optimal environmental conditions reported in the literature 
for active CO^ fixation and carbohydrate synthesis in CAM 

plants are iow water stress, low nighttime temperatures (less 

than 25^0 and thermoperiod (night-day temperature amplitude) 

over 5^0 (Szarek and Ting 1974b and 1975, Nisbet and Patten 

1974, Hanscom and Ting 1977, Gerwick and Williams 1978, Von 

Willert et al. 1983, Winter et al. 1986). Those requirements 

were probably met in the study area during late summer-early 

fall (Subphase Ila) and support the observed TNC trends, 

especially in new shoots. 

The downward TNC trend in new shoots in Subphase Ilb is 

difficult to explain since weather conditions were nearer 

optimum for photosynthesis during that time. However, air 

temperatures were low, which could have had an overall 

adverse effect on new shoots that were still recuperating 

from the winter frosts. During the same period, TNC trends in 

old shoots and roots were upward. In the case of old sho' s, 

this behavior could be the result of either photosynthesis 

and subsequent accumulation of TNC reserves in the absence o: 

growth, or CAM-idling. In roots, the observed trend may 

indicate replenishment of reserves. 
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TNC Cyc1e ?. The interaction organ x day was again deciared 

significant (Appendix C and Fig. 18). As has been previously 

discussed, TNC Cycle 2 was characterized by the development 

of numerous cohorts of reproductive and vegetative organs. 

These phenological events caused important consequences in 

the TNC trends. 

At the beginning of the TNC Cycle (May 1987), the TNC 

concentration mean of old shoots was significantly higher 

than those of the other plant organs. Roots also had their 

highest TNC concentrations of the study. Flower buds had the 

lowest TNC levels among the plant organs on that date. Many 

of the new shoots were still in the bud or in an early stage 

of development, but their relatively high TNC concentration 

means suggest that they were actively photosynthesizing. 

As Phase III progressed, TNC concentration means of flowers 

increased untii July, when they were almost all transformed 

into fruits, then decreased until the last transition period. 

TNC concentration in new shoots were almost constant during 

most of the Phase. Phenological events observed and the TNC 

trends of new shoots indicate active growth (tissue buildup) 

and CO2 fixation during the spring-summer months. Although 

conditions for steady photosynthesis through the CAM 

mechanism would not be met frequently during iate spring-

summer in the study area because the risk water or high 

temperature stress, the literature reports higher 

photosynthetic rates in Opuntia in semiarid-arid areas after 

the summer rains, when soil water is available and air 

temperatures decrease at night (Szarek and Ting 1974, Nisbet 

and Patten 1974, Ting 1976, Gerwick and Williams 1978, Winter 

et al. 1978). The soii moisture contents recorded a* the two 

soil depths in the study area support the TNC concentra' ion 

levels and trends observed in new shv^ots during Phase III. 

After a sharp decrease, TNC concentration trend of old shoo* s 

followed that of new shoots, suggesting TrJC translocatio:^.. In 

roots, the initial downward trend in TNC concontra* ions mi.ih' 
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Climatic Phases 
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Figure 18. TNC concentration means and trends in 
flowers/fruits, new and old shoots and roots of 
O.imbricata during TNC Cycle 2, May-November 1987 
(Monteith Ranch, Lea Co., N. M.). Means followed by 
the same letter within sampling dates were not 
significantiy different, LSD method, P>0.05. 
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be associated with growing activity or upward TNC 

translocation. Their slight TNC increase in the second half 

of Phase III, while the rest of the organs had a downward 

trend, suggest TNC reserve replenishment. 

In Phase IV, fall, the three aboveground organs had an 

upward trend and the TNC concentration mean of new shoots was 

significantly different from the rest of the organs. Roots 

had a slight downward trend in their TNC levels. This may 

suggest active photosynthetic activity, TNC replenishment or 

translocation in the aboveground organs while roots were 

growing. Environmental conditions during this Phase were 

suitable for photosynthetic activity which sustained the TNC 

levels observed. 

TNC Source-sink Relationships 

Aboveground plant parts represent a high percentage of the 

total plant biomass of the cacti (Dittmer 1959, Garcia Moya 

and McKell 1970, Yeaton and Cody 1979). Older shoots of cacti 

perform a structural function and, as in other desert 

perennial shrubs, transport and store carbohydrates (Menke 

and Trlica 1981, Potter et al. 1986). On the other hand, 

function of new vegetative growth (new shoots) is 

photosynthesis since they have the largest daily variations 

in malic acid content and are mainly composed by 

chlorophyllous, cortical tissue (Hanscom and Ting 1977). New 

vegetative and reproductive growth arises from the oid stems 

in O.imbricata and is usually located in the upper part of 

the branches (Fraser and Pieper 1972, Rea 1972). 

Observations of O.imbricata plants in this study site 

support the above reports; younger shoots had a bright green 

epidermis and were turgid during the growing season, while 

older branches were dark-green and composed mainly of 

structural and transport tissue. These observations suppor-

the assumption that new vegetative shoots syn-hesize 
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carbohydrates while old shoots are more involved with 

transport and storage. These functions, however, would not be 

mutuaily exclusive, and a particular shoot could perform 

both, with the relative preponderance of one over the another 

determined by the age (maturity) of the shoot. 

The assessment of source-sink relationships of O^imbricata 

was approached assuming that the old shoots, especially those 

iocated in the lower parts of the plant near the crown, are 

the organs related with plant survival and toward which the 

stream of TNC (carbon flux) should be directed to select an 

appropriate timing for herbicide application. Old shoots 

became the "target" organs of the plant. Potter et al. (1986) 

working with a O.lindheimeri, a Platyopuntia species, 

conciuded that the cladophylls and basal crowns are the 

organs supporting the perennating buds and they are related 

with piant survival. Hormone-type herbicides should be 

appiied when the TNC is being transiocated toward these 

organs. 

Analysis of Correlation 

Long-term time frame^ "True" source-sink relationships 

(changes in the TNC concentration in the dependent organ 

attributable to TNC concentration variation in some other 

organ) were only significant in the case of aboveground 

organs (old-new shoots) of O.imbricata (Table 6). The time-

environment term explained an additional 45% of the total 

concentration in old shoots (storage organs). Almost half 

(50%) of the TNC variation in that organ was left 

unexplained. This is attributed to true experimentai error, 

shoot size, position in the plant, and/or age. 

Linkages of roots with aboveground organs seemed to i • 

nonexistent in the long-term: the "organ" term was no* 

significant using either new or old shoots as predictors. 
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Table 6. Partial determination coefficients of the "organ" 
and "day" terms [100 (r̂ ĵ ^̂ ) 2 and 100(rad.b)^l i^ the long-
term time frame of TNC concentration trends of O.imbricata 
(May 1986-November 1987, Monteith Ranch, Lea Co., N. M.). 
Statistical model used described in text. 

Dependent 
organ 

Independent 

terms 
100(rad.b)2 o^ 
lOO(rab.d)^ 

Old shoots New shoots 

Day 

6.77%** 

67.00% 

Roots New shoots 

Day 

0.00% 

38.00% 

Roots Old shoots 

Day 

0.00% 

34.78% 

*significant, P<0.05 
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The "day" term did not explain a significant part of the 

variation in the TNC concentration in a practical sense. 

Almost a 60-70% of the total variation was left unexplained. 

Short-term time framf̂ , During Phase I (first growing 

season), the participation of strictly source-sink 

relationships in explaining variation of TNC concentrations 

were higher than in the long-term time frame (Table 7). This 

would indicate active translocation among aboveground organs 

and roots, but judging by the determination coefficient, this 

carbon flux was higher between old and new shoots. 

In ciimatic Phase II (fail-winter) as a whole, true "iinks" 

among plant organs were apparently nonexistent (Table 8) . The 

"day" term was significant only in the case of old shoots. 

However, significant TNC source-sink relationships were 

identified when Phase II was subdivided in its two Subphases. 

During the fail, Subphase Ila, source-sink relationships 

between aboveground organs were significant and expiained 

comparativeiy, more TNC variation than the "day" term (Table 

9) . The behavior of TNC trends would suggest translocation 

from new shoots toward old shoots. Although not significant, 

linkage between old shoots and roots was similar to that of 

Phase I, and may indicate translocation toward the lower 

plant parts. In Subphase Ilb (Table 9), a large proportion of 

the variation in TNC concentration in aboveground organs 

could be attributed to unknown causes, since both terms of 

the modei were not significant. Although the determination 

coefficient of the "organ" term in roots when old shoots was 

used as predictor was not significant; judging by the amount 

of variation explained a limited carbon flux between old 

shoots and roots could have continued during that Phase. 

During climatic Phase III, the second growing season, 

siqnificant source-sink relationships existed between: a) 

flowers/fruits and new shoots, b) flowers/fruits a:.d roo* s; 

and c) new and old shoots (Table 10). It is likely that n^w 

shoots and fiowers acted as strong sinks and Th'C were 



Table 7. Partial determination coefficients of the 
"organ'- and "day" terms [lOO^r^b.d)^ and lOO(rad.b)^] i^ 
climatic Phase I, short-term time frame of TNC 
concentration trends of O.imbricata (May 1986-August 1986, 
Monteith Ranch, Lea Co., N. M.). Statistical model used 
described in text. 

Dependent 
organ 

Independent 
terms 

100(rad.b)2 o^ 

lOO(rab.d)^ 

Old shoots New shoots 

Day 

15.17%** 

17.69%** 

Roots New shoots 

Day 

8.05%** 

27.85%** 

Roots Old shoots 

Day 

9.73%** 

27.61%** 

**significant at P<0.05 
* significant at P<0.10 



Table 8. Partial determination coefficients of the 

"organ" and "day" terms [lOO^r^b.d)^ ^^^ lOO^r^d.b^^í ^^ 
climatic Phase II, short-term time frame of TNC 
concentration trends of O.imbricata (November 1986-April 
1987, Monteith Ranch, Lea Co., N. M . ) . Statistical model 
used described in text. 
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Dependent 
organ 

Independent 
terms 

lOO(rad.b)^ o^ 

lOO(rab.d)^ 

Old shoots New shoots 

Day 

3.37% 

70.22%** 

Roots New shoots 

Day 

0.55% 

23. 13%** 

Roots Old shoots 1.10% 

Day 18.65%* 

** significant at P<0.05 
* significant at P<0.10 
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Table 9. Partial determination coefficients of the 
"organ" and "day" terms [lOO^r^b.d)^ ^^^ 100 (r^d.b) ̂ í iri 
climatic Phases Ila (fall) and Ilb (winter), short-term 
time frame of TNC concentration trends of O.imbricata 
(November 1986-January 1987 and February-April 1987, 
respectively, Monteith Ranch, Lea Co., N. M.). 
Statistical model used described in text. 

Dependent Independent Subphase Ila Subphase Ilb 

organ terms lOO^r^b.d)^ ^^ lOO(r^b.d)^ °^ 

lOO(rad.b)^ lOO(rad.b)^ 

Old 
shoots 

New 
shoots 

23.34%** 0.00% 

Day 1.80% 18.10%* 

Roots 

Roots 

New 
shoots 

Day 

Old 
shoots 

Day 

1.80% 

22.08%* 

7.44% 

16.71% 

** significant at P<0.05 
* significant at P<0.10 

0.10% 

10 .64% 

6 . 8 0 % 

2 1 . 3 5 % * * 



84 

Table 10. Partial determination coefficients of the 
"organ" and "day" terms [lOO^r^b.d)^ ^^^ 100(rad.b)^í ^^ 
climatic Phase III, short-term time frame of TNC 
concentration trends of Q.imbricata (May-September 1987, 
Monteith Ranch, Lea Co., N. M.). Statistical model used 
described in text. 

Dependent 

organ 

Independent 

terms 
lOO(rad.b)^ °'' 
lOO(rab.d)^ 

Flowers/fruits New shoots 

Day 

7.21%** 

62.37%** 

Flowers/fruits Old shoots 

Day 

0.34% 

63.94%** 

Flowers/fruits Roots 

Day 

16.04%** 

68.51%** 

Old shoots New shoots 

Day 

7.35%** 

63.40%** 

Roots New shoots 

Day 

4.60% 

41 .40%* 

Roots Old shoots 

Day 

2 .79% 

42.64%* * 

** significant at P<0.05 
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translocated upward since old shoots and roots had the 

highest TNC concentrations within the plant at the start of 

this Cycle. Variation in TNC concentrations attributed to the 

"day" term was larger, especially in the case of flowers/ 

fruits. 

In Phase IV, fall, source-sinks relationships of flowers/ 

fruits with other organs were significant. Linkages among the 

other plant organs were high, but not significant (Table 11). 

TNC concentration curves were going upward during Phase IV 

(Figs. 15 and 17). Both results would suggest an active TNC 

translocation aimed to a replenishment of reserves in storage 

organs (old shoots) while maturing fruits were still acting 

as strong sinks. Source-sink linkages between new and old 

shoots and roots while the TNC concentration in roots was 

dropping sightly suggest root growth (Table 11 and Fig. 17). 

However, because of its lack of significance, this downward 

flux might have a secondary importance in the TNC dynamics of 

O.imbricata during Phase IV. 

There is a similarity between Subphase Ila and Phase IV. In 

both cases, TNC produced by new shoots were being 

translocated to another plant part. In Subphase II, old 

shoots seemed to be the sole sink of TNC in absence of a 

significant load of fruits. In Phase IV, the presence of 

fruits still on the plants might act as a parallel and 

competitive sink. This feature has considerable importance in 

the timing of hormone-type herbicides for controlling 

Q.imbricata. 
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Table 11. Partial determination coefficients 
[lOO(rab.d)^ arid lOO^r^d.b^^J of the "organ" and "day" 
terms in climatic Phase IV, short-term time frame of TNC 
concentration trends of O.imbricata (October-November 
1987, Monteith Ranch, Lea Co., N. M.). Statisticai model 
used described in text. 

Dependent 

organ 

Independent 

terms 

New shoots 

Day 

Old shoots 

Day 

Roots 

Day 

100(rad.b)2 °'' 
lOO(rab.d)^ 

22.08%** 

25.47%** 

15.61%* 

4.79% 

16.52%* 

26.43%** 

Flowers/fruits 

Flowers/fruits 

Flowers/fruits 

Old shoots New shoots 

Day 

13.81% 

31.52%** 

Roots 

Roots 

New shoots 

Day 

Old shoots 

Day 

8.76% 

5.15% 

2.70% 

0.75% 

** significant at P<0.05 
* significant at P<0.10 



CHAPTER V 

CONCLUSIONS AND MANAGEMENT IMPLICATIONS 

Conc usion5s 

Trends of TNC concentrations of O. imbri r̂t-;̂  organs were 

similar to those of other cacti species reported in the 

literature (Menke and Trlica 1981, Potter et al. 1986). 

Throughout the study, TNC concentration levels were high 

during plant quiescence (iate fall-winter) , and low when the 

plants were growing (spring-summer). Aboveground organs had 

the largest TNC concentration levels and variability, while 

root TNC concentrations were lower and their variability was 

small. In general, these results were supported by the 

relative proportion of plant biomass represented by each 

plant organ, their TNC related functions and the effect of 

the prevailing environmental conditions on the CAM-pathway of 

photosynthesis. 

From the point of view of selecting a time for herbicide 

application, results of the analyses of correlation of TNC 

concentration curves are more relevant. They were used to 

assess TNC source-sink relationships among plant organs and 

for predicting seasonal changes of direction of the TNC 

stream. 

In the long-term TNC source-sink relationships among plan* 

organs were apparently nonexistent or negligible. Organ 

linkages were a rather seasonal event and capable of being 

heavily influenced by the past and current environmentai 

conditions and their effects on piant physiology and 

phenology (e.g., amount of new growth). Judging by the 

magnitude of the determination coefficients, changes in ThC 
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concentration in a particular organ that could be attributed 

to TNC concentration variations in another organ(s) were 

small compared with other possible sources of variation like 

phenological events of the organ itself, age, diameter, 

position in the plant, etc. 

Selection of an appropriate herbicide spraying season can 

be done by grouping the partial coefficients of determination 

by similar predictor organ and plotting them by climatic 

Phases (Fig. 19). Source-sink linkages between new shoots and 

the rest of plant organs varied widely, mainly in the 

relationships with old shoots and flowers/fruits and 

suggesting a heavy environmental influence (Fig. 19a). 

Linkages between old shoots and roots were small, but more 

constant throughout the seasons (Fig. 19b). Relationships 

between flowers/fruits and more permanent plant organs were 

also seasonal (Figs. 19b and 19c). In both fall seasons 

sampled (Phases Ila and IV), linkages between the TNC sources 

(new shoots) and the "target" organ (old shoots) were high, 

and the behavior of the TNC trends suggest downward TNC 

translocation. Therefore, the fall would be the appropriate 

season for herbicidal control of O.imbricata. 

However, the presence of flowers/fruits was an important 

factor that altered the seasonal TNC concentration dynamics 

and flux. During Phase III, weather conditions were suitable 

for growth and numerous cohorts of new reproductive and 

vegetative organs developed. Although they constituted a 

small part of the total biomass of the piants sampled, tri^^Y 

maintained reiativeiy higher TNC concentration levels and 

upward TNC trends throughout the Phases. These results would 

suggest that the young organs dominated the TNC plant 

dynamics. This shift in the importance of old shoots and 

roots as sinks, especially in reiation with flowers/frui-s 

when good weather conditions are encountered has an impor* an-

practical value in selecting an appropriate tin>̂  for snrayin.̂  

O.imbricata with hormone-type herbicides. 
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The strategy for properly timing foliar applications of 

hormone-type herbicide is to spray when TNC are being 

translocated toward the organs related with the plant 

survival. 

In Q.imbrÍCfltf̂ y the carbon flux should be oriented toward 

old shoots. They represent the largest proportion of the 

plant biomass, support the new vegetative and reproductive 

growth and are involved with TNC synthesis, storage and 

transport depending on their maturity and position on the 

plant. An aiternative aim for the TNC stream would be the 

roots, since that will imply herbicide passage through the 

old shoots . 

During the fall and in both "target" organs, TNC trends 

were going upward, TNC source-sink relationships with other 

plant organs (especially with new shoots, the probable TNC 

source) were appropriate and their influence upon TNC 

dynamics were high. 

According to these results that suggest downward TNC 

translocation, fall will be the season when broadcast 

sprayings of hormone-type herbicides will be most effective 

in killing O.imbricata. 

This general recommendation should be adjusted because of 

the random environmental components that affect plant 

physiology and TNC dynamics, such as: site, past and current 

weather conditions, plant and population features. They will 

decrease the percentage of killing even if the herbicide is 

applied in the appropriate season. The carefui observation of 

weather trends and phenological events could lead, for 

example, one to postpone an application if the seasonal frnit 

load is high, since their presence on the plant will altei 

the direction of the TNC stream and lead to erratic 

responses . 
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Table 12. TNC concentration (%) in different organs 
(tissues) of Q.imhrirai-;^ from May 1986 to November 1987 
(Monteith Ranch, Lea Co., N. M . ) . 

Month New stems 
Organ (tissue) 

Old stems Roots Flowers/ 
fruits 

May 

June 

July 

August 

October 

November 

March 

Aprii 

May 

June 

July 

August 

8.0988 

10.1039 

13.5474 

10.8630 

6.9688 

9.2333 

December 19.5624 

January 17.1648 

February 24.2464 

16.6875 

19.3905 

21.2340 

21.2335 

23.6241 

20.0895 

September 13.6979 

October 30.4814 

November 29.4496 

8.2400 

11.8323 

12.9572 

14.3648 

7.8315 

12.5959 

16.1998 

15.5240 

23.9696 

30.3873 

26.8736 

28.2917 

16.9512 

24.0313 

21.9923 

15.1323 

20.0750 

25.2348 

8.3829 

11.5576 

9.5611 

11.2500 

7.6490 

9.4926 

11.7311 

14.6554 

12.0721 

17.5349 

15.8490 

17.9136 

11.5506 

11,0608 

17,0461 

19.2620 

18.2381 

16,9475 

12.7026 

24.0769 

29.3309 

24.8552 

19.3622 

21.3554 

25.6961 
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Table 13. Climatic data for 1986 in Lovington, N. M. 
(Electric Cooperative 1988) . 

Max. mean Min. mean Mean Rainfall Temp. ampii-
Month temp.(OC) temp.(OC) (OQ (mm) tude (OQ 

January 19.00 -0.50 9.00 2.50 9.23 

February 19.00 3.00 11.00 10.00 16.60 

March 24.00 5.00 15.00 0.00 19.55 

April 26.00 7.00 16.00 0.00 19.33 

May 27.00 10.00 19.00 42.50 18.10 

June 30.00 15.00 22.00 145.00 14.75 

July 33.00 16.00 25.00 26.25 16.61 

August 32.00 16.00 24.00 61,25 15.39 

September 28.00 14.00 21.00 67.50 13.98 

October 21.00 7.00 14.00 22.50 14.10 

November 15.00 0.00 7.00 43,75 14,87 

December 11.00 -2.00 3,00 22.50 13.62 
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Table 14. Climatic data for 1987 in Lovington, N. M 
(Electric Cooperative 1988) . 

Max. mean Min. mean Mean Rainfall Temp. ampii-
Month temp. (Oc) temp.(Oc) ( O Q (mm) tude (OQ 

January 11.84 -5.53 3.15 7.50 17.38 

February 13.95 -2.42 5.76 8.00 16.36 

March 17.72 -1.59 8.07 1.25 19.31 

April 23.68 2.12 12.90 5,00 21.55 

May 27.50 10.87 19.18 137.50 16.55 

June 32.52 15.35 23.94 45.00 17.17 

July 34.87 18.08 26.52 21.25 16.86 

August 33.57 17.71 25.64 67.50 15.86 

September 29.26 13.06 21.16 50.00 16.20 

October 26.77 7,67 17.22 10.00 19,10 

November 18.72 -0.33 9.19 0.00 19.00 

December 12,54 -4.87 3.84 32,50 11 .^0 
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Table 15. Soil temperature (Oc) and moisture (%) at 15-

and 30-cm soil depths in the study area, from May 1986 to 
November 1987, Monteith Ranch, Lea Co., N. M. Each value is 

Month 

May 

June 

July 

August 

October 

November 

December 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

Temperature (Oc) Moisture (%) 
Depths(cm) Depths(cm) 
15 30 15 30 

30.0 

32.0 

32.8 

31.4 

19.0 

9.5 

6,2 

2.0 

7.0 

10.0 

20.3 

26.3 

29.0 

29.0 

28.0 

22.7 

20.8 

20.8 

PHASE I (spring summer) 
26.0 5.0 

28.0 8.8 

— meani5=320c 2.3 

4.5 

19.0 Transition 18.5 

PHASE II (fall-winter) 
8.5 18.0 

5.7 meani5=70c 31.3 

2.0 mean30=7OC 22.0 

7.0 29.0 

10.5 13.0 

17.7 Transition 15.7 

PHASE III (spring-summer) 
24.7 14.9 

30.0 meani5=280c 14.0 

27.3 mean30=30Oc 19,5 

28.7 17.3 

22.7 Transition 21.3 

PHASE IV (fall) 
19,8 meani5=2lOc 14.2 

19.8 mean^n=20OC 11.4 

11.5 

— 

meani5=5% 

— 

16.7 

19.0 

27.5 

28.3 

27 .6 

18.5 

21.4 

11.8 

20.0 

20,9 

14 .8 

23.6 

18.0 

12.8 

meani5=23% 

mean3o=24% 

meani5=16% 

mean^o^l^^ 

meani5=13% 

mean3o= 1-5« 
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Table 16. ANOVA table for TNC concentrations (%) in 
different plant organs of 0.imbricata for TNC Cycle 1, May 
1986-April 1987, (Monteith Ranch, Lea Co, , N. M.). 

Source Degrees of Sum of F value PR>F 
f reedom squares 

Piant organ 2 864.24 23.61 O.OOOl^* 

Obs. (organ) 27 366.91 0.74 0.82 

Day (sampling 

date) 10 6608.73 36.11 0.00 

Day X organ 20 1991.65 5.44 0.0001** 

Exp. error 227 441.22 

** significant P<0.05 
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Table 17. ANOVA table for TNC concentrations (%) of plants 
organs of O.imbrioat^ for TNC Cycle 2, May-November 1987, 
(Monteith Ranch, Lea Co., N. M.). 

Source Degrees of 
freedom 

Sum of 
squares 

F value PR>F 

Plant organ 2034.32 30.71 0.0001** 

Obs. (organ) 36 520.30 0.65 0.9353 

Day (sampling 
date) 6 1641.50 2.39 0.0001** 

Day*organ 18 4094.13 10.30 0.0001** 

Exp. error 214 4725.70 

**significant P<0.05 
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