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PREFACE 

The one-third of the world's land mass that is classified as arid or semiarid is 
characterized by one of the singularities of the world's climate: a scarcity of water. Within that 
unifying characteristic, though, is a wide range in rainfall, from 800 mm at the wet end of the 
subhumid zone to 25 mm at the dry end of the hyperarid zone. The International Desert 
Development Commission was established to foster research and education that would contribute 
to sustainable development of those dry regions in which live more than 15 percent of the 
world's population. An important part of the education function of the Commission is to 
convene international conferences for the exchange of information, to encourage cooperation 
within the global community of scholars, and to disseminate the research presented at the 
conclaves. These two volumes are the report of the Fifth International Conference on Desert 
Development. Previous conferences were held in Egypt, China and Mexico. The 1999 
conference will be held in Cairo, Egypt. 

At the fifth conference, the Commission decided to change its name to the International 
Dry Lands Development Commission, to reflect the broader charge that the Commission has 
assumed. Desert development remains a major focus, however, and is the theme of the Cairo 
conference. 

Sustainable development of the dry lands demands a multifaceted approach. It requires . 
recognition that neither technical expertise nor social skills, alone, are enough. Accordingly, the 
papers in these proceedings, arranged in two volumes, present many strategies, from those for 
survival in deserts to rehabilitation of mined wastelands in India and China. The unifying theme 
in all of the five conferences to date has been adaptation to arid climates and learning how to 
make that adaptation sustainable. In 1951, when Unesco began its global arid lands project, the 
dry lands were still largely a mystery, romanticized as the last challenge of the frontiersman and 
feared as the trackless wasteland that swallowed people without a trace. In 1996, thanks to the 
Unesco program and a rapid expansion of research, we know much more of the opportunities and 
hazards of arid land sustainable development. And we realize that while some lands should be 
reserved in their natural state for posterity, others can lead the way to developing new sources of 
energy to replace or supplement consumption of fossil fuels, prosperous urban settlements based 
on a healthful and attractive environment, and the high photosynthetic potential available for 
food production. The future of arid lands is indeed bright, and human insatiable thirst for 
knowledge of the environment assures that these dry lands will continue to be an endless frontier 
for research. 

The Editors 
April 1999 
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SEED YIELD OF SILYBUM MARIANUM L. AS AFFECTED BY ROW 
SPACING AND FERTILIZATION IN NEW RECLAIMED LANDS OF EGYPT 

by 
E. A. Omer, S.S. Ahmed, A. Ezzel-Din and T. B. Fayed 

Abstract 
Nitrogen fertilization significantly increased seed yield, slightly reduced oil percent, and 

increased seed oil yield of Silybum marianum. Nitrogen fertilization with 240 kg/ha increased 
silymarin yield (kg/ha). Phosphorus fertilization with 142 kg P20 5/ha increased seed yield, oil 
yield, silymarin percent, and silymarin yield, compared with 71 kg P20 5/ha. 

Narrow row-spacing produced more seed, oil, and silymarin yields than those of wider 
row-spacing. The economical seed yield was obtained from narrow spacing cultivation ( 45 cm) 
fertilized with 71 kg P20 5 and 120 kg N/ha. Neither fertilization nor row spacing altered the 
qualitative pattern of silymarin components. 

Introduction 
Silybum marianum L. (Gaertn), milk thistle, has been used in medicine since ancient 

times, but has been cultivated as a medicinal plant only in recent decades. Seeds were used for 
curing spleen, liver, and gallbladder disease. Modem therapeutics uses the active substances 
extracted from the seeds mainly for the treatment of liver diseases (Homok, 1992). The active 
substances of seeds are silymarins, which are considered now as one of the most important drugs 
in curing liver diseases due to .its antihepatotoxic activity. Silymarin was found to be a mixture of 
silybins, silydianin, and silychristin (Wagner et al., 1988). It is suggested that silymarin prevents 
penetration of the toxins by competing with the toxins for the same receptors on cell membranes. 
In addition, it is a therapeutically useful drug that stabilizes the cell membrane, stimulates protein 
synthesis, and accelerates the process of regeneration (Hikino and Kiso, 1988). Also, seeds 
contain about 25% of fixed oil that could be considered as a great potential source of edible oil 
(Rizk et al., 1970). 

Positive results were obtained for the effect of mineral fertilization on yield and yield 
components of silybum plants (Kozlowski and Holynska, 1985; Hassan et al., 1988; El Sayed et 
al., 1993; Omer et al., 1993, 1995; and Omer, 1996). Potassium fertilization at 115 kg K20/ha 
and nitrogen at 140 kg/ha increased seed yield, oil yield, and oil percentage (Omer et al., 1993). 
Fertilization with ammonium sulfate resulted in the maximum seed yield in clay and sandy soils. 
Dividing nitrogen amount into two portions resulted in the highest seed yield compared with 
application of the same nitrogen amount at one time either early or late (Omer, 1996). 

Kozlowski and Holynska (1984) have noted that silybin content of seeds was affected by 
the level of phosphorus fertilization. Omer et al. (1993) reported that nitrogen had no effect on 
the percentage of silybin in silybum plants cultivated in clay soils at the two levels tested (70 and 
140 kg/ha). Omer et al. (1995) found that nitrogen 'at 200 kg/feddan and potassium at 100 kg 
K20 /feddan increased silymarin yield in newly reclaimed lands. Neither nitrogen nor potassium 
affected oil or silybum percent in silymarin seeds. Omer (1996) found that fertilization with 
ammonium sulfate by dividing the amount of nitrogen in two portions yielded the highest amount 
of oil (k/feddan) and total silymarin (kg/feddan) as well as the different components: silychristin, 
silydianin, silybins, and isosilybins. 
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Silybum marianum has been successfully cultivated in the old cultivated areas of the 
Delta and Nile valley (Hassan et al., 1988 and Omer et al., 1993). In the present time, it is 
necessary to preserve these areas for the cultivation of strategic crops such as cotton, rice, and 
maize. 

Therefore, great efforts are being made to cultivate medicinal and aromatic plants in 
newly reclaimed lands. Land conditions such as type of soil, underground water, and climatic 
factors are suitable for growing and production of most of the medicinal and aromatic plants 
which resemble native species. 

The main object of this study was to investigate the influence of row-spacing and nitrogen 
and phosphorus fertilization on the seed, oil, and silymarin yields of Silybum marianum 
cultivated in newly reclaimed lands. 

Materials and Methods 
A comprehensive set of experiments were conducted in two successive seasons at the 

Dina company farm with a sandy soil (99% sand, 6.54% clay and 0.54% silt). The farm lies about 
80 km northwest of Cairo. The experiment was irrigated with underground water (350 ppm 
TDS). Each experiment consisted of eighteen treatments which represented combinations 
between two row spacings: 45 and 60 cm (148148 and 111110 plants per hectare, respectively), 
three levels of nitrogen fertilizer (0, 120 and 240 kg N/ha) as ammonium sulfate (20.5% N), and 
three levels of phosphorus (0, 71 and 142 kg P20 5/ha) as calcium superphosphate (15.5% P20 5). 

The experimental design was a split plot with 4 replicates, where row spacing treatments 
occupied the main plots and those of the interaction between NP levels were allocated at random 
in the subplots. Silybum marianum seeds (from the Experimental Farm of the Pharmaceutical 
Sciences Department, National Research Centre), were sown on November 12 in the first season, 
and November 4 in the second one, with a grain drill at the corresponding distance according to 
the density treatments. Nitrogen was applied in two portions, the first half after one month from 
sowing (at thinning) and the other one after two months from the first one. Calcium 
superphosphate was applied before sowing in both seasons. Trace elements were added with 
irrigation water. A sprinkler irrigation system (center pivot) was used for watering plants as 
necessary. Before application of the fertilizers, standing seedlings were thinned to obtain the 15 
cm distance between them within the row. 

Seed yield was determined in all treatments after full maturity (mid-May). Mature heads 
were picked by hand from each subplot. The seeds were separated and weighed to calculate the 
yield in kg/ha. Statistical analysis was performed according to Snedecor and Cochran (1967). 

The oil percent in the air-dried seeds was determined with extraction of powdered seeds 
in a Soxhlet apparatus with petroleum ether (B.P. 40-60 C) according to the A.O.C.S. official 
methods (1970). The qualitative and quantitative analyses of the silymarin group were carried out 
with high performance liquid chromatography (HPLC) according to Hammouda et al. (1993). 

Results and Discussion 
Fertilization with 120 and 240 kg N/ha significantly increased seed yield over 

nonfertilized treatment in the first season with 87% and 108.9% and 89.7 and 94% in the second 
one (Table I). These increments are mainly due to the increase in number of heads/plants 
(unpublished data). Increasing nitrogen dose from 120 to 240 kg/ha insignificantly increased seed 
yield in both seasons. It means that the efficiency of nitrogen fertilizer decreased as the rate of 
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application went higher. This may be attributed to the nature of the sandy soil, which is 
characterized by a low holding capacity for nutrients. 

Seed oil percent was slightly increased with nitrogen fertilization at 120 kg N/ha. This 
result was fairly true in both seasons. A slight reduction was observed in seed oil percent with 
increasing nitrogen from 120 to 240 kg N/ha. 

Seed oil yield (kg/ha) increased significantly with nitrogen fertilization. Application of 
120 and 240 kg N/ha increased seed oil yield over ·those of unfertilized plants in the first season 
with 105 and 103% and in the second season with 92 and 89%, respectively. Maximum oil yield 
per ha was obtained from 120 kg N/ha treatment as a result of highest seed yield and highest 
value of seed oil percentage. These results agree with those obtained by Hassan et al. (1988), 
Omer et al. (1993), and Omer et al. (1995). 

Application of nitrogen at 120 kg N/ha slightly increased silymarin percentage in silybum 
seeds in both seasons. Increasing nitrogen from 120 to 240 kg N/ha slightly decreased silymarin 
percentage. 

Nitrogen fertilization at rate of 120 kg N/ha generally increased the yield of total 
silymarin with 116% in the first season and 121 % in the second one. Increasing nitrogen from 
120 to 240 kg N/ha increased silymarin yield with 4% in the first season and 0.5% in the second 
season. 

The increase of the total silymarin as a result of nitrogen fertilization may be because 
nitrogen plays a major role in synthesis of these secondary products through maximizing 
enzymatic activity controlling the biosynthesis of energy-rich molecules (Lahninger, 1982) or by 
increasing the seed yield or by the two probabilities. 

Application of phosphorus significantly increased seed yield, while increasing 
phosphorus from 71 to 142 kg P205/ha did not increase seed yield. Seed oil yield increased with 
application of phosphorus in the first season, while it decreased with increasing phosphorus in 
the second season. Oil yield (kg/ha) was significantly governed by phosphorus fertilization. 
Application of 71 kg P205/ha resulted in 38.6 and 21.6% over unfertilized plants in the first and 
second season, respectively. The increments due to increasing phosphorus dose from 71 to 142 
kg/ha were not great enough to reach 5% level of significance in both seasons. Similar results on 
the improving effect of phosphorus fertilization on seed yield of safflower were obtained by Abo
Shetaia (1990). On the other hand, Corleto et al. (1993) reported that phosphorus fertilization did 
not affect seed production. The increment in yield due to phosphorus fertilization may be 
attributed to the activation of metabolic processes and by the abundance of the phosphorus in leaf 
tissue, where it builds phospholipids and nucleic acid (Marschner, 1986). 

Phosphorus fertilization with 71 kg P205/ha increased total silymarin percent with 28 and 
34% in the first and second season, respectively. Increasing phosphorus up to 142 kg P205/ha 
showed no considerable differences in total silymarin percent; moreover, reduction was observed 
in the first season. Total silymarin yield showed the same trend of seed yield in both seasons 
where increasing phosphorus dose increased significantly total silymarin yield. Stimulating 
accumulation of silymarin in silybum seeds by phosphorus fertilization may be attributed to 
increasing the high energy compounds in plant tissue that encouraged building secondary 
metabolites such as the silymarin group. In this respect, Vagujfalvi (1992) concluded that the 
biosynthetic pathway of phenoliods (shikimic acid pathway) starts with the production of a 
heptulosonic acid derivative, which is formed by combination of phosphoenolpurvate and 
erythrose-4-phosphate from the pentose phosphate. cycle or from glycolysis and the pentose 
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phosphate cycle, respectively. These results agree with that of Kozlowski and Holynska (1984), 
who obtained the best yield of silymarin from silybum seeds with a double dose of phosphorus at 
60% of soil moisture. 

Significant differences in seed, oil, and total silymarin yields resulted from spacing 
treatments (Table 2). Narrow-spacing increased seed yield (kg/ha) with 20 and 27.7% as 
compared with the wider row-spacing in the two successive seasons. No considerable differences 
in oil percent were observed due to row spacing in both seasons. Plants in dense cultivation were 
efficient in utilizing light, water, and available nutrients per unit area and consequently the seed 
yield per unit area was greater for dense cultivation than the thin one. This means that silybum 
plants apparently are very efficient in utilizing the limited soil resources and the available radiant 
energy under high plant density. In addition, the roots of plants in dense sowing are well ramified 
within the soil volume and this increases the capacity of plants in dense plantings to absorb water 
and nutrients per unit area. Our results are in general agreement with findings of Omer et al. 
(1993 and 1995). Widening spacing from 45 to 60 cm significantly decreased oil yield, with 24.3 
and 27.6 for two seasons, respectively. Although the oil percent of seeds for wider-spaced plants 
was higher than that from narrow-spaced ones, the oil yield from narrow-spaced treatment was 
greater than that from wide-spaced plantings. In other words, increasing plant density (number of 
plants per unit area) by narrowing the distance between rows was the reason by which silybum 
plants come to the high yield. Lower plant density.( 40 cm) increased total silymarin percentage, 
while total silymarin yield was higher for plants grown in narrow row spacing ( 45 cm). Clearly, 
density of cultivation played a positive role in the yield of total silymarin. 

Seed yield and oil yield of silybum were significantly affected by interaction between 
phosphorus and nitrogen levels in both seasons. Interactions between row spacing and nitrogen 

. levels were significant only in the first season, in addition to the triple treatment interaction 
between row spacing, nitrogen, and phosphorus levels. A progressive increase in levels ofN and 
P was observed in both seasons. These increments were greater under dense cultivation than 
under thin one. The maximum seed, oil, and silymarin yields of silybum (kg/ha) resulted from 
narrow row spacing (45) fertilized with 71 kg P20 5 and 240 kg N/ha. 

Application of nitrogen at 120 kg N/ha increased the percentage of silychristin, silydianin, 
silybins, and isosilybins while increasing nitrogen level to 240 kg N/ha decreased their 
percentages (Table 3). Phosphorus application up to 142 kg P20 5/ha increased percentages of the 
different silymarin components except for silydianin, which decreased with increasing 
phosphorus from 71to142 kg P20 5/ha. Plants grown in wider spacing (60 cm) gave high 
percentages of all silymarin compounds. These results are in agreement with those obtained by 
Omer et al. (1993). 

Data illustrated in Figure 1 indicated that neither fertilization nor row spacing affected the 
qualitative pattern of silymarin but the quantity of the individual constituents was affected. These 
findings agree with those of Vomel et al. (1977). Nitrogen fertilization at the rate of 120 kg N/ha 
generally increased the yield of the different components of silymarin except for silychristin, 
which decreased with increasing nitrogen from 120 to 240 kg N/ha. These results disagree with 
those of Omer et al. (1993), who reported that nitrogen fertilization up to 140 kg N/ha in clay 
loamy soil had no significant effect on concentration and yield of different compound of 
silymarin group. This could be attributed to the differences between clay loamy soil and sandy 
soils in their nutrient content and their response to nitrogen application. 

Phosphorus fertilization up to 142 kg P20 5/ha increased the yield of different components 
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of silymarin except for silydianin, which increased with application of71 kg P20 5 then a slight 
decrease was observed at 142 kg P20 5/ha. It is clear that nutrients influence accumulation of 
active substances (silymarin compounds). This finding supports the conclusion of Bernath and 
Hornok ( 1992), who stated that the extent and direction of the relationship between the nutrient 
supply and the production of active substances basically depends on the plant species and on the 
type of the active substances. They added that, in certain cases, the production of active 
substances is increased by raising the nitrogen levels and sometimes an increase.in phosphorus 
levels or potassium level gives the same results. 

Narrow-spacing (45 cm) yielded more silymarins than those of wider-spacing (60 cm). 
These results could be the effects of an increase of dry matter synthesis in silybum seeds and the 
number of plants per unit area. 

We conclude that cultivation of Silybum mq,rianum at the distance of 45 cm between rows 
and fertilization with 120 kg N and 71 kg P20 5/ha is recommended in new reclaimed lands. 
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Table 1. Effect of nitrogen and phosphorus on seed, oil, and silymarin of Silybum marianum 
cultivated in newly reclaimed lands in two successive seasons. 

Treatment 

Nitrogen (kg/ha) 

0 
120 
240 

L.S.D. (5%) 

0 
120 
240 

L.S.D. (5%) 

Phosphorus (kg/ha) 

0 
71 

140 
L.S.D. (5%) 

0 
71 

Seed yield 
(kg/ha) 

388.5 
726.9 
812.2 
98.4 

429.6 
814.8 
833.4 
96.8 

541.5 
643.3 
742.2 
98.4 

596.9 
739.0 

Oil 
% 

1st season 

23.40 
25.65 
22.70 

2nd season 

24.03 
24.28 
23.45 

1st season 

21.96 
25.61 
23.02 

2nd season 

24.63 
24.18 

536 

Yield 
(kg/ha) 

90.9 
186.5 
184.4 
13.5 

103.2 
197.8 
195.4 
23.1 

118.9 
165.8 
170.9 

13.5 

147.0 
178.7 

Silymarin 
% Yield 

(kg/ha) 

4.61 17.9 
5.33 38.7 
4.95 40.2 

2.7 

4.22 18.l 
4.92 40.1 
4.83 40.3 

4.1 

3.97 21.5 
5.28 35.5 
5.40 40.l 

2.7 

3.79 22.6 
5.08 37.5 



Table 2. Effect of row spacing on seed yield, oil, and silymarin of Sily bum marianum cultivated 
in new reclaimed lands. 

Row 
Spacing 
(cm) 

45 

60 

Seed yield 
(kg/ha) 

751.8 

532.8 

L.S.D. (5%) 90.4 

45 803.9 

60 581.1 

L.S.D. (5%) 73.0 

Oil 
% 

23.3 

24.9 

23.9 

23.9 

Oil yield 
kg/ha 

lst Season 

175.l 

132.8 

6.4 

2nd Season 

192.l 

138.9 

16.9 
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Silymarin 
% 

4.5 

5.4 

4.4 

4.9 

Silymarin 
yield 
kg/ha 

33.7 

28.7 

2.9 

35.2 

28.5 

3.1 



Table 3. Effect of nitrogen, phosphorus, and row-spacing on the percent of different silymarin 
components. 

N (kg/ha) Silychristin Silydianin Silybins Isosilybins 

0 0.93 0.90 1.70 2.08 

120 1.00 1.20 1.95 1.18 

240 0.84 1.11 1.78 1.24 

P20 5 (kg/ha) 

0 0.81 0.97 1.58 0.86 

71 0.95 1.26 1.92 1.25 

142 1.00 0.98 2.08 1.39 

Row-spacing (cm) 

45 0.91 1.02 1.84 1.15 

60 0.92 1.12 1.88 1.18 
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Figure 1. Effect of nitrogen, phosphorus, and row-spacing on silymarin components. 
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THREATS TO SUSTAINABILITY OF AGRICULTURAL PRODUCTION 
IN NEWLY RECLAIMED DESERT LANDS IN EGYPT 

Abstract 

by 
M. B. Solh, R. Abou El-Enein, M. Abdel Monem, 

A. Said, A. Rammah, A. El-Bilassi, and N. Garrigue 

Extending agriculture to desert lands is one of the major components of the national 
agricultural strategy to increase agricultural production in Egypt. Resource management, 
particularly in the newly reclaimed desert lands, is of crucial importance because of the fragile 
ecosystem, the scarcity of water supply, and the low soil fertility. Thus, threats to sustainability 
of the production systems in those areas were identified through a series of preparatory studies: 
inventory, rapid rural appraisals (RRA) and multidisiciplinary surveys (MDS) in the newly 
reclaimed desert areas. These threats include water shortage and the shift from modem irrigation 
systems to flood irrigation, low soil fertility and fertilizer abuse, inadequate drainage, salinity, 
inadequate crop rotations and crop management practices, biotic stresses (nematodes in sandy 
soil and weed competition), inadequate crop/livestock integration, and insufficient extension and 
marketing outlets. The outcome of these studies, which are being published in five volumes, has 
been used to develop a plan of intensive and extensive research on resource management and 
sustainability in the newly reclaimed desert areas. Intensive research includes long-term crop 
rotations under different management levels (high, medium, low) in representative research sites 
established in the different soil ·types. Extensive research includes on-farm monitoring of 
resource management at farmers' level following a gradient in resource availability and inputs in 
various cropping systems. Monitoring involves agronomic, biophysical, meteorological and 
socioeconomic parameters. The two types of research, intensive and extensive, complement each 
other to associate resource management variables with agricultural output and sustainability of 
agricultural resources. 

Introduction 
Historically, Egypt is known to be one of the oldest agricultural civilizations; the River 

Nile allowed a sedentary agricultural society to develop thousands of years ago. The Egyptian 
economy has traditionally relied heavily on the agriculture sector as a source for growth, both in 
terms of contribution to the GDP as well as a source of employment for a significant portion of 
the Egyptian labor force. While this dominance has declined in recent years, the agriculture 
sector still accounts for about 20% of both the GDP and total exports, and about 40% of the total 
labor force (World Bank, 1992). The country's self-sufficiency rate in food is 45%, and the 
annual agricultural production increase is 2.6%. Egypt occupies a total area of about one million 
square kilometers, or 238 million feddans (1 feddan = 0.42 hectare), of which only a small 
portion (about 4%) is agriculturally productive, while desert occupies 96% of Egypt's territory. 
Agriculture in Egypt is almost entirely dependent on irrigation; the country has no effective rain 
except in a narrow band along the northern coastal areas. Egypt has only one main source of 

Contribution of the Nile Valley Regional Program, supported by the European 
Commission. 
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water, the Nile River. Even with an intensification'rate of 200%, which would increase the 
agriculture land base to 14 million feddans, production of food would only satisfy 50% of the 
requirements of the current population. The deficit in locally produced foodstuffs will continue to 
increase. The actual rate of increase in food consumption for the period 1960-1990 has far 
outdistanced the agricultural production (El-Beltagy, 1993). To bridge the food gap, expanding 
the land base became an urgent need. 

Reclamation of Desert Land 
Objectives and implementation: Intensive land reclamation projects in Egypt started 

early in the 1950s and continued until now, with the following objectives: (1) to develop and 
utilize new lands using high technology reclamation, production, and management techniques; 
(2) to intensify and diversify agricultural and livestock production in order to meet the growing 
national demand for food; (3) to create employment opportunities for young graduates; and (4) to 
substitute present imports of food and feed and produce high-value crops for export. The Land 
Master Plan studies, undertaken by the Ministry of Agriculture and Land Reclamation through 
the General Authority for Rehabilitation Projects and Agricultural Development, put down the 
working strategy and the guiding principles for the management of the reclaimed land. It 
suggested that a gross area of 2.88 million feddans had been identified which could be irrigated 
with Nile water, in addition to some 0.55 million feddans that could be developed with 
groundwater (Nagmoush and El-Kased, 1988). About 84% of the area subjected to reclamation is 
sandy soil. Reclaimed lands in Egypt are classified according to reclamation age and 
productivity. The "old new lands" are the lands reclaimed before 1978, while the post-1978 
reclaimed lands are termed "new new lands." El-Beltagy (1993) reported the previous, present, 
and future land reclamation in Egypt as illustrated in Figure 1. 

Available water resources: Although land is abundant, water resources to reclaim the 
vast desert lands represent a critical constraint. Egyptian agriculture depends entirely on a fixed 
supply of water (55.5 BCM) annually from the River Nile, while groundwater is limited in 
quantity and quality at certain locations (El-Shibini et al., 1994). The per capita share of 
freshwater resources is now 950 cubic meter per person per year, and will drop to 350 cubic 
meter by the year 2025 (Abu-Zeid, 1993). According to the Water Master Plan, which was 
prepared in 1985, the available water resources for the reclaimed lands are: (1) about 10.2 BCM 
of the Nile and drainage water may be used for about 1.7 million feddans, (2) an additional 2.3 
BCM may be withdrawn from groundwater reservoirs. This additional quantity would bring the 
total groundwater withdrawal up to 4.9 BCM. About 300,000 feddans could be reclaimed based 
on these groundwater resources and (3) about 1.1 BCM of treated domestic sewage water will be 
used in reclamation of about 200,000 feddans. As most of the newly reclaimed lands are of 
coarse texture and calcareous nature, they are irrigated by sprinkler and localized irrigation 
systems. In all newly reclaimed areas, modern irrigation systems should be used; flood irrigation 
methods are prohibited by law. 

Soil properties and fertility: Most of the newly reclaimed soils are sandy and 
calcareous. Sandy soils are structureless. Field capacity and wilting point are low (8-9 and 2-3% 
soil moisture content, respectively), the soil is poor in organic matter (0.35-0.89%), and macro
and micronutrient content. The average pH value is 7.7, and EC values range between 0.2 and 0.5 
mmhos/cm. Calcareous soils have totally different chemical and physical properties. They are 
high in CaC03 content (26-59%) while organic matter percentage ranges between 0.23 and 1.50. 
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The cation exchange capacity is relatively higher than that of sandy soils (13.3-17.8 meq/100 
gram soil). The pH values of the soil are between 7.8 and 9.6 and EC is less than 4 mmhos/cm. 

Land distribution: The land reclamation policy has created two distinct types of demand 
for agricultural land. In an inventory study (NVRP, 1995a), it was reported that the first type is 
by investors (large and small, private and cooperatives, corporations, and joint ventures) who are 
able to pay the full cost of reclaiming and developing land. The government currently allocates 
40-60% of the reclaimed land to the investors. The second type of demand for land is by 
individuals with limited capital, catered to by settler schemes. This group comprises graduates 
(both secondary school and university) and landless farmers, civil and military services retirees, 
and agricultural company workers (beneficiaries). Land allocation for graduates and beneficiaries 
has varied from 5 to 20 feddans per family. 

Croppine pattern and rotation: In winter, wheat occupies about half of the typical 
farmer's field, the other half is split between peas and clover (berseem). However, berseem seems 
to be slowly gaining ground on peas and wheat to satisfy the needs of livestock (NVRP, 1995b). 
In summer, groundnut occupies most of the land, with the presence of maize, watermelon, and 
vegetables. In the calcareous soils, vegetables are becoming more important than maize. 
Considering the type of settlers, it was found that graduates are more involved in vegetables and 
other cash crops (watermelon for example), while beneficiaries generally diversify more their 
cropping systems and keep them more stable. 

Resource Management Program for the Newly Reclaimed Lands 
Lands previously desert are now supplied with canals providing good quality water (or 

groundwater, in some cases). However, the frequency of water delivery is low, limiting the range 
of crops (particularly in summer). Soils are poor in organic matter and many crop nutrients. 
Farmers are migrants from old areas or graduate settlers with different levels of experience. 
Farming systems are still evolving, but for many farmers economic circumstances encourage the 
planting of high-value vegetable crops without proper rotation. Poor management of the soil and 
water resources and abuse of inputs are considered major threats to sustainability in the newly 
reclaimed desert lands. Therefore, initiating a resource management program for these new lands 
has become of crucial importance for building the soil fertility and sustaining production. This 
can be achieved by implementing a long-term research program in a multidisciplinary system 
approach. To meet this demand, the long-term Resource Management component of the Nile 
Valley Regional Program (NVRP) was developed in Egypt through cooperation between the 
Egyptian Agricultural Research Center (ARC) and the International Center for Agricultural 
Research in the Dry Areas (ICARDA), and support by the European Commission (EC). 

Planning for the Resource Management Program 
The long-term program aims at achieving sustainable production at a high level, based 

upon the need to protect the resource base (land and water) through good management. This 
would be achieved through basic intensive technical research (long-term on-station trials), and 
on-farm extensive monitoring at resources in farmers' fields, and farmers' decision-making logic. 
Preparatory studies were carried out prior to conducting the trials and the monitoring activities. 
The objectives of the preparatory studies were: (a) to define and characterize the main farming 
systems of the newly reclaimed desert lands, (b) td identify and prioritize, with respect to the 
natural resources, constraints on optimum utilization, opportunities for more productive 
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utilization, and threats to sustainable utilization, and ( c) to provide an outline for the strategy, 
design, and implementation of the long-term research activities. The preparatory studies involved 
three modes of information collection: Inventory Studies, in which existing information and 
details of the ongoing research and development, related to soil and water management, 
agronomy and cropping systems, and socioeconomic conditions were collected; Rapid Rural 
Appraisal (RRA) was a qualitative sampling of farmers and extension views concerning current 
limitations, constraints, dangers and opportunities in utilization of soil, water, and inputs; and 
Multi-disciplinary Surveys (MDS) employed short focused questionnaires to fill some important 
gaps in the information. In general, information collected in the preparatory studies dealt with 
resource description, resource utilization and management, productivity, and threats to 
sustainability. This knowledge was used in planning the long-term research activities at selected 
locations of the new lands by identifying high priority researchable resource management 
problems, in the context of realistic cropping sequences and farm level economics. 

Threats to Sustainability of Production in the Newly Reclaimed Lands 
Threats to sustainability of production in those areas, as identified through the preparatory 

studies (inventory studies, rapid rural appraisal, and the multi-disciplinary surveys) include: 
•Inadequacy of water supply: As the land reclamation projects are generally located at 

the tail ends of irrigation canals which feed the old lands of the Valley and Delta, water supply is 
usually low in addition to the inefficiency of the conveyance systems. 

•Change from modem irrigation systems to surface irrigation: The rules of the Ministry 
of Public Works and Water Resources do not allow surface irrigation to be used in the new lands. 
However, in most cases, settlers realize that the operation, maintenance, and management of 
modem systems are expensive, therefore they change to surface irrigation. 

•Winter closure: The whole irrigation system in Egypt is closed for a certain period (30-
40 days) to clean the canals of sediments and aquatic weeds, and to make the necessary repairs 
and maintenance for the irrigation system. Although it is practiced in the old lands, winter 
closure has negative effects on sustainability of production in the new lands. Because of the 
nature of the sandy soil, with its low water holding capacity, it loses water soon after irrigation, 
causing severe damage to sensitive crops. 

•Inadequate drainage and salinity problems: Because of the irregular elevation of most of 
the newly reclaimed desert lands, and using modem irrigation systems, drainage was originally 
considered of minimum importance. However, in areas where modem methods of irrigation were 
changed to surface irrigation, the water table was raised, resulting in waterlogging and salinity 
build-up. 

•Soil management problems: Soils of the new lands are poor with respect to chemical 
and physical properties. Because the addition of manure for improving soil fertility is controlled 
by the livestock numbers in the farm, farmers tend to apply high rates of chemical fertilizers as 
the only source of plant nutrition. 

•Inadequate crop rotation and crop management practices: Sustainability of production in 
the new lands is seriously threatened by the lack of sustainable rotations, fertility imbalance, and 
ineffective biological N fixation due to inappropriate Rhizobium strains, in addition to crop 
diseases, weeds, and pest problems. 

•Marketing problems and unavailability of extension service: Due to insufficient 
marketing outlets, lack of marketing knowledge, and high marketing costs, marketing agricultural 
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produce is inefficient. 

Implementing the Long Term Trials 
The main activities of the Resource Management component ofNVRP are the intensive 

long-term rotation trials on a representative site and extensive systemic monitoring of farmers' 
activities and farm resources in the surrounding area. One site in Nubaria was selected to 
represent newly reclaimed calcareous soil. The main management variables studied were 
irrigation regime (required level vs. farmer or excessive level), fertilizer rate (low, medium, and 
high-NPK levels), and manure application (with vs. without). The sustainability of the resources 
in a prevailing crop sequence (berseem/maize, wheat/maize, and wheat/tomato) will be compared 
with the sustainability of an improved rotation (berseem/sunflower-tomato, sugar beet/maize, and 
wheat/soybean-forage maize). The Bustan site represents newly reclaimed sandy soil. The main 
variables in the long-term trial are two irrigation levels (required vs. farmer levels) using the 
sprinkler irrigation system, inorganic fertilizer rates (low, medium, and high NPK levels), and 
organic manure (with vs. without application of well fermented manure). The prevailing rotation 
(wheat/groundnut, wheat/berseem, and berseem/groundnut) will be compared with an improved 
rotation (wheat/groundnut, lentil/sesame, and berseem/millet or potato). 

Long Term Monitoring Activity 
Along with the long-term trial activities, extensive monitoring activities of farmers and 

farmers' fields are planned so as to provide information on what is happening over a wider area 
and under farmer management. The monitoring exercise will be conducted in villages close to the 
long-term trial site. Farmers will be chosen for the monitoring activities to represent different 
situations of soil and water resource availability and socioeconomic circumstances. Biophysical 
and socioeconomic information will be collected in parallel by a multidisciplinary team. 
Biophysical information includes soil fertility parameters, soil salinity and water quality, 
irrigation methods, farmers' control of weeds, diseases, and pests, and farmers' crop rotations. 
Socioeconomic information includes initial information on farm and farmer characteristics, and 
subsequent regular recording of farmers' management decisions and activities. Also, information 
will be collected about farmers' logic in choosing crop rotations with respect to nematode 
infestation, fertilizer use in relation to legume nodulation, and reasons for overuse of irrigation 
water by farmers . 
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SALINE GROWING CONDITIONS INDUCED RIPENING OF THE NON-RIPENING 
MUTANTS NOR AND RIN TOMATO FRUITS BUT NOT L YCOPENE MUTANT NR 

by 
Mordy A. Atta-Aly, Mikal E. Saltveit and Adel S. El-Beltagy 

Abstract 
Tomato (Lycopersicon esculentum Mill.) plants c.v. Rutgers and its three nearly isogenic 

ripening mutant derivative lines nor, rin and Nr (5th backcrossed to Rutgers) were grown in sand 
culture irrigated with nutrient solution. The nutrient solution was hydroponically recycled and 
renewed at weekly intervals. Six-week-old plants were exposed to saline growing conditions of 
EC 15.5 mmhos/cm by adding NaCl or NaCl+ CaC12 (3:1 wt:wt) to the nutrient solution. 

All ripening parameters were induced in nor fruit under both saline conditions as 
indicated by fruit softness, red color development, changing fruit behavior to climacteric pattern 
in terms of C2H4 production, and higher content of ACC level than that of the control. Similar 
stimulation of all ripening parameters were obtained in rin fruit but only with NaCl treatment. It 
seems that Ca++ in the saline solution blocked salt-induced rin fruit ripening. 

Neither saline treatment affected Nr fruit ripening over the control. Furthermore, Nr fruit 
of the control treatment showed yellow color development and produced C2H4 levels comparable 
to that produced by Rutgers fruit with no post-climacteric decline. ACC level in Nr fruit was 
even significantly higher than that presented in post-climacteric Rutgers fruit. 

These data strongly indicate that Nr mutation did not block fruit ripening but only red 
color development and Ca++ may play an important role in the non-ripening mutant rin and nor 
mode of action. 

Introduction 
Tomato fruit ripening is characterized by four clearly defined changes: chlorophyll 

degradation and carotenoid biosynthesis, increased respiration and ethylene production, softening 
and associated increases in pectolytic enzymes activity, and seed maturation (Tigchelaar et al., 
1978). With the exception of seed maturation, these changes do not occur in non-ripening lines. 
These mutant lines have been separated into three types: Never-ripe (Nr) , ripening inhibited 
(rin), and non-ripening (nor) mutant lines (Tigchelaar et al., 1978). Each type is the result of a 
single mutation on a different chromosome, Nr on 9, rin on 5, and nor on 10 (McGlasson, 1985). 

The Nr mutation does not totally inhibit riP,ening, but rather retards the onset of ripening. 
The respiratory climacteric and associated rise in ethylene production are halved, and the level of 
pigmentation never reaches the level in normally ripening lines. Fruit of rin and nor, however, 
are non-climacteric in both respiration and ethylene production (Tigchelaar et al., 1978). 

When rin and nor tomato plants were stressed by the addition of 3 g/l NaCl to the nutrient 
solution, attached nor fruit exhibited a slight increase in ethylene production, PG activity, and 
lycopene content (Mizrahi et al., 1982). This saline treatment had no effect on rin fruit. The 
physiological events surrounding the ability of saline treatments to initiate some ripening 
parameters in non-ripening tomato mutant lines are unknown. 

Ethylene is a fruit ripening hormone (McGlasson, 1985) and biosynthesized in higher 
plants via the following sequence: methionine --+ S-adennosylmethionine (SAM) --+ 1-
aminocyclopropane -1- carboxylic acid (ACC) -+ ethylene (Adams and Yang, 1979). In this 
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scheme, the controlling step is the conversion of SAM to ACC (Yang, 1980). In over-ripe tomato 
fruit, cell membranes deteriorated and, as a result, the membrane-bound enzymes responsible for 
ACC conversion to ethylene decreased in activity and this resulted in C2H4 depression and ACC 
accumulation (Hoffman and Yang, 1980). 

Calcium is involved in many physiological processes of plants (Hepler and Wayne, 
1985). Increasing the level of Ca++ by exogenous application inhibited respiration, ethylene 
production, and ripening of tomato fruit (Wills and Tirtmazi, 1979). Exogenous ethylene 
treatments are not effective in reversing Ca~+ inhibition of ripening (Wills and Tirtmazi, 1979). 
In addition, cheating Ca++ by EDTA direct application to the fruit (Atta-Aly, 1988) or by 
supplementing it to the nutrient solution (Atta-Aly and El-Beltagy, 1992) induced all ripening 
parameters of nor and rin fruits . 

In the present study, therefore, it is of interest to study the impact of supplementing the 
nutrient solution, in which tomato plants were grown, with NaCl with or without CaC12 on the 
ripening behavior of the non-ripening mutants rin, nor and Nr fruits. 

Material and Methods 

Plant Material 
Seeds of (Lycopersicon esculentum Mill.) cv. "Rutgers" and its nearly-isogenic mutant 

derivatives, nor, rin and Nr (provided by Dr. R. A. Jones, Department of Vegetable Crops, 
University of California, Davis) were sown in a peat moss, sand, and vermiculite ( 1: 1: 1) mixture 
and transplanted after 5 weeks to 12-liter plastic pots filled with coarse sand. Plants were grown 
in a heated greenhouse at 24 C day, and 18 C night. Plants were irrigated automatically for 15 
min every 90 min with 0.5 x Hoagland nutrient solution (Epstein, 1972) until flowering, when 
they received full strength solution until the experiment was terminated. Each pot was irrigated 
with approximately twice the pot volume, at every watering, through an individual tube 
connected to a main feeder line. Excess nutrient solution was collected by gravity from the 
bottom of each pot into a 100-liter tank under the bench and was recycled using a submerged 
pump. 

Salinity Treatments 
One week after transplanting, the nutrient solution was supplemented with 7.5 g/l NaCl or 

7.5 g/l NaCl: CaC12 (3 :1 Wt: Wt mixture). The electrical conductivity (EC) of the control solution 
was 1.5 mmhos/cm while the EC of the saline solutions were adjusted to 15.5 mmhos/cm 
immediately after preparation. The pH of the solutions were initially adjusted to 6.5 with H2S04• 

Both EC and pH were monitored every other day. All solutions were renewed at weekly 
intervals. 

Fruit Growth 
Flowers were vibrated each day to ensure pollination, and date-tagged at anthesis. Fruit 

were harvested at mature green (MG), breaker (Br), red-ripe (RR), and over-ripe (OR) stages, 
i.e., 42, 54, 60 and 65 days after anthesis, respectively. Fruit of the non-ripening mutants were 
harvested at the physiologically equivalent ages to Rutgers which are classified by Atta-Aly 
(1988) and summarized as follows: 

1) MG (mature green stage): almost full-size fruit, 45 days after anthesis. 



2) Pbr (physiologically at the breaker stage): first appearance of yellow pigment on the 
blossom end of Nr fruit, 65 days after anthesis; nor and rin fruit still green. By that time the 
wild-type fruit reached over-ripe stage. 

3) PRR (physiologically equivalent to red-ripe in cv. Rutgers): 75 days after anthesis. Nr 
fruit are still only yellow at this stage, and nor and rin fruit are green-yellow in color. 

4) POR (physiologically over-ripe): 90 days after anthesis, Nr fruit are yellow-red and 
nor and rin are pale yellow. 

Colorimetric readings, firmness, respiration and ethylene production were determined on 
fruit. Twenty-five fruits were used in each analysis and each 5 fruits were considered as one 
replicate. Fruit samples were frozen and kept at -20 C until analyzed for ACC content. 

Analysis of Fruit 
Fruit color, as total reflectance of the green and red components on a scale of 0-100, was 

measured with an Agtron E5W reflectance spectrophotometer (Kader and Morris, 1978) and also 
was visually monitored. A non-destructive method was used to measure fruit firmness based on 
the extent of deformation after a 500 g load was placed on the fruit (Kavanagh and McGlasson, 
1983). 

Fruit were enclosed in sealed 500 ml containers (one fruit in each container) for about 2 h 
before 1-ml of gas was withdrawn from the head space for analysis of C2H4 and C02 

concentrations, as previously described (Atta-Aly ~t al., 1987). 
ACC levels were analyzed in 2 g of frozen pericarp tissue using a modified version (Atta

Aly et al., 1987) of the procedure described by Lizada and Yang (1979). 
These experiments were replicated five times in a complete randomized design factorial 

during the winter and the spring seasons at the University of California, Davis. Data were 
subjected to statistical analysis, and LSD (5%) values were calculated when significant 
differences were indicated by an F-test. 

Results 
Saline treatment during plant growth and fruit development significantly reduced tomato 

fruit fresh weight in each of the four lines (Table 1). NaCl treatment reduced fruit fresh weight 
more than NaCl:CaC12, but this reduction was only statistically significant for Rutgers. Rutgers 
and Nr fruit fresh weight were more severely affected than the other two lines. 

With the exception of mature-green fruit, nor and rin fruit from saline treatment were 
significantly softer than fruit from control plants at each developmental stage (Table 2). Saline 
treatment did not produce significantly softer fruit of Rutgers and Nr. 

Both saline treatments significantly induced red color development in nor fruit while only 
NaCl treatment showed the significant increase in red color development in rin fruit. (Figure 1 ). 
In contrast, neither saline treatment increased color development in Rutgers or Nr fruit over 
control. The nor fruit from NaCl treated plants showed a significant increase in color 
development over the control 10 days earlier than rin fruit (i.e., 65 versus 75 days after anthesis, 
respectively). Ninety days after anthesis, rin and nor fruits from NaCl treated plants reached 
about 88% of the colorimeter readings of red-ripe Rutgers fruit. Whole Nr fruit were completely 
yellow 75 days after anthesis and the colormeter reading 90 days after anthesis reached only 65% 
of that observed for red-ripe Rutgers fruit. 

Both saline treatments significantly increased fruit respiration over the control in Rutgers, 
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nor and Nr fruit (Figure 2). This increase was especially pronounced at the first visible sign of 
color development. The only significant increase in rin fruit respiration was observed in fruit of 
NaCl-treated plants 75 and 90 days after anthesis. At the mature-green stage (A), the significant 
increase in C02 production over the control was only observed for Rutgers fruit from the NaCl 
treatment and for Nr fruit from both saline treatments. At the first visible sign of ripening (B), 
both saline treatments significantly induced Rutgers, nor, and Nr fruit respiration over the 
control. At 75 days after anthesis (C), rin fruit from NaCl-treated plants showed the first sign of 
ripening and produced significantly higher amounts of C02 than that of the control or other saline 
treatments. At the same time, differences between treatments in nor and Nr fruits were 
diminished. At the over-ripe stage (D), the only remaining significant difference among 
treatments was for rin fruit from NaCl-treated plants. Saline treatments accentuated the normal 
climacteric rise in C02 production during ripening of Rutgers fruit. A similar pattern was not 
observed in any of the mutant fruits, although some saline treatments did induce ripening of rin 
and nor fruit. ' 

Ethylene production by Rutgers and Nr fruit from all treatments increased dramatically 
with the first sign of fruit ripening (Figure 3). Rutgers fruit produced the normal climacteric 
increase and decrease in ethylene production during fruit ripening, while ethylene production by 
Nr fruit appeared to plateau after the initial rise associated with the first sign of ripening. The 
saline treatments accentuated ethylene production over the control by Rutgers fruit while 
reducing it below the control for Nr fruit. Ethylene production by control fruit of nor and rin 
remained much lower than that produced by the other two lines for all ripening stages. Both 
saline treatments stimulated ethylene production by nor fruit, but the NaCl treatment had a more 
pronounced effect than NaCl:CaCl2 treatment. The NaCl treatment was also the only saline 
tre_atment that stimulated ethylene production by rin fruit even though ethylene production from 
nor and rin fruit from saline treatments was significantly lower than Rutgers or Nr fruit. 

ACC levels generally increased as ripening progressed (Figure 4). The greatest increase 
occurred in Nr fruit, followed by a much smaller increase in Rutgers fruit. In these fruit, the 
saline treatments did not have a pronounced nor consistent effect on ACC levels over the control. 
In contrast, ACC levels increased with NaCl treatment in nor and rin fruit and with NaCl:CaCl2 

treatment in nor fruit to an equal level observed in over-ripe Rutgers fruit. 

Discussion 
The fresh weight of tomato from plants grown under saline treatments was significantly 

lower than in the control (Table 1 ). This reduction in fresh weight could be due to the reduced 
size of saline grown plants and the subsequent significant reduction in photosynthetic area. Fruit 
produced under saline conditions have reduced water content (Sharaf and Hobson, 1986), which 
could have resulted from reduced water uptake during the expansive stage of fruit cell growth 
(Flowers et al., 1977). Addition of NaCl to the growing media significantly reduced bean 
(Greenway and Munns, 1980) and tomato (Shalhevet and Yaron, 1973) fruit fresh weight. 
Reduction in fruit fresh weight was not as great in the NaCl:CaC12 treatment as in the NaCl 
treatment, especially in Rutgers fruit (Table 1 ). The differential effect of the two saline 
treatments indicated that ca++ partially counteracted the effect of NaCl on fruit growth. A similar 
amelioration of the effects ofNaCl on reducing plant growth, and causing necrosis of roots and 
shoots of bean plants was observed when ca++ was added to the saline solution (Greenway and 
Munns, 1980). 
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Since it has been reported that ripening of Nr fruit is significantly slower than that of 
normal fruit, and that nor and rin fruit develop some yellow or red color, respectively, around 65 
days after anthesis (i.e., at the age of over-ripe Rutgers fruit) (Tigchelaar et al., 1978), it seems 
reasonable to conclude that equal-aged mutant and normal fruits are not equal in terms of their 
physiological ages. The first visible sign of ripening in Nr fruit was at the same time when nor 
fruit from saline treatments started to show some r~d color development (Figure 1 ). When Nr 
fruit had became totally yellow (i.e., 75 days after anthesis), red color had started to develop in 
rin fruit from the NaCl- treated plants (Figure 1 ). Because of these differences, fruit were 
harvested at the physiologically equal ages, not on the bases of days after anthesis. 

Salinity treatment appeared to have no significant effect on the significant reduction in 
firmness that occurred during Rutgers and Nr fruit ripening (Table 2). Fruit firmness in these two 
lines was more related to fruit ripening than saline treatments. In nor and rin lines, however, 
saline treatments significantly reduced fruit firmness over control whether ripening was induced 
or not. It has previously been reported that Ca++ levels in rin fruit were significantly reduced 
when plants were grown in NaCl:CaC12 containing nutrient solution (Atta-Aly, 1988). This was 
especially obvious when the EC of the saline solution was higher than 5.5 mmhos/cm. Since Ca++ 
is a major component of the fruit cell wall, salinity treatments may produce softer rin fruit 
because of the reduced Ca++ content in the fruit. Softer fruit may be due also to reduced water 
content in fruit produced under saline conditions (Sharaf and Hobson, 1986). In addition, 
ripening occurred in nor and rin fruit from the NaCl treatment and in nor fruit from the 
NaCl:CaC12 treatment may be the reason behind fruit softening as a characteristic of tomato fruit 
ripening (Kavanagh and McGlasson, 1983). 

The increase in ethylene production by fruit of each of the four lines was accompanied by 
an increase in red c<;>lor development, with the exception of Nr fruit which showed extensive 
yellow color development (Figures 1 and 3). Since ethylene production by Nr and Rutgers fruit 
was similar (Figure 3), the Nr mutation may be related more to lycopene synthesis. The 50% 
reduction in ethylene production reported by Tigchelaar et al. (1978) for Nr fruit compared to 
normal fruit may have resulted from comparing _equal aged fruit rather than fruit at 
physiologically equal ages. In nor and rin fruits NaCl treatment stimulated both ethylene 
production and red color development (Figures 1 and 3). Ethylene treatment alone has no effect 
on the ripening of nor fruit (Adato and McGlasson, 1977). This may indicate that NaCl treatment 
partially overcame fruit resistance to ethylene action in nor fruit. In rin fruit, however, ethylene 
treatment stimulated red color development and besides these saline treatments, only wounding 
has been reported to induce ethylene production in rin fruit (Frenkel and Garrison, 1976). NaCl 
treatment, therefore, may partially overcome inhibition of ethylene synthesis in rin fruit. Mizrahi 
et al. (1982) reported that NaCl treatment did not stimulate rin fruit ripening. Ripening 
stimulation observed on rin fruit of NaCl-treated plants (Figures 1 and 3) may be due to higher 
NaCl concentrations used or to the longer exposure time of plants to NaCl treatments. Unlike the 
NaCl treatment, the NaCl:CaC12 treatment did not induce ripening in rin fruit (Figures 1 and 3). 
This may be due to the presence of high Ca++ levels in the saline solutions. Infiltrating normal 
fruit with Ca++ inhibits ripening and ethylene production by tomato fruit (Wills and Tirtmazi, 
1979). In addition, ethylene exposure was unable to reverse the inhibitory effect of Ca++ 
treatment on the ripening of normal fruit. Atta-Aly (1988) found that infiltrating fruit with the 
cationic chelator ethylenediamintetraacetic acid (EDTA) stimulated ethylene production and 
ripening of rin and nor fruit and this may indicate that Ca++ may play a vital role in fruit ripening 
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and a specific role in the non-ripening mutants mode of action. 
Both saline treatments significantly increased respiration of mature-green nor fruit over 

the control (Figure 2) and stimulated fruit ripening, while neither saline treatment was able to 
increase the respiration of mature-green rin fruit and only the NaCl treatment stimulated rin fruit 
ripening. These data strongly suggest that nor fruit are more responsive to salt-induced ripening 
than are rin fruit. 

The significant increase in respiration of mature-green Rutgers, Nr and nor fruit with 
saline treatments may have resulted from the greater physiological effort and accompanying 
greater need for more energy to overcome the salinity effect. In contrast, mature-green rin fruit 
did not show a significant increase in respiration over the control with either saline treatment, 
which could support the hypothesis that rin fruit are a salt tolerant line. As ripening progressed in 
each line, the significant increase in respiration may be more related to ripening than to saline 
treatments. 

Levels of ACC in fruit of each of the four lines followed the same pattern as ethylene 
production, with the exception of over-ripe Rutgers fruit in which ethylene production declined 
while ACC levels continued to increase. The ethylene-forming enzyme (EFE) is responsible for 
the conversion of ACC to ethylene (Yang, 1980) and it is associated with membranes (Apelbaum 
et al., 1981; Mayak et al., 1981 ). The conversion o_f SAM to ACC is usually the controlling step 
in ethylene biosynthesis (Yang, 1980). In over-ripe fruit, however, membrane deterioration is 
accompanied by decreased EFE activity and reduced ethylene production, with ACC 
accumulation (Hoffman and Yang, 1980). At the over-ripe stage, it appears that the conversion of 
ACC to ethylene by EFE became the rate limiting step in ethylene production. Over-ripe Rutgers 
fruit showed a significant decrease in ethylene production during the time when ACC levels 
significantly increased (Figures 1 and 3). 

As ripening was stimulated in nor fruit by both saline treatments, and in rin by the NaCl 
treatment, ACC levels significantly increased over the control fruit (Figure 4). At the same time, 
ethylene produced by rin and nor fruit of the NaCl treatment or of both saline treatments, 
respectively, were significantly lower than that of red-ripe Rutgers fruit. These data may indicate 
that ACC conversion to ethylene (i.e., EFE activity) was lower in the mutants than in Rutgers, 
and this could be the reason behind ACC accumulation. In Nr fruit, however, while ethylene 
production significantly increased with the first sign of fruit ripening to the same level of that 
produced by red-ripe Rutgers fruit, ACC levels in Nr fruit were 5-fold greater than that of over
ripe Rutgers fruit. This may be due to higher ACC synthase activity in Nr than in Rutgers fruit. 
Unlike Rutgers fruit, Nr fruit did not show a decrease in ethylene production at the final stage of 
ripening. ACC levels in Nr fruit remained relatively constant after increasing at the first sign of 
ripening. This may indicate that the rate of ACC conversion to ethylene is constant. In contrast to 
the other three lines, Nr fruit from saline treatments produced significantly less ethylene than 
controls, especially after the fruit became yellow (i.e., 75 and 90 days after anthesis). At the same 
time, ACC levels in Nr fruit of saline treatments were higher than the control. Under salt stress, 
Na+ displaces ca++ from cell membranes (Cramer et al., 1985). It seems that saline treatments 
induced cell membrane deterioration in Nr fruit and this was the reason for the reduced ethylene 
production and higher ACC levels in Nr fruit of saline treated plants in comparison with that of 
the control. 

It could be concluded that Nr mutation inhibited only red color development but not 
autocatalytic ethylene biosynthesis. In rin and nor fruit, however, the mutation inhibited both red 
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color development and ethylene biosynthesis. NaCl treatment, however, partially overcame nor 
and rin mutations and induced both ethylene biosynthesis and fruit red color development. It 
seems that the absence of Ca++ in the saline solution was behind the rin fruit ripening progress 
and its presence blocked salt-induced rin fruit ripening. It is suggested, therefore, that Ca++ may 
play a pivotal role in both mutants mode of action. 
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Table 1. Effect of supplementing the nutrient solution, in which tomato plants were grown, with 
7.5 g/l NaCl or NaCl:CaC12 (3:1 wt:wt) on tomato fruit fresh weight 65 days after 
anthesis. The electrical conductivity (EC) values for both saline solutions were 15.5 
mmhos/cm while it was 1.5 mmhos/cm for the control (the non-saline nutrient 
solution). 

Lines Control 

Rutgers 

nor 87.05 a 

rin 97.40 a 

Nr 94.50 a 

xEach value is the mean of 25 fruits. 

NaCl:CaC12 

(3 :1 wt:wt) 

46.90 b 

55 .98 b 

58.90 b 

36.98 c 

YValues followed by the same letter are not significantly different at the 5% level. 
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NaCl 

37.70 c 

54.58 b 

51.90 b 

35.18 c 



Table 2. Effect of supplementing the nutrient solution, in which tomato plants were grown, with 
7.5 g/l NaCl or NaCl:CaC12 (3:1 wt:wt) on tomato fruit softness in mm at (A) mature 
green, (B) breaker, (C) red-ripe and (D) over-ripe stages of the normal ripening 
Rutgers or at the physiologically equivalent ages of its nearly isogenic mutant 
derivatives, nor, rin, and Nr. The EC values for both saline solutions and the control 
as well were as described in Table 1. 

Control NaCl:CaCl2 (3 : I} NaCl 
Ripening stages Ripening stages Ripening stages 

Lines A B c D A B c D A B c D LSD 

Rutgers 0.7 1.0 2.2 3.4 1.2 1.5 3.5 4.3 I.I 1.7 2.5 3.5 0.8 

nor 0.7 0.8 0.8 0 .7 0.9 1.8 1.8 1.3 1.1 1.6 1.5 1.6 0 .2 

rin 0.7 1.0 I. 7 I.I I.I 1.6 2.0 2.2 1.2 1.7 2.1 2.6 0.6 

Nr 0.8 1.9 2.3 2.2 1.0 2.3 2.7 2.2 1.2 1.8 2.5 2.7 0 .5 

"LSD values were at 5% level. 
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Figure 1. Effect of supplementing the nutrient solution, in which tomato plants were grown, with 
7 .5 g/l NaCl or NaCl:CaC12 (3: 1 wt:wt) on tomato fruit color development at (A) 
mature green, (B) breaker, (C) red-ripe and (D) over-ripe stages of the normal ripening 
Rutgers or at the physiologically equivalent ages of its nearly isogenic mutant 
derivatives, nor, rin, and Nr. The electrical conductivity (EC) values for both saline 
solutions were 15.5 mmhos/cm while it was 1.5 mmhos/cm for the control (the non
saline nutrient solution). The LSD values are indicated as vertical bars at 5%. 
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Figure 2. Effect of supplementing the nutrient solution, in which tomato plants were grown, with 
7.5 g/l NaCl or NaCl:CaCl2 (3:1 wt:wt) on C02 output by the fruit at (A) mature green, 
(B) breaker, (C) red-ripe and (D) over-ripe stages of the normal ripening Rutgers or at 
the physiologically equivalent ages of its nearly isogenic mutant derivatives, nor, rin, 
and Nr. The EC values for both saline solutions and the control as well were as 
previously described in Figure 1. The LSD values are also indicated as in Figure 1. 
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Figure 3. Effect of supplementing the nutrient solution, in which tomato plants were grown, with 
7.5 g/l NaCl or NaCl:CaC12 (3:1 wt:wt) on ethylene production by the fruit at (A) 
mature green, (B) breaker, (C) red-ripe and (D) over-ripe stages of the normal ripening 
Rutgers or at the physiologically equivalent ages of its nearly isogenic mutant 
derivatives, nor, rin, and Nr. The EC values for both saline solutions and the control 
as well were as previously described in Figure 1. The LSD values are also indicated as 
in Figure 1. 
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Figure 4. Effect of supplementing the nutrient solution, in which tomato plants were grown, with 
7 .5 g/l NaCl or NaCl:CaC12 (3: 1 wt:wt) on ACC content in the fruit at (A) mature 
green, (B) breaker, (C) red-ripe and (D) over-ripe stages of the normal ripening 
Rutgers or at the physiologically equivalent ages of its nearly isogenic mutant 
derivatives, nor, rin, and Nr. The EC values for both saline solutions and the control 
as well were as previously described in Figure 1. The LSD values are also indicated as 
in Figure 1. 
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EVOLUTION ADJUSTMENT OF THE RELATIONSHIP BETWEEN 
HUMANS AND ENVIRONMENT IN THE TARIM BASIN, CHINA 

by 
Zhu Feng 

Introduction 
Located in the south part ofXinjiang, China, between the Kunlun Mountains and the 

Tianshan Mountains, the Tarim Basin is the largest inland basin in China, with an area of about 
0.53 million square kilometers. The Taklimakan Desert, the largest desert in China and the 
second largest desert in the world, with an area of 0.3376 million square kilometers, is located 
right in the center of the basin. Many rivers derived from the Kunlun and Tianshan mountains 
flow into the desert, some of them pass through the desert. Along these river valleys, there are 
distributed closed Populus euphratica and Populus pruinosa forest, Tamarix spp. shrub and 
Phragmites australis meadow, which formed the natural oases in the desert. With the extremely 
dry climate, poor species diversity, and sparse distribution of plants, frequent occurrence of 
blown sand, and the wide spread of the sandy desert, the Tarim Basin has a very fragile 
ecosystem. 

The human environment in the Tarim Basin is also very special. The Holocene was the 
geologic period when humans experienced the transformation from the primitive society to the 
civilized society, and ancestors created the rich and colorful ancient culture here. Particularly in 
the historic period of 2000 years ago, the Tarim Basin became an important border region and a 
vital communication line to the west for the imperial courts of past ages. Furthermore, humans 
continually put regional development into practice for survival, which gave the basin the special 
characteristics of the human environment. 

Spatial Distribution of Environment in Different Historical Periods 
The Tarim Basin has been under the control of the extremely arid environment since the 

beginning of human history. The landscapes mainly are desert, salt flats, or sandy land covered 
by desert vegetation, oases, saline land, lake, river, flooded area. and so on. However, the spatial 
distribution has greatly changed over time, mainly showing the expansion of desert and oases 
and the shrii:tl<ing of stream systems, forest land, and grassland. 

In the historical period (5000-400 a.B.P. ), the Tarim Basin had a great stream system and 
rich water resources. The Hotan and Keriya rivers derived from the Kunlun Mountains flowed 
northward into the old Tarim River, and the desert vegetation dominated by Populus euphratica 
and Tamarix spp. along the banks of the two rivers, divided the Taklimakan Desert into three 
parts. The many other rivers derived from the Kunlun Mountains, such as Niya, Andier, 
Yatongguzi, Kalamilan, Qarqan, etc. , could reach the center or edge of the desert, forming a 1 ot 
of small lakes in the depression on the southern edge of the Taklimakan Desert. The rivers of 
Kashgar, Yarkant, Aksu, Tarim, Kongque, etc. in the north of the basin had a great flow, keeping 
a big fresh lake, Lop Nur, in the lower reaches. In the historical period, the Taklimakan Desert 
continually expanded, with new sandy deserts continually developed in the periphery of the 
basin. 

During the period 400-100 a.B.P ., the great and united stream system in the Tarim Basin 
was already in the process of disintegration, the flow being reduced, the stream length 
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shortening, the area of waters shrinking, the group of small lakes in the southern fringe of the 
Taklimakan Desert disappearing, and the main course of the middle reaches of the Tarim River 
shifting to the south. The area of the Taklimakan Desert and the sandy deserts on the periphery of 
the basin continually expanded, and sections of the southern route of the "Silk Road" from 
Yiecheng to Moyu, Yutian to Mingfeng, etc. in the southern edge of the Taklimakan Desert 
became buried by dunes. In the Lop Nur region, the geomophological process of aeolian erosion 
and accumulation was intensified, the fixed and semifixed dunes changed into the mobile dunes; 
thus, the Kuluke Desert dominated by mobile dunes was developed. The area of desert vegetation 
was shrunk, but the size of the oases was expanded (Figure 1). 

Since the end of the Qing Dynasty, the _Tarim River system has been rapidly 
disintegrating, most rapidly in the last 40 years. More than 300 km of river course has become 
dry in the lower reaches of the Tarim River; Lop Nur and Tatema Lake dried up one after 
another. The Kuluke Desert expanded westward with an average speed of 3 to 5 m per year, the 
Taklimakan and Kuluke tending to join each other. Meanwhile, the Taklimakan Desert was still 
expanding southward (Figure 2). The area of desert vegetation dramatically shrank. The area of 
P. euphratica forest in the Tarim Basin was 520 thousand ha in 1958, 352.2 thousand ha in 1978, 
a reduction of 32%. The area of artificial oases rapidly expanded. The area of cultivated lands in 
the Tarim Basin was 600 thousand ha in the early 20th century, 700 thousand ha in 1950s, and 
1.2 million ha in 1990. 

Spatial Distribution of Human Activities in Different Historical Periods 
The human activities in the Tarim Basin are mainly distributed in the oases around the 

periphery. There were human activities early in the Neolithic period (7000-2000 a.B.P.) in the 
Tarim Basin, mainly in the eastern part of the basin. About 7000 to 4000 years ago, the people 
mainly lived on grazing and hunting, while primitive agriculture was appearing; 4000 to 2000 
years ago, the people lived on farming and concurrently on grazing and the society was at the 
stage of paternal clan commune. The growth of human activities in the basin was very rapid 
during the historical period of more than 2000 years ago. In the Hotan area located in the south 
fringe of the Taklimakan Desert, there are more than 50 ancient relic sites, most of them being 
north of the present oases. The relic sites of the Han Dynasty and the earlier periods were mostly 
distributed in the lower sections of rivers going into the desert for 100 to 200 km, being north of 
the present oases. In the Tang and Song Dynasties, the Hotan area was in a prosperous period and 
the inhabited sites generally moved southward, going upstream. In the south foot of the Tianshan 
Mountains on the north edge of the Taklimakan Desert, ancient relic sites are mostly distributed 
to the south of the present oases, which shows that human activities were gradually moving 
northward. In the Lop Nur region of the eastern basin, the origin of human activities was early 
and was the main area of human activities in the stone ages. In the Western Han Dynasty, the 
oases in Lop Nur had primarily formed. In the Wei and Jin dynasties, the highest administrative 
capital of the Western Region, called "Xiyu Zhangshi," was set up in the Lop Nur region and was 
one of the political, economic, and cultural centers. The ancient Loulan oasis was very 
prosperous before the third century, but it was abandoned in the middle of the 4th century. 
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Figure I . Distribution of environment state in the Tarim Basin in the Modem Period ( 400 
a.B.P.). Legend: 1) Sandy desert, 2) Gobi, 3) Sand sheet with vegetation, 4) Flooded 
areas, 5) Saline areas, 6) Oasis, 7) Mountain, 8) River, 9) Lake. 
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Figure 2. Distribution of environment state in the Tarim Basin in the Present Times. Legend: I) 
Sandy desert, 2) Gobi, 3) Sand sheet with vegetation, 4) Flooded areas, 5) Saline areas, 
6) Oasis, 7) Mountain, 8) River, 9) Lake. 
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In the modem period, the population of the Tarim Basin increased very quickly. The mass 
immigration to the border region was an important decision made by the government of the Qing 
Dynasty. The area of grain fields was large in the early Qing Dynasty, exceeding that in any 
dynasty before. The Qing Dynasty's government organized a large scale movement of troops to 
open up wastelands in the basin. The area of human occupancy in the Tarim Basin continually 
expanded. In the north basin, the aerial range of human activities had no big change. The Lop 
Nur area already was abandoned. In the south basin, the settlements in the downstream part of 
rivers flowing into the desert were all abandoned, and human activities were generally moved 
southward up the rivers, most of them around the present oases. 

Since the end of the Qing Dynasty, the population of the Tarim Basin has rapidly 
increased from 1. 8 million in 1908 to 3 .1 million in 1949, and up to 7 .2 million in 1990. The 
region of modem human activities in the Tarim Basin spread all over the oases on the periphery 
of the desert. Since the establishment of the People's Republic of China, farming and animal 
husbandry along the river banks and on the periphery of the desert have been rapidly developed, 
and reservoirs and canals have been constructed, drawing water for irrigation. Particularly since 
the 1990s, the area of human activities has extended into the center of the Taklimakan Desert 
with the development of petroleum and gas resources in the Tarim Basin. 

Relationships Between Humans and Environment in Different Historical Periods 
The spatial distribution of human activities and environment in the Tarim Basin in 

different historical periods shows that there has been a great change in them since the historical 
period. 

The historical period 
In the historical period (5000 to 400 a.B.P.), the relationship between human activities 

and environment in the Tarim Basin mainly revealed that the spatial distribution and variation of 
environment were restricted by natural elements. Human activities depended on and conformed 
to the environment by using the advantages and avoiding the disadvantages, nature determining 
the kind of human activities. This relationship was prevalent in the historical period. In the later 
part of the historical period, the extent of human intervention was gradually increased with time. 

Five thousand to three thousand years ago, the Tarim Basin had a humid and hot 
environment. The antecedent peat-bog was widely developed at that time. This relatively 
superior environment provided a better condition for human activities. Yet the special structure 
of environment in the Tarim Basin that is deep inland, far away from any ocean and surrounded 
by mountains, determined that the scope of ancient human activities could not be randomly 
expanded. Humans could only depend on and conform to the environmental condition to live in 
the areas with rich surface water resources and relatively less natural disasters, and gradually 
established a lot of towns and developed many large areas of artificial oases. Thus, the 
population gradually increased and the territorial scope of human activities was continually 
expanded. 

Three thousand years ago, the climate in the Tarim Basin began to obviously become 
arid. This process is not yet finished. Although its speed slows down and it fluctuates between 
dry and humid, the trend of climate becoming more arid is still continuing. Under this 
background, the other environmental elements of the basin also changed in many different levels. 
The Tarim River system began to be disintegrated, Lop Nur still kept a very large area of water 
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2000 years ago, then Lop Nur gradually shrank. The flows of four main branches in the upper 
reaches of the Tarim River began to decrease one after another from the 10th century, and some 
of the branches were disconnected with the Tarim River, which resulted in a big change in the 
hydrologic condition in the middle and lower reaches of the Tarim River. The numerous rivers in 
the southern fringe of the Taklimakan Desert also continuously shrank back and changed their 
courses. As a result, many areas covered by desert vegetation evolved into sandy desert and 
saline land at that time. The environment change resulted in the occurrence and aggravation of 
natural disasters of drought, blown sand, land dese.rtification, salinization, and so on. Human 
activities had to adjust to such environmental change and many ancient oases in the basin were 
abandoned one after another. For example, the abandonment of the ancient relic sites of 
Akesipier, Kaladun, Dandanwulike, Yumiguo, Jingjiuguo, Nirangcheng, Qialemadan, etc. in the 
southern fringe of the Taklimakan Desert and the Loulan ancient oasis in the east basin were all 
related to the natural disasters of drought and water scarcity, land desertification, etc. resulted 
from the change of river course and the decrease of flow distance. Abandonment of some 
ancient reclamation areas in the alluvial and diluvial plains in the north bank of the Tarim River 
and the south foot of the Tianshan Mountains was mostly related to secondary salinization at the 
.initial stage. 

It needs to be pointed out that in the later part of the historical period, human activities in 
the basin already had changed in the natural environment, and the extent of intervention was 
gradually increased. Humans began to enlarge the oases in the basin through building irrigation 
works and reclaiming wasteland. 

The modern period 
In the modern period (400 to 100 a.B.P.), the relationship between human activities and 

environment in the Tarim Basin mainly revealed that human activities were in disharmony with 
the environment, thereby contributing to disasters. 

In the modern period, the degree of climatic aridity continuously increased, the 
hydrologic condition continuously deteriorated, the area of lakes rapidly shrank, the flow of the 
rivers decreased, some of the rivers became seasonal ones, the area of desertified land 
continuously expanded, and the area of vegetation rapidly decreased. Meanwhile, the range of 
human activities became larger, the extent of the intervention in the environment was enhanced. 
People carried out development plans in an organized way in the middle and upper reaches of the 
rivers, establishing a large area of artificial oases, developing farming and animal husbandry, 
drawing water for irrigation, and changing the regional distribution of surface water in the basin. 
In this period, natural disasters, such as land desertification, soil salinization, and so on, were 
generally caused or at least aggravated by human activities. 

The present times 
At present, the relationship between human activities and environment in the Tarim Basin 

shows that the degree of human intervention in the environment is increasing. 
In the past 100 years, the area of artificial oases was further enlarged. Many reservoirs 

were built for overcoming the spring drought and regulating runoff. Water discharge was 
controlled in the upper and middle reaches of the rivers. The river system in the Tarim Basin was 
gradually developed from a semi-natural system into a man-controlled system, the natural river 
courses being replaced by artificial channels and natural lakes being substituted with reservoirs. 
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For withstanding blown sand disasters in the basin, protection forest systems were built around 
the oases and sand-control measures were adopted·in the areas with a serious hazard of blown 
sand. Human intervention in the environment also showed that the scope of human activities 
extended from the oases, with a relatively better environmental condition, into the desert center. 
For the development of petroleum resources in the Tarim Basin, the desert oil highway across the 
Taklimakan Desert, called the "Sea of Death" by travelers, and connecting the north and the 
south parts of the basin, has been built. Meanwhile, the most grand sand-control engineering 
system in human history has been set up along the two sides of the highway, and artificial green 
areas have been developed in the desert center. 

In another aspect, human activities are restricted to a certain extent. The mistake of 
neglecting ecological protection in the economic development of modem society, as well as the 
natural elements, has caused problems. Because of water shortage, more than 8600 ha of 
cultivated land are left uncultivated in five state farms in the lower reaches of the Tarim River, of 
which 2000 ha have been buried by dunes. The people of Moyu County of the Hotan Prefecture 
reclaimed more than 14,000 ha of wasteland in the lower reaches of the Kalakashi River from 
1958 to 1960, of which more than 4000 ha has degraded into desertified land. Now humans have 
recognized the natural restrictions and begun to attach importance to development in a planned 
way and the importance of establishing a new ecological balance. 

Mechanism of Evolution of Relationship Between Humans and Environment 
The evolution of a sustainable relationship 'between humans and the environment in the 

Tarim Basin has been difficult. Since the birth of mankind, the people have had to struggle 
against nature for their survival, collecting wild fruit, hunting, grazing, reclaiming, utilizing 
different natural resources, and being engaged in various activities of production, management, 
and social culture. The relationship between humans and the environment has gone from simple 
to complicated. As the relationship developed, there has been a process of changing from order 
. to disorder and to order again as humans accept natural limitations on their society. 

There would be no agriculture without irrigation in the Tarim Basin. Since social 
productivity was very low and the social organization and capability to remake nature had not yet 
been formed, the scope of human activities was very small at the early stage of human 
civilization. Ancient people had to settle in the middle and lower reaches of rivers with flat land 
and well developed stream systems in order to farm and raise livestock. With progress in human 
society, the social organization was developed quite well and the developmental plans could be 
carried out in an organized and programmed way. Moreover, with the gradual rise in productivity 
due to large scale implementation and application of irrigation works and cultivation technology 
resulting from the improvement of production tools and the progress of irrigation technology, 
human activities developed from making simple use of nature to transforming it. Since the labor 
productivity was further raised owing to the spread of agricultural technology, the population 
also increased greatly. Therefore, the oases needed to be continuously expanded. However, the 
demands for the expansion of oases could not be met by merely drawing water from the river 
course. The environment had restricted human activities in various degrees. Governments 
reacted by building reservoirs for regulating run-off and retaining the summer flood and winter 
free water for irrigation. The relationship between human and environment has evolved from 
uncontrolled development to controlled development. The plundering mode of production and 
management has changed to sustainable development. As human occupancy expanded, the 

566 



losses caused by natural disasters also became greater. Meanwhile, with the increase in the level 
of science and technology, the capability of humans to recognize and withstand the effects of 
natural disasters is also gradually enhanced. 

General Law of Interaction Between Humans and the Environment 
The relationship between humans and the environment in the Tarim Basin show changes 

in both space and time, and both changes have their own rates. 
The change of environment in the middle and upper reaches of the Tarim River and the 

diluvial and fluvial plains occurred slowly for several thousand years. Owing to the security of 
the mountain flood, the development of oases in these areas was steady. However, in the Lop 
Nur area of the east basin and the middle and lower reaches of the rivers that flow or once flowed 
through the desert, natural disasters caused by the change of climate and hydrological conditions 
and the development of desertification in oases that had existed for hundreds or thousands of 
years caused the oases to decline or disappear. 

In relatively stable periods, there were no great changes in the environment and in human 
activities. However, in the more unstable periods, there were great changes in the development 
of human activities. The change-inducing periods in the Tarim Basin were the Hanjin Dynasty, 
the end of Tang Dynasty, the Song and Yuan dynasties, the middle and later Qing Dynasty, and 
from the early 1960s to the end of the 1970s. 

In the recent several thousand years of the historical period, the disintegration of the great 
united stream systems in the Tarim Basin and the expansion of the Taklimakan Desert are the 
result of the environment becoming more arid during the Holocene epoch. In view of the 
environmental change in the Tarim Basin in the past hundreds of years, particularly in recent · 
decades, the influence of human activities has increased. 

Trend of Relationship Between Humans and the Environment 
Over the years, the scale, range, depth, and speed of human development, utilization, and 

remaking of nature has increased, which has more and more impact on the natural and social
economic structure. At the same time, the impact of the natural environment on human social 
economy has become greater. 

With the development of the social (human) economy in the Tarim Basin, the population 
has continuously increased. Viewed from the trend of population development, the increase of 
population in the Tarim Basin will continue in the future (Figure 3). The scope of human 
activities will continuously enlarge and the strength of activities will further increase. 
Particularly, the capability of humans to remake nature will be stronger with the progress of 
science and technology. At present, the space for human activities has enlarged from the oases 
area in the basin's margin to the center of the Taklimakan Desert. 

The general trend of climatic development in the Tarim Basin has obviously been toward 
aridity since the 20th century B.C., and up to now this process has not ended. Therefore, it can 
be assumed that the trend toward aridity will continue in the coming decades, and that the 
environmental problems, such as poor water resources, blown sand disasters, land degradation, 
and so on, will still restrict activities in the basin, and even in some respects, the problems may 
become more severe. 
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Figure 3. Trend of increase of population in the Tarim Basin. 

The relationship between human activities and environment will deeply affect future 
human activities in the Tarim Basin. On the one hand, in the oases along the Piedmont plains 
around the basin, agriculture will maintain the trepd of sustainable development, environmental 
quality will be continuously improved, the population capacity of environment and the land 
bearing capacity will appropriately increase, and the oases will be further consolidated and 
developed. On the other hand, the demand for water for the economic development in southern 
Xinjiang will still increase. Particularly, with the development of petroleum resources and the 
petrochemical industry, water resources in the basin will be more and more tight. It is possible 
that water resources will be highly concentrated towards the developed-economy regions in the 
piedmonts. Therefore, the amount of water flowing into the rim and center of the desert may be 
less. The uneven regional distribution of water resources has a continuously increasing trend, 
which will result in new abandoned cultivated land and accelerating land desertification, further 
deepening the unbalanced distribution of water and soil resources in the basin. Blown sand 
disasters will continually threaten human activities in the basin. With the development of 
petroleum resources, the desert oil highway and the oilfields will be threatened by serious blown
sand disasters. 

Approaches of Adjusting the Relationship Between Humans and the Environment 
It is essential that human activities in the Tarim Basin and its environment operate in 

harmony in order to develop a sound relationship between humans and the environment. The 
adjusting approaches are mainly the following: 

1. Establishing a good program of drainage, rationally utilizing water resources, and 
ensuring necessary water for ecosystems. fo the very fragile ecosystem of the Tarim Basin, the 
hydro logic factor is the most active and sensitive natural factor. The rational utilization of water 
resources is the key to adjusting the relationship between humans and the environment in the 
basin. For this reason, it is necessary to take an independent river system as an ecological unit to 
make a unified program for the whole drainage, adopting the adjusting approaches of harnessing 
rivers as the central task and combining harnessing rivers with combating salinity and controlling 
blown sand. 

2. Preserving natural vegetation, increasing green coverage, and maintaining ecological 
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balance. Green vegetation is a producer in the ecological system, a key element to maintain the 
ecological balance between humans and the biosphere and the base to safeguard the 
environmental quality for human existence. In arid lands, vegetation even has the functions of 
conserving water sources, improving the arid environment, checking winds, and controlling 
sands. Therefore, it is necessary to preserve natural vegetation, increase green coverage, maintain 
ecological balance, and impel the relationship between humans and the environment in the basin 
to sound development. 

3. Rationally utilizing land resources, adjusting agricultural structure, and controlling 
population growth. It should be to rationally utilize the land resources and to implement the 
principle of combining economic benefit with ecological benefit in land use and to adjust the 
agricultural structure at the fringes of oases being faced with blown sands. It should change the 
practice of giving priority to farming into the structure of giving priority to forestry, horticulture 
and animal husbandry and combining forestry with farming, forestry with animal husbandry, and 
farming with animal husbandry. It should be to control the population growth, particularly, the 
growth rate of population in the marginal area of the desert, improving population quality. 

4. Combining the exploitation and construction of oilfields with the protection of the 
regional environment into a whole. There is a need to adopt vigorous measures against harmful 
effects while an oilfield is constructed and developed. Meanwhile, the development of oilfields 
provides a good chance for increasing the non-agri'cultural population and decreasing the 
pressure of agriculture population on land in the basin. Therefore, it is also an effective measure 
to seize the opportunity to develop diversified industries and reduce the pressure of agricultural 
population on land. 

5. Adopting engineering control measures is needed in areas with moving dunes. The 
purpose of adopting engineering control measures is to control the occurrence and expansion of 
aeolian erosion on sandy land and change the conditions of transportation and accumulation of 
sand. Based on conditions in the Tarim Basin, it should be to adopt the measures of setting up 
sand barriers, intercepting sand sources, checking blown sand, blocking dunes advancing, and so 
on in the fringes of oasis with the advance of dense moving dunes and sections of the main road 
through the area with moving dunes, controlling the expansion of drifting sand, and protecting 
the space of human activities. 
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TECHNOLOGICAL CHANGE IN A SEMIARID ZONE OF THE SAHEL: 

Introduction 

THE SUDANIAN REGION OF SOUTHERN MALI 
by 

Jeff Vitale, Ousmane Coulibaly and John Sanders 

In the semiarid regions of Mali-Sud, as population increases the traditional method of 
restoring land fertility (long fallow periods) is no longer possible. With the historic adverse 
economic environment of low and fluctuating cereal prices there has been little incentive to shift 
to intensive technologies. Soil fertility amendments require higher input levels and increase the 
riskiness of agricultural production unless they are combined with water retention techniques. 

Intensive technologies in the semiarid regions of Mali-Sud have seen only limited 
adoption. At present, intensive activities are limited to soil preparation techniques such as ridging 
(but not tied ridges), low levels of inorganic and organic fertilizers, and some introduction of new 
cultivars, especially of cowpea and millet. Various reasons are cited in the literature to explain the 
sluggish adoption of intensive technologies on cereals including risk averse behavior, liquidity 
constraints, unavailability of capital inputs, an adverse economic environment, and lack of proper 
extension facilities and information . 

. We propose two principal hypotheses for the lack of adoption of intensive technologies in 
cereal production in the semi-arid regions of Mali-Sud: 1) lack of profitability in the previous 
economic environment before the devaluation of 1994; and 2) inelastic demand for cereal 
products resulting in the price collapse of cereals in years of adequate rainfall. 

This paper evaluates the impacts of the economic consequences of these adverse factors 
on the introduction of intensive technologies and consequently on farm income. There has been 
an active debate in the Sahel on the impact of structural adjustment on farmers' incomes and on 
the adoption of new technologies. We find it useful here to separate the effects of the principal 
measure of structural adjustment: the devaluation of the FCF A into the short term and long term 
price effects. Finally, the potential effects on diffusion and farm incomes from policy change and 
economic growth expanding the demand for the traditional cereals is also estimated. 

First, the paper discusses the previous adverse economic conditions for the agricultural 
sector. The hypotheses, proposed as explanations for the lack of adoption of intensive 
technologies in semiarid Mali-Sud, are then tested through comparison of results from farm level 
models. These models reflect conditions before and after devaluation and with the adoption of 
various policy measures by the government. Policy implications for encouraging the introduction 
of intensive technologies and further research are then discussed in the conclusions. 

The Region and National Economic Policies 
The focus of our research has been in the Sahelian countries. Within these countries there 

are three principal crop production zones, the Sudano-Guinean, the Sudanian, and the Sahelo
Sudanian (See Table 1 and Figure 1). The Sudano-Guinean zone is the northern extreme of the 
sub-humid region. Here there has been rapid technological change in cotton during the last twenty 
years and more recently in maize production. This area was the regional concentration of the 
French colonial research and the French have continued to support national efforts in the 
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research-development systems for cotton and maize. Incomes have been increasing1 and in the last 
decade in-migration has accelerated from the drier northern regions. There has also been some 
improvement in cereal yields in this region as the residual effects of cotton fertilization are 
obtained on the cereals with the rotation of the crop area. In spite of the predominant emphasis on 
cotton and maize approximately 50 percent of the area is still in the traditional cereals of sorghum 
and millet. 

Our concentration in this paper is on the semiarid region, specifically the Sudanian zone, 
the southern half of the semiarid region. Here cotton is no longer the dominant crop and often is 
not grown. The traditional cash crops in the Sudanian zone have been the legumes: groundnuts 
and cowpeas. The world market for groundnuts of the fifties and sixties has disappeared. During 
the boom time, both new cultivars and inorganic fertilizers were used on the groundnuts. In the 
eighties new cowpea cultivars and an increasing demand for cowpea have led to increasing crop 
area and income from this crop. The improved technology has included spraying for insect control 
and improved cultivars. 

The cereals have been produced principally for subsistence consumption with small 
surpluses in good rainfall years being sold. The Sudanian region is a cereal importer in poor 
rainfall years. There is some introduction of new cereal cultivars and low levels of use of organic 
and inorganic fertilizers. Ridging with animal traction is the predominant water retention 
technique. For a representative farm unit with seven active members, 10 ha ofland is cultivated. 
The breakdown oflong fallow periods has resulted in three year crop rotations with two of the 
three years devoted to cereals and the third year to the legumes (groundnut and cowpea). 

There is substantial potential to further increase cereal yields with higher levels of 
inorganic fertilizers and better water retention techniques such as tied ridges or improved 
ploughing. Increased cereal yields would enable improved human nutrition by providing a more 
regular food supply in adverse years. Cereal surpluses facilitate increased food security through 
storage, encourage cereal sales, and would ultimately stimulate alternative uses. On the farm, 
alternative uses would include small ruminant fattening and on the national level some 
substitution of traditional for imported cereals in urban markets and in the industrial production 
of bread and beer. 

There have been two traditional constraints to the introduction of new cereal technologies 
in the semiarid regions of the Sahel. The first is the adverse economic policies towards agriculture 
generally practiced in semiarid Sub-Saharan Africa since independence. The principal emphasis of 
economic policy has been to promote industrialization. In most cases, cereal-trading parastatals 
were organized to maintain low urban food prices and to extract a surplus from the agricultural 
sector for investment in the urban zone. Moreover, overvalued domestic currencies encouraged 
food imports by shifting relative prices of imported to domestically produced food down. Over 
time these relative price shifts shifted tastes, contributing to the displacement of the traditional 
cereals of millet, sorghum, and to a lesser extent maize, by wheat and rice in urban areas. 

In January 1994 there was a 50 percent devaluation of the FCFA in the French monetary 
zone. There were short run and long run impacts on cereal prices from this devaluation. Due to 
the existence of cereal surpluses from the excellent previous year for the cereals, the short run 

1 Farm incomes are linked to the cyclical price variations on the world cotton market, 
though there is some buffering of these price variations by the para-statals responsible for cotton 
marketing. 
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effect was that the prices of imported fertilizers increased more than the cereals thereby 
discouraging the introduction of new technologies (the 1995 case). By a year later, 1996, with the 
exhaustion of the surplus holdings, nominal cereal prices had increased by 218 percent over the 
1993 prices. So it was possible to obtain some farm level data on the prices of farm outputs and 
inputs in the three crop years after devaluation. 

The second major constraint to the introduction of new cereal technologies is the inelastic 
demand for the traditional cereals. There is a large market for home consumption for these cereals 
and there are substantial annual fluctuations in output in response to previous year prices and the 
weather. When there are good economic and climatic conditions, production increases 
substantially and prices collapse. The risks from weather and price collapse discourage the 
increased use of inorganic fertilizer. The water retention technologies, such as ridging and tied 
ridges, decrease the riskiness of increased fertilization. To reduce the price risk it would be 
necessary to find alternative uses or expanded markets for the traditional cereals. As cereal 
productivity increases, the traditional cereals can recapture some of the urban markets, help rural 
people to eat better, be used to fatten livestock, and industrial uses can be expanded (bread and 
beer). Public policy may be able to facilitate some of this market expansion and thereby reduce or 
eliminate the price collapse of the cereals in good years. 

Methods 
To evaluate the constraints to new technology introduction, various scenarios were run 

with a representative farm programming model. The income and diffusion effects of pre- and 
post- devaluation prices were estimated. Policy change to encourage alternative uses of traditional 
cereals was modeled by eliminating the price collapse in good rainfall years. The farm 
programming model is explained in detail in the Appendix. The model determines the optimal 
allocation of resources and the optimal use of technology in response to changes in factor and 
product prices as dictated by devaluation and recommended policies. This approach has been 
used previously to model adoption of intensive technologies in Burkina Faso, Niger, and the 
Sudano-Guinean region of Mali-Sud (Sanders et al., 1996; Coulibaly, 1995). The objective in this 
farm level programming model is to maximize the utility of the farm operator so both profits and 
risk are taken into account. The objective function incorporates risk-averse behavior of the farm 
producer. 

Inorganic fertilizer prices changed immediately following devaluation since they are 
imported. Product prices respond slower to devaluation as several economic factors influence 
their change including substitution effects, storage and supply variations due to rainfall. The 
meteorological dependence of product prices was included in the farm level programming model 
by considering five states of annual rainfall, each representing a type of rainfall from poor to very 
good. For each state, producer prices were obtained from previous years with similar quantities 
ofrainfall (Coulibaly, 1995). 

Product prices exhibit fluctuations throughout the year in response to changes in stocks, 
international trade, and harvest. Prices immediately following harvest decline precipitously since 
the majority of producers, in need of liquidity for household purchases, sell their crops. 
Thereafter, prices increase as stocks dwindle and the hungry season ("sordure") approaches. 

Our representative model assumes that producers sell their cereals shortly after harvest. 
The scenario representing the short run after devaluation includes the observed price increases 
between 1995 and 1993 of factors and products (Kebe et al., 1996). For the long run scenario, 
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cereal prices increased by 40 percent over their 1995 level. In an average year of rainfall, our 
assumption implies a long run cereal price of$ 0.25 per kg following harvest. This is near the 
present, post-harvest cereal price of$ 0.24 per kg. In the scenario representing the recommended 
policy, cereal prices in years of above average rainfall are assumed to be equal to the price in 
years of normal rainfall since excess supply is absorbed by increased end uses of cereals. 

In all scenarios, households are assumed to be able to allocate to their agricultural 
production only $120 for the purchase of inputs. This limitation on input expenditures comes from 
the need for capital generation internally of the farm and will later constrain the introduction of 
new cereal technologies. To increase the diffusion of the new technologies requiring purchased 
inputs will then require the internal generation of more capital or the existence of a credit market. 
In all scenarios, households are obliged to provide 286 kg of cereals for each member of the 
household per year .. 

The focus of technological change was on increasing the productivity of the traditional 
cereals with increasing levels of inorganic fertilizers, new cultivars, and an improved water 
retention technique: tied ridges. These scenarios reflect the prices for 1993 prior to the 
devaluation, for the short term response to devaluation, the prices in 1995, and for the long term 
adjustment to devaluation, 1996. The recommended policy change of eliminating the price 
collapse in good years is only a potential scenario, as it has not yet been implemented. 

Results 
Prior to the 1994 currency devaluation, intensive technologies were limited to modest 

amounts of chemical fertilizers (25 percent of recommended levels) and the soil preparation 
technique ofridging for cereals and deep plowing for groundnut. Farm income, including the 
value of household cereal consumption, was $880. 

If improved technologies were available to producers before devaluation, farm income 
would have increased to $1,441 . With conditions adverse to the marketability of cereals, farm 
producers allocate the majority of their capital and labor resources and adopt new technologies 
for the legumes, the historic cash crops. Model results reflect the use of tied ridges and 100 kg of 
complex cereal fertilizer (recommended level) on 1.3 ha of legume area. Conversely, producers 
would have decreased their use of intensive technology for the majority of the area cropped in 
cereals. For 6.7 ha of this area, the previous use oflow levels of inorganic fertilization and ridges 
on the cereals would be shifted to the use of ridges without inorganic fertilization. The 
remaining .3 ha would have been intensified to tied ridges with full use of inorganic fertilization. 

After devaluation, in the short run, input factor prices increase more than output prices. 
This results from the stored output from the good harvest year before devaluation buffering the 
price increase. Two years after devaluation, cereal prices had increased by only 65 percent while 
prices of inorganic fertilizers had doubled. As a result, the relative price of foodstuffs to inputs 
decreases. This shift in relative price is unfavorable to producers and, with existing technology, 
farm income decreases to $648. Consequently, farmers adopt less intensive technologies than 
prior to devaluation. With increased production costs, 2.25 ha of previously intensified cropped 
area in legumes is returned to traditional low input technologies. Only .75 ha of legumes remains 
intensified with tied ridges and full use of inorganic fertilization. In the short run, cereal prices 
show little increase from the substitution effects of imported grains. Farmers return the entire 7 
ha of cereals back to low input technologies. Farm income with intensive technologies was $1,370 
reflecting the larger increases in input costs than of product prices. 
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After devaluation, in the long run, substitution is expected to take place between cereals 
and imported grains as cereals prices significantly increase. In the long run, cereal prices increase 
another 40 percent from their 1995 levels. Moreover, now the relative price of foodstuffs to 
inputs increases. Farm producers react to the price signals and allocate more of their resources 
to cereal production. Unlike the short run after devaluation, the economic environment in the 
long run is favorable for farm income and for shifts to more intensive production techniques. 
Using existing technology, the increase in cereal prices elevates farm income to $1,285, an 
increase of$403 from before devaluation. 

With the increase in cereal prices, more resources are allocated to the production of 
cereals than before devaluation. In the optimal crop portfolio, .6 ha of cereals now will be 
cropped using tied ridges and full use of fertilizer. Previously, before devaluation, only .3 ha 
employed this level of intensification. The remaining 6.4 ha of cereals is produced without use of 
inorganic fertilizer and with ridges. With this moderate shift in resources to cereals, 
intensification of legume production diminishes. The legume area cropped in tied ridges and full 
use of fertilizers is reduced from 1.3 ha to .6 ha and the area previously produced with ridges and 
full use of inorganic fertilizer is 1.2 ha in the long run. The remaining 1.2 ha of legume area is 
cropped using only deep plowing, and no inorganic fertilization is employed. Improved cereal 
technologies allow for an increase in farm income to $1,667. 

If government programs were established to expand the end uses of cereals, increased 
demand elasticity implies that with a decreasing price from supply expansion the expanded use of 
cereals in other activities would increase more than presently. Or expanded use of sorghum 
reduces or eliminates the price collapse in good rainfall years. Hence, the risks associated with 
investments in intensive technologies are reduced and the probability of adoption increased. In 
this scenario, the policies to expand uses of the traditional cereals relieve farmers of the fear of · 
overproduction and encourage the adoption of more intensive production. Model results indicate 
that the optimal resource allocation strategy is to devote all available resources to intensifying 
cereal production. For Mali-Sud, a typical farm unit is able to intensify 2.4 ha of cereal land with 
tied ridges and full use of inorganic fertilizers. The remaining 7 .6 ha of cereal and legume is 
produced using ridges or deep plowing and no fertilization. The removal of inelastic demand 
allows households to achieve farm incomes of$1,710 with existing technologies and $1,990 with 
improved technologies 

Before devaluation (see scenario 1 in Figure 2) there was substantial technology 
introduction in the legume sector, especially cowpeas. New cultivars and insecticide use were 
introduced during the 1980s in the region as the demand expanded rapidly for cowpea hay. Some 
inorganic and organic fertilizers were also used on the legumes in the region supporting the model 
results. The initial effect of the devaluation was to increase the input costs faster than output 
prices thereby decreasing the areas in new technology for both the legumes and the cereals 
(scenario 2). The longer run effect of the devaluation (after 1995) was a further increase in 
product prices making input use more profitable again so here (scenario 3) the use of new 
technology increases again for both legumes and cereals. With the specific policy to offset the 
price collapse of the cereals in good rainfall years (scenario 4), the cereals pass the legumes in 
new technology introduction. Now the new cereal activity is more profitable than the legume 
activity but the new cereal technology is only introduced on 2.6 ha. The constraint on further 
expansion of the areas in new technologies is the availability of capital for the purchase of the 
inorganic fertilizer. In the model, capital is only internally generated and there is no formal credit 
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market. So it is time to explore in more detail the internal generation of capital and the functioning 
of the market for credit. 

Conclusions 
The initial impact of the devaluation over the first two years was to reduce farm incomes 

and to slow the diffusion of intensive technologies since input prices increased faster than output 
prices. However, beginning in 1996 the relative prices of output to inputs shifted to positive and 
there were positive effects on both farm income without new technology introduction and on the 
introduction of intensive technologies in the production of cereals. The introduction of these 
cereal technologies was still on very small areas according to model results. A further expansion is 
possible with government policies to expand the demand for the traditional cereals. This seems to 
be an important implication for government and researchers to be concerned with not only 
expanding the supply of the traditional cereals with the new technologies, but also expanding the 
markets with alternative uses to reduce or eliminate the price collapse from the good rainfall years 
and from the long term effects of successful diffusion. There is some evidence that moderate 
increases in intensive cereal technologies will be encouraged by the devaluation and that this 
process can be extended with governmental support to increase the elasticity of the demand curve 
for the cereals. Field observations seem to confirm this shift to more intensive technologies across 
the region and the initial short term effect above of the reduction of the introduction of inorganic 
fertilizers with the initial or short term effects of the devaluation. 

For technology introduction, it is apparently necessary to combine the water retention and 
the soil fertility improvements in the Sudanian zone (Sanders et al., 1996). In policy interventions 
not only is the devaluation necessary to shift the relative profitability of domestic to imported 
cereals but also the model results indicate that something must be done to reduce the impact of 
the cereal price collapse in good years for cereal production.2 Once the two policy interventions 
are undertaken, the farm modeling indicates there will be introduction of new cereal technologies. 
Finally, further introduction of the new technologies for cereals and legumes appears to be 
constrained by the necessity to purchase higher levels of inorganic fertilizers. Research to reduce 
the cost and increase the availability of organic fertilizers and other partial substitutes for 
inorganic fertilizers will be important as will the increased understanding of the internal generation 
of capital on the farm and the functioning of the formal and informal capital markets. 

We have only considered some of the possible constraints to new technology introduction. 
However, farm programming models seem to give insights about the potential effects and 
diffusion potential of various present and new activities. The modeling also enables us to consider 
the farm level impact of alternative new governmental policies. 

2 Moreover, with the introduction of the new technologies there should be more years of 
good cereal production since the water retention techniques will increase yields in many years of 
poor rainfall by better capture of the existing rainfall. In the long run, technological change leads 
to declining product prices thereby making the cereals more attractive for animal feed and 
industrial use in bread and beer. 
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Appendix 1. The Model 
The mathematical programming formulation is given by: 

N, 

max E -(}sexp( - all) 
s=J where exp= exponential function to base e 

a. = risk aversion coefficient 
ns = profit of sth state of nature 
Ns = total number of states of nature 
es= probability of the occurrence of state of natures. 

The profit term 1ts is given in expanded form by 
NC N; 

II = °" P Q - °" W.Z. S ~ Sl;SC ~I I 
c=I i=I where Psc = price of the cth crop given the 

occurrence of state of nature s 
Qsc = total quantity produced of the cth crop given the occurrence of state of natures 
Wi = unit cost of input I 

Zi = aggregate usage of input I (units) over all crops 
Nc = total number of crops 
Ni = total number of inputs. 

The total quantity produced of each crop for a given state of nature s is expressed as: 

Nt 
Q SC = L y scjx cj 

j=l 

where y scj = yield of the cth crop (kg/yr) given the r technology enterprise 
Xci = amount planted (ha) of the cth crop using the jth technology enterprise 
Nci = total number of technology enterprises for the cth crop. 

The aggregate usage over all crops and technologies of the ith input is further given by: 

NC Nt 
z . = " " o . .x . I ~ ~ ICJ CJ 

c=l j=l 
where Zi = aggregate usage of input I over all crops 

Xci = amount planted (ha) of the cth crop given the jth technology enterprise 
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oici = usage requirement of input I (per ha) for crop c given technology enterprise j 

The objective function is maximized subject to the following constraints. In the Sudanian 
region land the average farm unit has 10 ha of land for crop production. Land constraints which 
are given by: 

NC N/ 
L :Excj ~ TFu 
c= I j =l 

where TFU =total land available (ha) to farm unit for crop production. 

Since labor requirements vary seasonally from harvest through weeding and maintenance 
to planting it is necessary to temporally constrain labor. In this model, 10 time periods are 
considered each of length 1 month. The labor constraints are given by: 

Human Labor 

NC Nt 
LL H H/O HID H 

( A . + A . + A . ) x . < L , "tCJ , "tCJ , "tCJ CJ - t 
c=l j =l 

where A Htci = human labor requirements per hectare ofland in period t for the cth crop given the 
j!h technology enterprise 

Awo tcj =human labor requirements to operate oxen plow per hectare ofland in period t for 
the cth crop given the jth technology enterprise 

A HIDtcj = human labor requirements to operate oxen plow per hectare of land in period t for 
the cth crop given the jth technology enterprise 

L\ = total availability of human labor in period t 

Oxen Labor 

NC N/ 
:E:EA~cj 
c=l j =l 

where A 0 ,ci = oxen labor requirements per hectare of land in period t for the cth crop given the 
jth technology enterprise 

L 0 1 = total availability of oxen labor in period t 

Donkey Traction: 
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where A 0 1cj = oxen labor requirements per hectare of land in period t for the cth crop given the 
jth technology enterprise 

L 0 1 =total availability of donkey labor in period t 

Food Subsistence 
Farm units in the Sudanian region are both producers and consumers of sorghum, millet 

and maize, and rely on these crops for their subsistence grain requirements. If the subsistence 
level of grain requirements for a farm unit is not met by its production, the balance must be 
purchased at consumer prices, generally higher than producer price. We assume that consumer 
prices are substantially higher than producer prices and that imported grains are not available. 
Hence, these assumptions require that the farm units produce their annual subsistence level of 
foodgrains. This constraint is given by: 

Ns 

Pc L eSCQSC ~ acSFU 
s=l 

where 6c = foodgrain equivalent factor for crop c 
<Xe = percentage of subsistence composed of crop c 
Srn = total subsistence in foodgrain units for farm unit per year 

The first of the two subsistence constraints requires that the expected production of a given crop, 
c, contributes at least the fraction ac to the household subsistence of food grains (kg of equivalent 
food units year). The second constraint assures that the subsistence level is achievable in terms of 
the formulation. 

Liquidity 
Liquidity constraints are generally present since households in this region have scant 

capital resources or access to capital markets. Liquidity constraints pose a detriment to 
technological advancement since its use can be constrained by financial, and not by climatic, 
agroclimatic or economic reasons. Given in terms of the mathematical formulation, the liquidity 
constraint is 

L ~ 

N; 

'°'W.Z. L...J I I 

i=I 
c 

NC Ni 

zi = L L 0 icjxcj where L = capital available for purchase of inputs at 
c=l J=I • 

plant mg 
Z/ = aggregate usage of input I over all crops. 
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Table 1. Characteristics of the major agroecological mnes in the West Africa semiarid tropics. 
(WASAT). 

Area Population Crop Technology 
(%of (% o.f Cropping Population Development 

ne Aainfallai WASAT)b WASAT) System Density Potential 

dano- 800-1.100 24 6 Highly diversified. Low; high disease High 
mean high-input sys- risk historically 

terns; cotton. but less now 
maize. peanuts. 
sorghum. millet. 
vegetables. cow-
peas. rice, live-

stock 

danian 600-800 21 59 Sorghum, millet.c High Moderate 
maize. cowpeas. 
vegetables. some 
cotton 

helo- 350-600 30 19 Same as Sudanian. High in southern Lower than for 
danian but moving farther section. but Sudanian sor-

north; millet-cow- declining farther ghum system; 
pea. intercropping, north . low for millet-
some sorghum. cowpea system 
nomadic grazing 

helian <350 24 16 T ranshumance or Low Minimal, except 
traditional nomad around water 
center; subsis-
tence millet. 
cowpeas 
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Table 2. Technologies successfully introduced in the three principal agroecological zones of the 
West Africa semiarid tropics. 

Effects on Principal Constraints 
- ·- ---· . . ···--- ·- ·-------- -

Zone Technology Water Availability Soil Fertility 
----- -- ·--··-- -----·- ------·· ·-- - - · -· -- ·-- ·- .. -· - -- - ·····---·-·-

Sudano- New cotton and maize culti- Rainfall adequate Fertilizer used in 

Guinean vars with inorganic fertilizer in most years in the combined ted 
and improved agronomic this zone nology package 

practices; rapid increase in 
use of organic fertilizers 

Sudanian Contour dikes, za( and 
I 

Runorr waler Organic fertilizer; 
organic fertilizer; early held; drought cultivars selected 
cereal and cowpea cultivars; escape with for low soil. fertil-
in Mali, ridging and in- earliness ity conditions 
creases in organic fertilizers 

Sahe lo- Early cereal and cowpea cul- Drought escape Recently, chemid 
Sudanian tivars and phosphorus fertil- with earliness; fertilizer in Niger 

izer; contour dikes. zai', and runoff water and Senegal; 
organic fertilizers ; supple- held; full organic fertilizers: 
mentary irrigation; a new mil- water control rice heavily 
let cultivars in peanut basin, fertilized 
Senegal 

--- ··----··----·--- --------·- --···-- ·-·----·--- · 
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CROP PRODUCTION AND MANAGEMENT IN AN ARID ENVIRONMENT 
by 

Ali A. Al-Jaloud 

Abstract 
Saudi Arabia is an arid country mainly characterized by a hot and dry climate occupying 

about five percent of the world's arid zone. Crop production in an arid region is affected by the 
nature of soil, water and crop management factors, such as extremely high evaporative conditions, 
low and sporadic rainfall, inadequate availability of irrigation supply to meet crop water 
requirements, soil salinity, low water holding capacity, high infiltration rate of water in sandy and 
soils, limited use of fertilizers, improper crop selection and poor crop management. The 
experience has shown that crop productivity under an arid environment can be achieved only if 
improved management practices are followed. For example, wheat production in the Kingdom of 
Saudi Arabia increased from 0.28 million tons in 1977 to 4 .06 million tons in 1992 with an 
average yield seven to eight tons per ha. The promising options are selection of proper crop for a 
given area, use of fertilizers, and adoption of modem irrigation methods. It has been experienced 
that a reasonable crop production is achievable under an arid environment only if all the available 
soil, water and crop growth factors are considered by following the latest technology developed in 
the field of agriculture. 

Introduction 
The Kingdom of Saudi Arabia is a vast country with a land area of about 

2.2x 106 sq km which is about 1.8 percent of the world's land and covers about 80 percent of the 
Arabian Peninsula. 

The Kingdom is located between 35° to 56° east longitude and 16° to 32° north latitude 
and is bordered on the west by the Red Sea; on the south by Yemen and Oman; and on the north 
by Jordan, Iraq and Kuwait. The western coast, which extends from the Gulf of Aqaba to the 
Yemen border, is more than 1,750 km long. The eastern coast, from Qatar to Kuwait, is about 
480 km long. The southern frontier, is 1,360 km long. 

The country mostly lies in the arid region with an evaporation rate greatly exceeding that 
of precipitation in general. Thus all the major farming areas are under irrigation and water is 
supplied to the large farms through center pivot systems. One center pivot irrigates between 35-
75 ha depending on the length. 

Climate of the Kingdom 
Saudi Arabia is characterized by a hot dry climate and is classified as an arid region 

occupying about five percent of the world's arid zone. (Bashour et al., 1983). The relative 
humidity is low except along the coastal zone where sometimes it reaches 90 percent. The 
average annual temperature is 44°C in summer and 33°C in winter with a wide seasonal variation 
(El Khatib,1980). The mean minimum temperature was 22°C in January in 1975 to 1984 and the 
minimum 8°C for the Riyadh region; while in June the diurnal mean maximum temperature was 
42°C and minimum 26°C. Wind speed ranges between 6 to 25 km/hour. In some other regions of 
the Kingdom, wind speed reached up to 90 km/hour. Sunshine measured by the total number of 
bright hours varies between seasons and the latitude. The seasonal range of sunshine in the 
Kingdom is between six hours during winter and 12 hours during summer. Solar radiation in 
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Riyadh was reported as 550 cal/cm2 /day for 1975-1984 for the months of July and August and 
325 caVcm2/day in December and January. 

The measurement of evaporation rates shows lower rates along the coast and high terrain 
and higher evaporation rates in the interior. Evaporation rates were 540 mm in the month of July 
at Hail at 988m elevation of 5m. During January, it is about 1 OOmm at all three stations. The 
rainfall variations between years are high and long periods have passed without any rain. 

Soil Types of the Kingdom 
Soil provides a medium of growth for plant production. According to a report by the 

Land Management Department, Ministry of Agriculture and Water (1985), there are three 
extensive areas of sand dunes covering about 40 percent of the Kingdom's land. This report 
classified the land suitable for agriculture into the following classes: 

Land Suitability Class 

I 
II 
III 
IV 

Area (ha) 

157,000 
8,718,200 
2,629,500 

15,191,000 

Total= 26,695, 700 ha 

These classes ofland consist mainly of alluvial soil developed by the weathering of silt
stone, shale and sandstone and throughly mixed by the action of wind and water or deposited in 
layers of varying texture. Soils suitable for cultivation are loamy sand or sandy loam textural 
classes with predominantly coarse soil. The soil is usually calcareous and in some areas contain 
gypsum. Different soil types have developed due to difference in soil forming processes such as 
high temperature, aridity, and wind erosion. 

Chemical weathering of the soil occurs at a slow rate due to low rainfall and some areas 
containing high soluble salt. Generally, the soil has low organic matter (less than one percent), 
and low available phosphorus and nitrogen. The potassium level in most soils is adequate. The 
dominant soil types include Entisols, Inceptisols, and Aridisols. Special fertility management skill 
is required due to high content of CaC03 and the coarse texture of soils. 

Water Resources in the Kingdom 
Saudi Arabia has no perennial streams or rivers. Water comes from three sources: 

underground reservoirs, rainfall and desalination. 

Underground Water 
Underground water of the Kingdom depends on the geological formation of the 

underground strata and the size of aquifers. The quantity as well as the quality of water shows 
great variation depending upon the location. For example, dissolved salts vary from 500 ppm to 
8,000 ppm and the water flow varies from 3 Vs to 158 Vs depending on the depth of the reservoir. 

585 



There are four hydro-geological classes of ground water in the Kingdom: confined 
aquifers; non-confined aquifers; free flowing aquifers; and springs. Agricultural development is 
mainly based on the water originating from non-confined aquifers. 

Rainfall 
Rainfall, which occurs usually between October and April in most of the Kingdom, is 

unpredictable and seasonal variations are very high. The mean annual rainfall is 100 mm or less in 
the mountainous part of the southern region (Asir) where rainfall is excess of 500 mm is not 
uncommon over some small areas. 

Desalination 
With the vast development during the past 10 years, construction of desalination plants 

became necessary to meet the growing demand for water supply in the cities. The quantity of 
water supplied by desalination plants rose from 4.6 million U.S. gallons per day (Mgd) in 1970 to 
576 Mgd in 1993. The capacity of the Jubail and Al-Khobar plants located on the Arabian Gulf 
are 240 and 57.5 Mgd respectively. The capacity of the plant in Jeddah on the Red Sea is 88.5 
Mgd. 

Crop Production in the Kingdom 
Before the discovery of oil in 1935 and the emergence of oil-based industry, the main 

source for income for sustenance was agriculture, practiced mainly in oases. The revenue 
generated by oil and oil-byproducts has brought about radical changes in the life style of all 
sectors of society, including the agricultural population. 

Many regions in the Kingdom have adequate water resources and good soil for crop 
production. Major agriculture production areas are in Al-Kharj, Al-Aflaj, Wadi Dawaser, Jizan, 
Najran, Al-Hasa, Al-Qateef, Al-Qaseem, Hail, Tabouk and Al-Jou£ 

During the third National Development Plan (1980-1985) greater emphasis was given to 
the development of indigenous resources, specially water and agriculture. The objective was to 
achieve self-sufficiency in food production using local resources. It was expected that by 1990 
very little agricultural products would be imported for local consumption. Significant progress 
has already been made in all aspects of agricultural activities. Recently self-sufficiency was 
achieved in the production of some major agricultural commodities including wheat. In fact, 
certain commodities became surplus and were exported to other countries. Crops grown are: 
field crops (wheat, barley, alfalfa, sorghum, and Sudan grass); vegetables (tomato, cucumber, 
potato, squash, watermelon, and carrot) ; and tree fruits (date palm, grapes, and citrus). 

Total Cropped Area 
Total cropped area include areas under temporary winter and temporary summer crops 

and areas under permanent crops. Total crop area in 1992 was estimated at 1.507 million ha 
compared to only 0.56 million ha in 1977. This shows an estimated increase of0.947 million ha 
or 170 percent over the year 1977. 

Due to increased productivity per unit area of most agricultural products, the decline in 
the total area in 1981 did not affect the total output (Table 5). The year 1981 is considered the 
beginning of change of agricultural production patterns by adopting new technology, practicing 
extensive and intensive agricultural extension, using improved seed varieties with high 
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productivity and providing advanced plants protection services connnensurate with modern 
agricultural methods. The following seven years have witnessed a marked increased in per unit 
productivity of crop areas, which led to a gross increase in agricultural output. Table 1 shows the 
total crop area in the Kingdom. 

Table 1. Cultivated area in thousand ha. 

Year 1980 1981 1982 1983 1984 1985 1986 1987 1988 

Area 608.7 434.8 595.9 731.3 782.7 946.4 947.4 1061.8 1162.3 

Year 1989 1990 1991 1992 

Area 1326 1379 1442 1507 

Cereal Production 
Cereal output in 1992 is estimated at 4. 7 million tons compared to 282 thousand tonnes in 

1977, increasing by 3.3 million tons (1,667 percent) over this 14-year period. This is mainly due 
to the tremendous increase in the production of wheat, which represents 95 percent of cereals 
production in the Kingdom. 

Wheat Production 
The total wheat output of 1992 was 4,069 million tons, increasing by more than 5,000 

percent over its 1973 level. This success and progress in wheat production earned the Kingdom 
the appreciation of the world. It has achieved self-sufficiency with an adequate wheat buffer
stock and a sizeable surplus for export. The Food and Agriculture Organization of the United 
Nations (F AO) has awarded the Kingdom a certificate of appreciation for her accomplishments in 
this field. 

The percentage increase in wheat production is much higher than the percentage increase 
in the cultivated area. This is due to the introduction of modern agricultural methods combined 
with government incentives in the form of subsidies for machinery, heavy and light equipment, 
fertilizers and interest-free loans for purchasing agricultural inputs. Similarly, the Saudi 
Government encourages and advises the farmers to use improved seed varieties, better farming 
methods and plant protection, to achieve better quality crops. Table 2 shows the wheat 
production. 
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Table 2. Wheat Production in thousand tons. 

Year 1980 1981 1982 1983 1984 1985 1986 1987 1988 

Area 142 199 417 817 1402 2135 2290 2649 3193 

Year 1989 1990 1991 1992 

Area 3452 3580 3933 4069 

Wheat is poorly adapted to warm or moist climates unless there is a comparatively cool dry 
season which favors plant growth and reduces diseases. The world wheat crop is grown in 
temperate regions where the annual rainfall averages between 250 and 1, 700 mm, with the 
exception of drier irrigated areas such as in Saudi Arabia. 

High rainfall in irrigated areas, when accompanied by high temperature, is unfavorable for 
wheat, mainly because these conditions favor development of wheat diseases. Most wheat is 
grown in areas where the rainfall is about 750 nun/year. The best quality bread wheats are 
produced in areas where the winters are cold, the summers comparatively hot, and the 
precipitation is moderate. In a new desert land that is going to be put under cultivation, the 
following should be checked: availability of good quality water for irrigation; availability of 
sufficient quantities of water to be used; and suitability of the land for cultivation. 

The following practices and management should be maintained to achieve high yield in the 
desert environment: 

Subsoil 
Tillage below the depth reached by the ordinary plow is widely advocated by many 

farmers in irrigated desert agriculture. This operation is recommended if the land has a dense 
hardpan subsurface layer that limits water penetration. In this case subsoiling is ineffective unless 
the hardpan is dry enough to be shattered. This operation may need to be repeated every two to 
three years, but the cost of the operation in certain location may offset any gain in yield. 

Plowing 
Plowing buries green or dried material, loosens the soil so other implements can operate, 

removes or delays competition with weeds, and roughens the soil surface to reduce runoff of 
rainfall or sprinkler irrigation water. 

After a clean-cultivated row crop, the seedbed can often be double-disked and harrowed 
to give adequate preparation without plowing. 

Pre-Irrigation 
Leaching of salts from the soil surface before planting is a must in an irrigated desert 

agriculture. At the same time, any salts which might have accumulated in the root zone must be 
leached. The capacity of the well or design of the irrigation system (center pivot) may not provide 
enough water to match the evapotranspiration at the end of wheat growing season so that salt 
levels in the soil build up at the end of the growing season because there is no extra water for 
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leaching. Therefore, irrigation before planting would be done to reduce salt in the soil and to 
utilize the ability of the soil to act as a reservoir for water to be utilized during the next growing 
season and especially in case of equipment breakage. 

Seedbed Preparation 
A desirable seedbed is one that is mellow yet compact enough so that the soil particles are 

in close contact with the seed. The seedbed must be well prepared and free from trash or 
vegetation that may interfere with seeding. The soil surface should be well leveled. 

* Fertilizer should be already incorporated in the top soil layer. 
*Soil is compacted enough by a suitable packer. 

Seeding and Fertilizing Dates 
The best dates for seeding wheat in Saudi Arabia are between November 10 and January 

20. Early planting is done in the southern and central regions. Later planting is suitable for the 
northern region to avoid the frost season. For safe production, wheat requires about three months 
of frost-free weather. A light frost before wheat is fully mature produces bluster on the seed coat 
and stops further grain development. Wheat may survive low temperatures al the early stages of 
development, but a frost during the following stage will be very damaging and may prevent the 
production of grains. 

Fertilizers are added at three different times: pre-planting, during sowing, and after 
germination. 

Pre-planting 
* Diammonium phosphate (DAP) = 18 - 46 - 0: Broadcasted on soil surface and mixed 
with top soil at a rate of200 kg DAP/ha = 92kg P20/ha + 36 kg N/ha. 

*Potassium Sulfate (K2 S04 - 50% K20): Broadcasted and mixed with top soil at a rate of 
100, kgK2S04/ha. 

During Sowing (Inter-row placements) 
* DAP at a rate of 200 kg is placed in rows between the seed rows at a distance of 6 cm 
from seed and at a level 3 cm lower than the seeds. This can be done easily by utilizing the 
special seeders. 

After Germination 
* Urea ( 46 percent N) at a rate of 4 7 5 kg/ha is injected through the irrigation system. Thls 
amount of urea is added in about ten doses at about 7-10 day intervals. The first urea dose 
is applied about three weeks after germination. Generally, the majority of nitrogen 
fertilizers should be added before the plant reaches the booting stage. 

Irrigation 
The water requirement of each crop depends on many factors: variety, weather, date of 

planting, quality of irrigation water, type of soil, etc. As an example, the following is the irrigation 
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scheduling of the farm that produced 7.2 tons/ha in the central region in Saudi Arabia. 

Period 

Pre-irrigation 
November 
December 
January 
February 
March 

Irrigation Water (cm) 

12-15 
10-12 
12-15 
15-18 
18-22 
22-25 

During the germination and emergence of wheat, the irrigation system (center pivot) 
should be rotated fast (rotation every 14-16 hours), keeping the soil surface moist and the salts 
diluted. Once the plants became over 10 cm high, the pivot then should be slowed down. 

Alfalfa Production 
Alfalfa is a major forage crop in the Kingdom. Traditionally and socially alfalfa has 

become a major component of the so-called oasis agro-ecosystem along with date pahns and less 
important cereal crops. The oasis agro-ecosystem is a combination of a few cropping systems of 
lesser complexity and thus easily manageable within defined boundaries. 

The cultivated alfalfa area in the country is given below: 

Year 1984 1985 1986 1987 1988 1989 1990 1991 1992 

Area/ha 47294 43933 46118 48247 50894 52764 54840 66735 68219 

Alfalfa is capable of fixing atmospheric nitrogen for its use if properly inoculated during 
planting time. However, under the harsh environment of the Kingdom, inoculation and subsequent 
symbiotic nitrogen fixation may not be adequate for maximum productivity (Bokhari et al., 1989) 
and fertilizer must be applied to compensate for nutrient deficiencies. 

Proper seeding and stand establishment are extremely important for successful alfalfa 
production. Because alfalfa is grown for at least two to three years, it is very important to start 
the crop with an adequate number of plants per unit area as well as to produce deep routed plants. 
Poor seeding, poor variety, poor introduction, poor germination and poor stand cause problems. 
In order to ensure high yield of the new alfalfa plantation, maximum attention should be given to 
the following: 

Seedbed Preparation 
Since the alfalfa seed is very small, shallow planting is a must to ensure emergence above 

the soil surface. Therefore to provide the seed with adequate soil moisture in the upper 2-5 cm of 
the soil surface, the seedbed should be composed of fine and preferably granulated particles and it 
should be moist and fairly firm and compact. 

Based on the above to ensure good and fast emergence in coarse textured soil, the 
seedbed should be treated as follows: 
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• The soil surface should be well leveled. 
•The soil particles should be wetted to a depth of one meter. 
•Fertilizer should be incorporated in the soil by shallow disk. 
•Compaction of the soil should be done by a suitable packer. It is preferable to do the 
packing when the soil is slightly moist and not when it is dry. This practice is essential to 
ensure good seed emergence. 

Seed Selection and Treatment 

Variety 
There is limited adapted research on the use of imported varieties (more resistance to 

diseases including viruses) in comparison with the local varieties, particularly Hasawi. CUF 1O1 
Diablo Verdi and a few over imported varieties have shown good performance in the Kingdom. 

Inoculation 
Alfalfa is a legume which fixes its nitrogen from nitrogen in the air, in the presence of 

specific bacteria of the genus Rhizobia. Therefore, in order for the alfalfa plants to fix their own 
nitrogen, the bacteria should be introduced into the soil to come in contact with the roots of the 
alfalfa plants. The most economical and practical way to introduce the bacteria is through mixing 
the bacteria inoculum with the seed before planting. 

Good soil fertility level is required for optimum nodulation. However, high nitrogen 
availability is detrimental to nodulation and nitrogen fixation. Also, the complete absence of 
nitrogen from the soil will limit plant vigor and total nitrogen fixation. Therefore. a low level of 
nitrogen fertilization is usually recommended at planting time. 

Rate of Seeding 
Only seeds of high quality (high germination and seedling vigor, free of weeds and 

diseases) inoculated with freshly produced bacteria should be used. Rate of alfalfa seeding may 
change depending on the type of seeding used (broadcasting and drilling), the type of drill used, 
and the quality of the seeded predation. Seed drills equipped with press wheels contribute to high 
seed germination, and rapid and uniform seeding emergence Based on the above mentioned 
factors and the quality of the seedbed seeding rates may vary from 10-25 kg seed per ha. 
However, because alfalfa is a perennial crop and it is established to last at least three years and 
because the number of plants per unit area decreases with age, as a result of disease, competition, 
etc. , it is recommended to start the alfalfa crop with a relatively high plant population. Therefore, 
if proper seeding equipment is used on a well prepared seedbed, a seeding rate of 15-20 kg 
seed/ha is recommended. 

Depth of Seeding 
Like rate of seeding the depth of seeding is influenced by the quality of the seedbed, 

methods of seeding, and the type of seed drill. Also, soil physical characteristics influence me 
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depth of seeding. A depth of 1 cm is recommended for seeding in heavy soil of fine texture and 2 
cm in coarse textured sandy soil. Seed may be planted down to 3 cm deep in light soils under 
limited moisture availability. 

Emergence and Stand Establishment 
As reported above, alfalfa seeding should be performed in a field previously wetted to one 

meter deep or more. Also, the soil surface should never be allowed to form a hard crust to limit 
seeding emergence. Therefore, frequent irrigation nay be necessary depending on the weather and 
other environment factors. Proper and wise management should be able to provide optimum 
moisture in the soil and at the same time avoid over-irrigation which could harm the germination 
process and root development. 

Fertilization 
Fertilization depends on soil type and fertility, water availability and water quality. The 

following fertilization recommendations were found to be suitable for coarse textured, calcareous 
soils that are irrigated with water (TDS = 1000 ppm). The yield was 27 tons/ha of field dry alfalfa 
hay; obtained in 11 cuttings/year. 

1. Nitrogen 70 kg N/ha 
2. Phosphorous 200 kg P20 5/ha 

These fertilizers were added to the soil before the alfalfa crop as diamonium phosphate 
(DAP) 18-46-0. Additional dosages of phosphorous fertilizers were added every two to three 
cuttings at a rate of 100-150, kg P20 / ha. 

Irrigation 
The water requirement of alfalfa is affected by many factors such as soil type, water 

quality, location, etc. As an example, the following is the irrigation scheduling of the same field 
that produced 27 tons/ha of field dry alfalfa hay. 

Month Irrigation Water (cm) 

January 13-15 
February 15-18 
March 18-20 
April 20-22 
May 22-24 
June 24-28 
July 28-30 
August 28-30 
September 24-28 
October 22-24 
November 18-20 
December 14-18 
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Vegetable Production 
The total production of vegetables reached 2.43 million tons in 1992 compared with 

approximately 500 thousand tons in 1978 increasing by 1.9 million tons and representing a 480 
percent increase. 

Potato Production 
The Saudi government paid special attention to vegetable production in general, and to 

potato in particular, due to its importance as a source of food to the inhabitants and laid out a 
special program to develop potato production. The government also provides improved seed 
varieties to the farmers at nominal prices. 

These measures resulted in a vertical and horizontal expansion in potato cultivation. 
Potato output rose to 86.8 thousand tons in 1992 reflecting an increase of 82.2 thousand tons or 
more than 2, 100 percent over the base year output level of 4.6 thousand tons in 1978. 

Production of potato in thousand tons 

Year 1980 1981 1982 1983 1984 1985 1986 1987 1988 

Produc- 4.1 4.9 9.7 10.2 17.5 24.6 28.0 35.7 35.8 
ti on 

1989 1990 1991 1992 

37.2 63.6 78.l 86.8 
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THE PATTERN AND MAGNITUDE OF THERMAL STRESS ON METABOLISM IN 
EMERGING COTTON SEEDLINGS 

by 
James R. Mahan, Ronald M. Anderson, John J. Burke, Dan R. Upchurch, 

and Clyde F. Martin 

Abstract 
The thennal environment of seedlings changes significantly over diurnal and seasonal 

timescales. Early-season thennal stress delays emergence in cotton and has subsequent effects on 
yield and fiber quality. In this study, a biochemical analysis of the thennal dependence of 
metabolism in pre-emergent seedlings identified sources of thermal limitations that were used as 
the basis for computer modeling of the thennal dependence of metabolism. The optimal thermal 
range for seedling metabolism was used in the analysis of the patterns and magnitude ofthennal 
stresses. Data visualization techniques were used to qualitatively analyze the thermal environment 
and the predicted thennal stresses on the plant. Alterations in the thermal dependence of a 
seedling enzyme were modeled and demonstrate the utility of such an approach to the alleviation 
of thermal stress. Several management scenarios involving irrigation frequency and row spacing 
were shown to alter the pattern of thermal stresses. 

Introduction 
The effects of temperature on the germination and early growth of cotton seedlings have 

been recognized for many years (Steiner and Jacobson, 1992; Kerby et al., 1989), though in 
regions with short growing seasons, it is often necessary to plant cotton into soils with non
optimal temperatures (Gipson, 1986). Temperature-related delays in seedling emergence increase 
susceptibility to disease and environmental damage and ultimately reduce yield and/or fiber quality 
(Wanjura and Buxton, 1972). In an effort to develop and verify strategies to alleviate thennal 
stress, we have undertaken an analysis of the pattern and magnitude of the thennal stresses on 
cotton seedlings under various management scenarios. 

Soil Temperatures and Management Treatments 
In a previous study Burke and Upchurch ( 1995) investigated the effect of irrigation and 

row spacings on soil temperatures for the 48-day period from May 29th to July 16th (day of year 
149 -197), 1994 in Lubbock, Texas. Soil temperatures were recorded every five seconds and 
stored as 30-minute averages. They established four "management" treatments; rainfed 30 and 
40-inch row spacing and irrigated, 30 and 40-inch row spacing. A detailed description of the 
treatments is found in Burke and Upchurch (1995). In this study we have used these values of 
soil temperatures at 5cm depth to analyze the thermal stresses on cotton seedlings in terms of the 
thermal dependence of their metabolic activity. All soil temperatures referenced in this report 
were measured at a depth of5cm. 

Identification of Optimal Thermal Range 
Figure 1 shows soil temperature in an irrigated treatment with a 40-inch row spacing for 

the 48-day investigation period. In order to define the thermal stresses on cotton seedlings 
exposed to these temperatures it is necessary to define the temperatures that constitute stress in a 
seedling. Hale and Orcutt (1987) defined thermal stress as a thennally-induced transition from 
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optimal to less-than-optimal metabolism. In order to determine the effect ofthennal variation on 
metabolism it is necessary to have some indication of the optimal thermal range, i.e., 
temperature(s) that result in optimal metabolism. Since the enzymes which catalyze metabolic 
reactions are thermally dependent, the thermal dependence of enzyme function has been used as 
an indicator of optimal metabolism. It has been proposed that the thermal dependence of the 
apparent KM of selected enzymes can be used as an indicator of thermal stresses on enzyme
catalyzed metabolic events (Burke et al., 1988; Mahan et al., 1990). A "Thermal Kinetic 
Window" of optimal enzyme function has been defined as the range over which the apparent KM 
varies less than 2-fold from the observed minimum value. More recently estimates of the thermal 
dependence of reaction rate have been proposed as indicators of optimal enzyme function 
(Mahan, 1994). The optimal thermal range based upon the thermal dependence of reaction rate 
has been defined as the range of temperatures over which the reaction velocity is within 33 
percent of its maximum value. 

Malate Synthase as an Indicator of the Thermal Dependence of Seedling Metabolism 
Metabolism in seedlings of cotton involves the conversion of lipid into carbohydrate for 

respiration and growth. The glyoxylate cycle plays a central role in this metabolic conversion, and 
malate synthase (EC 4.1.3.2) is an enzyme that is unique to this pathway. The thennal dependence 
of glyoxylate cycle enzymes has been previously proposed as a source of thennal limitations on 
seedling establishment and emergence (Scholl 1974,1976). Mohapatra et al. (1970) reported that 
thermal limitations on glyoxylate cycle enzyme function were, in part, responsible for diminished 
performance of cotton seedlings in cool soils. In this study we have used the thermal dependence 
of the kllietics of malate synthase activity to estimate the thennal dependence of the reaction rate 
of malate synthase in seedlings. The use of kinetic parameters in the analysis of enzyme thermal 
dependence allows the prediction of the rate of reaction under non-saturating conditions that may 
more accurately describe metabolism in the seedling. 

Prediction of Malate Synthase Activity 
A Michaelis-Menten based kinetic model was used to estimate the thermal dependence of 

malate synthase reaction rate. The program and its use have been previously described by Mahan 
( 1994). Reaction velocity was predicted at one degree intervals over a thermal gradient from 15 
to 45 °C. The predicted reaction velocity was calculated with respect to the thermal dependence 
of the following inputs; maximum velocity (VMAX), apparent KM and substrate concentration (S). 
Values of apparent KM and maximal velocity at 1°C intervals for input into the model were 
obtained by piecewise linear approximation of apparent~ and maximal velocity values at 5 °C 
intervals. The substrate concentration for the reaction velocity predictions was 7.5µ M (the 
minimum KM for glyoxylate). The thermal dependence ofmalate synthase reaction rate as 
predicted from the modeling is shown in Figure 2. The optimal thermal range for malate synthase 
activity derived from this analysis is 26° to 40°C. This optimal thermal range represents the 
range of temperatures at which the activity of malate synthase is within 33 percent of the 
predicted maximum. 

Soil Temperature Compared to Optimal Thermal Range for Cotton Malate Synthase 
Figure 3 shows the pattern of soil temperatures in comparison with the optimal thermal 

range for the malate synthase from cotton seedlings. The pattern of thermal stress evident from 
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this figure shows: 1) occurence of both high and low temperature stresses on the glyoxylate cycle 
metabolism, 2) the amount of time each day within the optimal thermal range increases over the 
period of observation, 3 ) the majority of stressful temperatures are below the optimal thermal 
range with only a small portion of temperatures above the optimal thermal range. In light of the 
patterns observed in this figure, three approaches to the reduction of thermal stress on the plant 
become apparent: 1) alteration of the thermal environment through management procedures (in 
this case irrigation and row spacings), 2) alteration of the planting date to avoid unfavorable 
temperatures and 3) alteration of the optimal thermal range through changes in the thermal 
dependence of plant metabolism. 

Visualizations of Plant/Environment Interactions 
Computer visualizations were used to qualitatively analyze the interactions between the 

plant and the thermal environment. Plant/environment interactions were visualized in the form of 
"landscapes" in which the experimental period is represented by a surface that has dimensions of 
day-of-year by time-of-day on the X and Y axes respectively. In these landscapes a variable of 
interest is overlayed as a color pattern (see Figure 4) and/or elevation (see Figure 5) on the Z axis. 
The li;mdscapes in this study were used in the qualitative analysis of soil temperature for four 
"management treatments" used in this study: 30 and 40 inch row spacings and irrigated and 
rainfed water treatments. 

Figure 4 is a pixel-based landscape showing the pattern of temperatures on a daily basis 
for the 48-day experimental interval. In this image each pixel represents a temperature 
observation with the shading of the pixel indicating the soil temperature. The optimal thermal 
range is indicated by grey, values below the optimal thermal range as white, and temperatures 
above the optimal thermal range as black. This image presents a view of the thermal environment 
for the four management treatments over the 48-day experimental interval. 

Figure 5 is an image of the thermal environment of the seedling in the 40 inch row spacing, 
rainfed treatment for the 48-day experimental interval. The X axis represents day-of-year and the 
Y axis represents time-of-day. Projecting from the surface in the Z axis is the soil temperature at 
each point in time. In addition to being plotted as height on the Z axis, the soil temperature is also 
represented by the color with darker shading indicative of temperatures below the optimal thermal 
range and lighter shades showing temperatures above the optimal thermal range. 

These visualizations of the plant/thermal environment indicate how the pattern and 
magnitude of the thermal stresses experienced by cotton seedlings change with time and 
management treatments. Such images provide for rapid, qualitative analysis of the patterns in 
thermal stresses and how various management treatments alter them. 

The distribution of thermal stresses during the 48-day interval DOY 149-197 is shown in 
Table 1. Temperatures below, within and above the optimal thermal range for malate synthase 
activity are apparent. In general, the irrigated treatments are cooler than the rainfed and 30-inch 
row spacing is cooler than the 40 inch. The differences in temperatures among the treatments do 
not involve major changes in the amount ohime within the optimal thermal range. There was 
variation in the amount of time that temperature was above the optimal thermal range. In general 
the pattern indicates that irrigation reduces the high temperature stresses on the plant while at the 
same time increasing low temperature stress as well. Similarly the rainfed plots experienced less 
low temperature stress but more high temperature stress. 

596 



Planting Date 
Table 2 shows the effect of a one-week delay in plan~ing date on the distribution of 

thermal stress for the two planting dates analyzed (DOY 149-170 and DOY 156-177). The later 
planting date results in an approximately 80 percent increase in time within the optimal thermal 
range and an associated decrease in low temperature stress. The delayed planting also results in a 
small increase in high temperature stress though the percentage of time above the optimal thermal 
range is rather small. Though alterations in planting date have the ability to alter the patterns of 
thermal stress on the seedling, other factors, including season length, soil moisture and germplasm 
characteristics, also limit the feasibility of changes in planting date as a method to reduce thermal 
stress. 

Modification of Optimal Thermal Range for Metabolism 
In order to investigate the potential effect of alterations in the optimal thermal range for 

malate synthase, two alternative optimal thermal ranges were devised. In the "lowered-range" 
scenario the lower limit of the optimal range was reduced from 26°C to 21 °C. In the ''raised
range" scenario the upper limit of the optimal range was raised from 40°C to 45 °C. Table 3 
shows the effects of modified optimal thermal range on the patterns of thermal stress. The 5 °C 
lowering of the optimal thermal range resulted in an approximately 75 percent increase in the 
amount of time within the optimal thermal range. The 5 °C increase in optimal thermal range 
completely eliminated temperatures above the optimal thermal range though in only two percent 
of the time were temperatures above the optimal thermal range before the modification. 

Relative Effects of Low Versus High temperature Stresses 
The results indicate that the management treatments, planting date alterations, and 

modification of the optimal thermal range were all capable of increasing time within the optimal 
thermal range. Since the portion of time above the optimal thermal range was smaller than the 
time below, the relative importance ofreducing low temperatures as compared to reducing high 
temperature stress is open to discussion. The low temperatures in this study would likely result in 
diminished seedling metabolism primarily through kinetic effects (lower temperatures resulting in 
lower reaction rates) that are readily reversible by increasing temperature. Recovery of normal 
metabolism following exposure to moderately low temperatures would be relatively rapid. The 
declines in enzyme activity that result from temperatures in excess of the optimal thermal range 
differ from those at low temperatures in that they may involve physical changes in the structure of 
the enzyme that are not readily reversible. Since physical damage may require time and energy for 
repairs, high temperature stresses may result in an inability to rapidly resume normal metabolism 
following the return to temperatures within the optimal thermal range. In light of these 
considerations, elimination of a very small period of high temperature stress may contribute to 
plant performance in a manner that is not readily apparent from the actual amount of time spent at 
those temperatures. 

Conclusions 
Comparisons between soil temperature and a metabolic indicator of thermal stress provide 

novel insight into the pattern and magnitude of thermal stresses on cotton seedlings on the 
Southern High Plains of Texas. Visualizations of thermal stresses using computer-generated 
plant/environment landscapes are a useful tool for the qualitative analysis of experimental data. 
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While both low and high temperature limitations on malate synthase are possible, temperatures 
below the optimal thermal range represent the vast majority of thermal stresses on the seedling. 
The analyses in this study have demonstrated that row spacing and irrigation :frequency have the 
potential to alter the thermal environment of the seedling to an extent that metabolism could be 
affected. Additionally, changes in the optimal thermal range and planting date can alter the pattern 
of thermal stresses on the seedling. This information may provide further direction and insight 
into efforts to develop strategies and cotton germplasm with increased resistance to thermal stress 
in the seedling stage. 
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Table I. Effect of four management scenarios on the distribution of temperatures below, within 
and above the optimal thermal range for cotton malate synthase. The treatments 
consisted of two irrigation regimes (rainfed and irrigated) and two row spacings ((30 and 
40 inches). Data are for the 48 interval DOY 149-197, 1994. The optimal thermal range 
of26-40°C was predicted from a kinetic analysis ofmalate synthase. Values shown as 

percent of time within a range of temperatures. 

Management 
treatment Below Within Above 

30 Inch 56 35 9 
Rainfed 

30 Inch Irrigated 63 32 5 

40 Inch 56 35 9 
Rainfed 

40 Inch Irrigated 60 33 7 

Table 2. Effect of planting date on the distribution of temperatures below, within and above the 
optimal thermal range for cotton malate synthase. Soil temperatures were analyzed for 
two 21-day intervals, DOY 149-170 and DOY 156-177 in 1994. Soil temperatures at 

5cm depth were monitored on a 30 minute interval in a rainfed treatment with a 40 inch 
row spacing. The optimal thermal range of26-40°C was predicted from a kinetic 
analysis of malate synthase. Values shown as percent of time within a range of 
temperatures. 

Interval 
(DOY) Below Within Above 

149-170 80.2 19.8 0 

156-177 61.6 35.6 2.8 
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Table 3. Distribution of temperatures below, within and above the optimal thermal range for 
cotton malate synthase. Data is from the 48-day period from DOY 149-197 during 
1994. The temperature was measured at 5cm depth on 30 minute interval. The optimal 
thermal range of 26-40 °C was predicted from a kinetic analysis of malate synthase. The 
altered optimal thermal ranges are expansions of the measured range by 5 °C on the 
lower and upper limits. Values shown as percent of time within a range of 
temperatures. 

Optimal thermal range 
(oC) 

Below Within Above 

26-40 56 35 9 
(actual) 

21-40 30 61 9 
(lowered) 

26-45 56 42 2 
(raised) 
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Figure 1. Soil temperature at 5cm depth during the 48-day interval DOY 149-197. Temperatures 
are from a rainfed treatment with a row spacing of 40 inches. 
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Figure 2. Thennal dependence of cotton rnalate synthase as determined by modeling of the 
thermal dependencies of apparent KM and V max· Shaded region indicates the optimal 
thermal range (26-40°C) for reaction rate as the temperatures where velocity is within 
33% of the maximum. 
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Figure 3. Soil temperature at 5cm depth during the 48-day interval DOY 149-197 (see figure 1) 
compared to optimal thennal range for cotton rnalate synthase (26-40 ° C, shaded 
region). Temperatures are from a rainfed treatment with a row spacing of 40 inches. 

601 



20 
>. 

~ 15 

5 

A - Ra inf ed - 30 inch rows 

150 160 170 180 190 

C - Irrigated - 30 inch rows 

I 

150 160 170 180 190 
Day of Year 

50 

40 

30 

20 

50 

40 

30 

20 

20 

>-
~ 15 
0 
(J) 10 
E 
~ 

5 

B - Rainfed - 40 inch rows 

150 160 170 180 190 

D - Irrigated - 40 inch rows 

150 160 170 180 190 
Day of Year 

Soil Temperature at 5cm Depth 

Figure 4. A ''temperature landscape" showing the pattern of temperatures on a daily basis for the 
48-day experimental interval. Temperatures are from four management treatments: A
rainfed, 30 inch row spacing; B-rainfed 40 inch row spacing; C-irrigated, 30 inch row 
spacing; and D-irrigated 40 inch row spacing. The X axis represents day-of-year and 
the Y axis represents time-of-day. Each pixel represents a temperature observation. 
Temperature within the optimal thermal range is indicated by gray, values below the 
optimal thermal range as white, and temperatures above the optimal thermal range as 
black. 
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Figure 5. A ''temperature landscape .. showing the pattern of temperatures at 5cm depth on a daily 
basis for the 48-day experimental interval DOY 149-197 ( 1994 ). The temperatures are 
from the rainfed, 40 inch row spacing treatment. The X axis represents day-of-year and 
the Y axis represents time-of-day. The height on the Z axis is the soil temperature at 
each point in time with shading indicating temperature. 
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PLANT ADAPTATION AND CROP IMPROVEMENT FOR ARID AND SEMIARID 
ENVIRONMENTS 

by 
Jingxian Zhang, Natalya Klueva, and Henry T. Nguyen 

Introduction 
Arid and semiarid areas of the world comprise some 30 percent of the overall land's 

surface (44.7 million sq. km.). They are characterized by annual rainfall of 100-500 mm and 
intense solar irradiation which gives a ratio between annual precipitation and annual potential 
evapotranspiration (aridity index) from 0.05 to 0.5 (World Atlas of Desertification, 1992). 

In arid areas (12.lpercent ofland's surface), with an aridity index between 0.05 and 0.2, 
average annual precipitation is less than 200-300 mm. They are characterized by huge rainfall 
variability. Often the rain is restricted to a short period during the year, or as much as 25-50 
percent of annual rainfall may fall on a single 24-hour period. Due to the lack of water for most of 
the year and the variability of its supply, regular rainfed crop production in arid areas is 
impossible. 

Semiarid areas are characterized by an average annual rainfall of up to 500-800 mm which 
also widely varies from year to year. Although crop production in these areas is possible, it is 
susceptible to rainfall variability. There is huge seasonal variability of temperatures which vary 
from -10°C or even -20°C during winter to 40-50°C in the hottest summer months. 

Water shortage, extreme temperatures, and soil salinization are the major limiting factors, 
in this order of importance, for plant growth and productivity in arid and semiarid regions. In this 
review, we will first address the general physiological and biochemical mechanisms of plants 
adaptation to drought, extreme temperatures, and salinity; then we will discuss specific 
mechanisms of plant survival and productivity in arid and semiarid environments. Finally, based on 
the stress resistance mechanisms, we will propose genetic strategies for improving plant stress 
tolerance. 

Mechanisms of Plant Adaptation to Drought, Extreme Temperatures and Salinity 
Plants growing in arid and semiarid environments routinely encounter drought, hot day 

and cool night temperatures, and salinity during all or part of their growth and development. 
These stresses limit plant growth, development, and productivity through reducing activities of 
various metabolic pathways. In response to these adverse stresses, plants have evolved various 
stress resistance mechanisms. There are several excellent reviews and books covering this area. 
In this review, we broadly classify stress resistance into two categories, stress avoidance and 
stress tolerance. For further information, readers are referred to Blum (1988), Bohnert et al. 
(1995), Boyer (1996), Fukai and Cooper (1995), Levitt (1980), Ludlow (1993), Ludlow and 
Muchow (1990), and McKersie and Leshem (1994) . 

Plant Adaptation to Drought 
Plants undergo significant morphological and metabolic changes in response to drought. 

The adaptations by which plants survive drought can be classified into two major categories: 
drought escape and drought resistance (Table 1 ). 
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Drought Escape 
The most effective method of minimizing the adverse effect of drought is for plants to 

grow during the period of high rainfall and high soil water availability, i.e,. to escape the drought 
period. This is the strategy used by desert annuals, and it is the basis of short-season varieties, 
long exploited by plant breeders in semi-arid and arid environments. A short phenology associated 
with the lack of photoperiod sensitivity, .and developmental plasticity that allows flowering at any 
stage of plant development, both contribute to drought escape. In this sense, crop duration is 
important in determining grain yield because quick-maturing cultivars often escape a terminal 
stress, whereas late-maturing cultivars may be affected by it. Typical examples of drought 
escapers are ephemerals such as California poppy (Eschscholtzia california) that can complete 
their life cycle in a few weeks, or tree crops such as coffee (Coffea arabica) and cacao 
(Theobroma cacao) that flower and fruit after drought followed by rain (Boyer, 1996). 

Drought Resistance 
The adaptations contributing to drought resistance can be subdivided further into three 

groups: drought (dehydration) avoidance, drought (dehydration) tolerance, and drought recovery. 

Drought (Dehydration) Avoidance 
This term is sometimes referred to as drought tolerance at high water potentials. This is a 

mechanism for avoiding lower water status during a drought period. Plants possessing this 
mechanism can be classified into water savers and water spenders. The water savers use water 
conservatively, preserving some in the soil for use late in the life cycle, whereas the water 
spenders aggressively consume water, often using prodigious quantities. Traits such as deep 
roots enhance water uptake and help water spenders survive, and those such as stomata! 
regulation help water savers reduce water loss. For further information on traits contributing to 
dehydration avoidance, readers are referred to the reviews by Ludlow (1993), Ludlow and 
Muchow (1990), O'Toole and Bland (1987), and Subbarao et al. (1995). Example of 
dehydration avoiders are upland rice (Oryza saliva) with deep roots compared to paddy rice, or 
agave (Agave deserti) or saguaro cactus (Carnegiea gigantea), with thick cuticle or fleshy tissue 
(Boyer, 1996). 

Drought (Dehydration) Tolerance 
This is a mechanism by which plants maintain metabolism even at low leaf water 

potentials. There are three main traits that are known to influence drought (dehydration) 
tolerance, i.e. , osmotic adjustment, antioxidant capacity, and desiccation tolerance. 

Osmotic adjustment results from the accumulation of compatible solutes within cells, 
which lowers the osmotic potential and helps maintain turgor of both shoots and roots as plants 
experience water stress. This allows turgor-driven processes such as stomata} opening and 
expansion growth to continue, though at reduced rates, to progressively lower water potentials. 
Of all putative drought resistance traits, osmotic adjustment has been consistently shown to be 
associated with sustained plant production and yield under drought stress in various species such 
as wheat (Triticum aestivum) (Blum and Pnuel, 1990; Morgan, 1995) and sorghum (Sorghum 
bicolor) (Ludlow, 1993). Besides their effects on cellular water content and organelle volume, the 
accumulated compatible solutes could replace water as a solute in biochemical reactions. They 
could also associate with lipids or proteins and thus prevent membrane disintegration, the 
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disassociation of protein complexes, or the inactivation of enzymes (Bohnert and Jensen, 1996). 
Antioxidant capacity is the ability of plants to detoxify active oxygen radicals. Increasing 

evidence suggests that many environmental stresses have their effects directly or indirectly 
through the formation of activated oxygen following impairment of the electron transport system 
(Smirnoff, 1993). Active oxygen species are reactive and potentially damaging, causing lipid 
peroxidation and inactivation of enzymes. A number of physiological disorders in plants is 
associated with the increased production of activated oxygen species resulting from diverse 
environmental stresses such as drought, chilling, and salt (Smirnoff, 1993; Zhang and Kirkham, 
1996). Tolerance of damaging environmental stresses is correlated with an increased antioxidant 
capacity to scavenge or detoxify active oxygen species. Because membrane systems are the 
primary attacking target of free radicals, high radical scavenging capacity is expected to confer 
plants drought resistance. 

Drought recovery in plants is closely related to desiccation tolerance, which is the 
capacity of cells to survive low leaf water status. Desiccation tolerance generally confers plants 
good capacity of recovery upon relief of drought stress. The genetic information for desiccation 
tolerance is expressed in many procaryotes and lower eucaryotes, but only in few higher plants. 
In most higher plants, only seeds can survive for an extended period without water. Although the 
biochemical and physiological basis of desiccation is poorly understood, it is generally believed 
that mechanisms of desiccation are based on membrane behavior (Smirnoff, 1993). Late 
embryogenesis abundant proteins (LEA), which accumulate during the maturation and desiccation 
phases of seed development as well as in vegetative tissues during periods of water deficit, are 
believed to play a structural role as desiccation protectants (Ingram and Bartels, 1996; Bray, 
1993). From the viewpoint of agricultural production, drought recovery is an important 
mechanism when drought occurs early in crop development. For example, some rice genotypes 
are able to produce more tillers upon relief of drought, and these tillers are productive if the 
remaining growing season is long enough to complete grain filling. Recovery of a genotype from 
drought is related to its ability to retain green leaves during that period. 

Plant Adaptation to Heat Stress 
Heat stress is another major factor limiting growth and productivity of wild and cultivated 

plants in arid and semiarid regions. Crops are mesophiles which grow at 15 to 45°C but may 
tolerate temperatures up to 50°C (Brock, 1985). High temperatures can be a major limitation for 
crop productivity in semi-arid regions, especially if a period of hot weather falls on a critical stage 
in crop development such as seedling establishment or flowering stage. Root temperatures, which 
are determined by temperature and properties of the soil, may be more critical than shoot 
temperatures for plant growth and productivity because roots have a lower temperature optimum 
and are less adapted to extreme fluctuations (Nielsen, 1974 after Paulsen, 1994). 

Temperatures around 20°C are considered optimal for most cool season plants such as 
wheat, whereas temperatures of28-30°C are optimal for warm season plants such as cotton and 
cucumber. At the metabolic level, thermal kinetic windows of enzymes as indicators of optimum 
plant performance are in the range of 23.5-32°C for cotton and 17.5-23°C for wheat (Burke, 
1990). With summer daily high temperatures of up to 40-50°C in most arid regions, crops hence 
should experience heat stress for most of their vegetation period. 

Heat necrosis practically does not occur in wild plants growing in their natural desert 
environments (Larcher, 1995). Wild species have developed specific strategies that allow them to 
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counteract heat. Certain plants 'escape' detrimental effects of heat and drought by shortening 
their life cycles. These species, .called ephemerals, do not actually need to develop heat (nor 
drought) adaptation mechanisms (see Section 2.1. l ). 

Similar to the adaptations to drought, plants have two mechanisms of protection against 
heat stress (Blum, 1988; Nguyen, 1994). Heat avoidance is the ability of a plant to maintain its 
temperature not higher than a stress level. Heat avoidance in plants is mainly linked with 
transpirational cooling and with morphological modifications which reduce absorption of radiation 
energy. Transpirational cooling is possible as long as sufficient water is available. It is estimated 
that transpirational cooling allows the leaves of arid land plants to remain 4-10°C cooler than the 
air (Larcher, 1995). A group of plants which takes full advantage of this strategy is so called 
'"water spenders" (see Section 2.1.2.1 . ). They extract soil water through their deep root systems 
and thus avoid drought and heat stresses altogether (Levitt, 1980). Water spenders are typically 
less thermotolerant than so called "water savers" and they grow where sufficient underground 
water is available. 

Some plants do not rely solely on transpiration because they have shallow root systems, or 
there is not enough underground water for them to grow. Reflective surfaces, pubescence of the 
leaves, and ability to turn leaf surfaces are some widespread avoidance features which allow plants' 
to avoid overheating by reducing exposure to the sunlight. Such morphological modifications 
occur in many desert plants. 

Heat tolerance or thermotolerance is the ability of plants to survive a heat stress and 
overcome its consequences. Heat tolerance is associated with cellular mechanisms that facilitate 
the maintenance of essential plant structure and functions when plants are under heat stress 
conditions. Heat disturbs numerous physiological and biochemical processes in plants (Paulsen, 
1994). Once the temperature of the environment raises 10-15°C higher than the optimum 
temperature, disturbances of photosynthesis are among the first indicators of the stress. 
Photosystem II becomes inhibited, after which carbon metabolism becomes imbalanced. If the 
heat stress continues, photosynthesis becomes irreversibly depressed due to the damage to 
chloroplasts which results in the death of the cells. The combination of heat and irradiation has an 
additive effect, since photosystem II is also affected by photoinhibition. 

Several mechanisms have been proposed to be involved in plant thermotolerance (Paulsen, 
1994), such as steady synthesis of DNA, stability of certain enzymes, accumulation of heat shock 
proteins (HSPs ), and thermostability of cellular membranes. Much attention has been recently 
given to heat stress-induced changes in gene expression leading to the production of heat shock 
proteins (Vierling, 1991; Nguyen, 1994 ). Heat shock protein synthesis has been widely 
hypothesized to be a major factor of cell thermotolerance (Howarth and Ougharn, 1993 ). Heat 
shock proteins are present in plants under actual field conditions and persist under diurnal 
temperature treatments (Nguyen et al., 1994). In many cases, induced expression ofHSPs in 
plants correlates with the development of the thermotolerant state (O'Connel, 1994). Positive 
associations have been found between genotypic differences in heat tolerance and HSP production 
in several crops (Ougham and Stoddard, 1986; Howarth, 1989; Moisyadi and Harrington, 1989; 
Krishnan et al., 1989; Jorgensen et al. , 1992). Recently we showed a positive genetic linkage 
between acquired thermotolerance and an expression of a member ofHSP26 family in wheat 
(Joshi et al., 1996). However, more work needs to be done to precisely determine the role of 
HSPs in plant thermotolerance. 

Thermostability of cellular membranes has been proposed to be another major mechanism 
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ofthermotolerance (McKersie and Leshem, 1994). Under heat stress, plants tailor their 
membranes to maintain optimum membrane fluidity and microviscosity in order to adapt to heat 
stress. In response to heat stress, membrane phospholipases are activated, leading to 
reconstituting membrane phospholipids to adapt to heat stress (McKersie and Leshem, 1994). 

Plant Adaptation to Chilling Stress 
Chilling injury occurs in sensitive species at temperatures that are too low for normal 

growth but not low enough for ice to form. Plants survive chilling temperatures via either chilling 
avoidance or chilling tolerance mechanisms. Most higher plants use the latter strategy to protect 
themselves against chilling. Only a few plants such as skunk cabbage avoid chilling stress by 
generating heat through metabolism. 

Membranes are the primary site of chilling injury. The most widely accepted chilling 
resistance mechanism is the hypothesis of membrane phase transition proposed by Lyons (1973). 
Under chilling conditions, chilling resistant species have a better ability to increase the proportion 

of unsaturated lipids than chilling sensitive species. Increases in ratio of unsaturated lipid to 
saturated lipids lower the temperature at which the membrane lipids begin a gradual phase change 
from fluid to semicrystalline and thereby provides some protection against damage from chilling. 
Since production of toxic active oxygen species is a common phenomenon under stress 
conditions, we propose another chilling resistance mechanism, i.e., antioxidant capacity 
hypothesis, as the case in drought resistance. Chilling resistant species and genotypes usually 
have higher antioxidant capacity to detoxify active oxygen than chilling sensitive species and 
genotypes (Zhang et al., 1995). 

Plant Adaptation to Salinity 
Adverse effects of salinity on plants arise from either osmotic effects or ionic effects of 

salts or both. Correspondingly, plants have resistance mechanisms against these two kinds of 
damage. 

Salt avoidance is a mechanism by which plants avoid salts stress by ion exclusion and 
extrusion. Plants possessing the mechanism of excluding salt have the ability to restrict the uptake 
of salts into roots. This is achieved by maintaining impermeability of roots to salts. Salt extrusion 
can occur through salt glands on leaves or leaf petioles. This is a feature of many non-cultivated 
plants and is rarely encountered in major cultivated crops. Salt extrusion can also occur via 
membrane channel and pumps, i.e., internal translocation of ions into vacuoles and prevention of 
buildup of nocuous concentration. 

Salt tolerance is a mechanism by which plants protect themselves via osmotic adjustment 
and antioxidant capacity since salinity induces water deficit via its osmotic effect and production 
of active oxygen species. These two mechanisms have been discussed in detail in the drought 
tolerance section above. 

Multiple Stress Tolerance Mechanisms 
It is difficult or impossible to separate the effects of high temperature and water stress in 

actual arid land surroundings. High temperature and reduced water supply often occur 
simultaneously and have more than a simple additive damaging effect upon plants (Ort and Boyer, 
1985). Salinity in soils often develops in the irrigated fields in the arid and semiarid regions where 
it accompanies heat and drought stresses. In plants, adaptations that reduce water stress and 
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improve water use efficiency may also reduce high temperature stress, and vice versa (Ritchie, 
1980). For example, pubescence on leaves reduces stress effects of both drought and heat in wild 
plants. 

The common feature of stresses such as drought, salinity, low and high temperatures is 
that they all cause cellular water deficit. Therefore, we expect that plants must possess some 
common protective mechanisms against them. These mechanisms may include osmotic adjustment 
and antioxidant capacity. The fact that transgenic plants expressing either osmolytes or enzymatic 
antioxidants (see discussio~ below) exhibit increased cross resistance supports this inference. 

It should be emphasized that the categories of adaptation are not mutually exclusive 
because one kind of plant can possess more than one category of adaptation. For example, some 
varieties of sorghum exhibit early maturity, and sorghum is generally possesses extensive root 
systems and some degree of dehydration tolerance. One of the major problems in the field of 
stress physiology is to determine what adaptations are most important in respect to the survival of 
plants of particular kinds in specific habitats. 

Survival Versus Productivity - Strategies of Wild Species and Crops in Arid and Semiarid 
Environments 

The main problems encountered by both wild species and cultivated plants in arid and 
semi-arid environments are lack of water, high temperatures, and soil salinization. Wild species 
native to desert environments have evolved an array of extremely efficient defense or escape 
mechanisms to combat these environmental constraints (see discussion earlier). These mechanisms 
allow the wild vegetation to survive and spread even in extreme deserts where rainfall is almost 
non-existent. 

A minimum precipitation level required for plant growth lies somewhere between 25 and 
75 mm (Noy-Meir, 1973), whereas a minimwn annual rainfall level for producing a crop is 
estimated to be 250-500 mm (Amon and Gupta, 1995). The gap is the amount of water which is 
necessary for a plant not only to "survive" but also to "produce", i. e., fulfil human requirement 
for yield. While a 100 mm annual rainfall may be enough for a plant to survive throughout the 
season and even produce several seeds, it is by far not sufficient to ensure a crop yield. When 
placed under severe environmental stress, like a long-term drought, plants switch to operation in a 
survival rather than a production mode. The aim of breeders, hence, would be to extend the limits 
of the "production" zone towards a drier environment by manipulating the crop's ability to 
tolerate stress. 

Many crop species have evolved from natural ecosystems of arid and semi-arid regions 
and their wild relatives still exist there. We believe that among the wild vegetation there are 
valuable yet unexploited adaptations to arid environments which could be used for genetic 
improvement of crop plants. It is suggested that overall plant productivity in arid and semi-arid 
regions ca.ii be considered a function of total transpiration, water use efficiency , and the 
partitioning of assimilates (Fisher and Turner, 1978). Hence, stress resistance of these 
productivity parameters in the wild species would be of interest to consider in the selection of 
potentially valuable germplasms for plant breeders. Unfortunately, not much research towards this 
has been done so far. 
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Genetic Strategies for Improving Crop Stress Resistance 
In this section, we will briefly compare conventional breeding and biotechnology as two 

approaches to improve crop stress resistance. Although our discussion mainly focuses on 
drought resistance, the principles mentioned can apply to other stresses as well. 

Conventional Crop Breeding 

Adaptation and Target Environment 
The environment under which plants are grown will affect the expression of certain 

morphological and physiological traits, and thus the ease with which they can be selected. A key 
question in genetic improvement of yield under drought stress is how to choose environments to 
evaluate and identify genotypes that yield well under drought. To answer this question, 
information on target environments and genotype adaptation must be considered. 

Plants which give high yields under watered conditions generally give very low yields 
under drought stress, whereas some low-yielding plants will give almost as much harvest under 
drought as under watered conditions. This is known as the crossover effect in 
genotype-by-environment interaction (Ceccarelli, 1989, 1994). If a genotype's yield is quite stable 
across various environments and always higher than other genotypes under a given range of 
drought stress, this genotype may be classified as the widely adapted genotype. In contrast, the 
genotype that has higher yields than most other genotypes· only under drought stress may be 
classified as the specifically adapted genotype. The crossover has been found in a number of 
crops and environments (Ceccarelli, 1994). The actual value where the crossover occurs changes 
depending on the crops, the genotypes, and the environment. The existence of the crossover 
phenomenon indicates that genotypes selected under optimum moisture regimes do not perform 
well under drought stress, and vice versa. Thus, plant breeders face a dilemma in selecting the 
right genotypes for every environment. 

Characterization of the drought environment of the target production region is a first and 
crucial step in undertaking a genetic improvement program aimed at improving yield and yield 
stability in drought-prone environments. Many types of drought exist, which complicates choosing 
an environment for evaluating genotypes. In arid and semiarid areas, drought can be classified into 
two major types. In the first type of drought, plants must rely completely on water accumulated in 
soil during a previous wet period. The beginning, duration, and degree of a developing stress are 
known with reasonable precision, hence breeding efforts can be based on clear-cut premises. The 
second type of drought is one in which crops are grown during that part of the year when rainfall 
is expected to occur. The amount and periodicity of precipitation are rather erratic, however, 
which creates different drought stress situations during different years and makes breeding work 
more difficult. 

Strategy 
Several breeding strategies have been suggested for identifying genotypes that will be 

high yielding under drought (Blum, 1988; Calhoun et al., 1994; Ceccarelli et al., 1991). The first 
strategy is to select genotypes under optimum conditions, where genetic differences are 
maximized. The second strategy is to select genotypes in the target environment in which they will 
ultimately be produced. Another alternative strategy is to evaluate genotypes simultaneously 
under near-optimum conditions and drought conditions, with selection of those genotypes that 
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perform well in both environments. 
It is impossible to make a firm recommendation of a strategy for breeding for drought 

resistance that will apply to all crops and environmental conditions. Based on the above 
discussion regarding the crossover effect, we can see that each strategy has its merits and 
drawbacks, but obviously the choice depends to a large extent on genotype adaptation and the 
type of environment for which the crop is intended. 

Correspondingly, breeding strategies should be adapted to the particular circumstances. 
For type I drought, because the only water source is from soil, direct selection for specific 
adaptation has to be made under drought stress. In this case, extensive root systems, which help 
plants to take up water from deep soil, are preferable if the amount and location of stored soil 
water is more than what crops need. However, if the amount of stored water is barely enough for 
crop growth, a more restricted system plus other water saving characteristics, which conserves 
water for late-season use, is preferable. For type II drought with its unpredictable property, 
simultaneous selection for yield potential and drought response should be considered. Evaluation 
and selection under optimum water regimes can take advantage of high heritability of yield and 
improve yield potential. Because yield improvement under stress can not be sustained by 
improving yield potential alone (Blum, 1988), direct selection should also be conducted to ensure 
the preservation of alleles for drought resistance. Success by adopting this strategy has been 
reported in breeding for wheat (Calhoun et al., 1994) and oat (Avena saliva) (Langer et al., 
1979). 

To improve yield stability, we should also consider the architecture of the genotype for 
type II drought environment. As suggested by Ceccarelli et al. ( 1991 ), there are two major 
genetic mechanisms promoting yield stability, i.e., individual buffering and population buffering. 
Individual buffering is largely a property ofheterozygotes. Since modern varieties of cereal crops 
such as wheat and barley (Hordeum vulgare) are mostly pure lines, they must rely on individual 
buffering to be stable. Population buffering is a mechanism of stability associated with genetic 
heterogeneity. Varieties made up of a number of genotypes are well buffered (stable) because 
each member of the population is best adapted to slightly different conditions than other members 
of the population. The stability of the individuals is sacrificed to maximize the stability of the 
population. Long-term and sustainable improvements of yield stability should probably be based 
on population buffering as achievable with mixtures of genotypes, as occurs in landraces. 

Selection Criteria 
Selection for drought resistance under drought can take two forms, either direct selection 

for the drought resistance mechanisms or indirect selection for drought resistance through 
selection for yield. Indirect selection for drought resistance through selection for yield under 
drought is advocated on the basis of the premise that superior yield under such conditions must be 
a result of superior drought resistance. However, this premise is not always true. For the direct 
selection for drought resistance, many morphological, physiological, and biochemical traits have 
been proposed as indirect selection criteria to improve yield under stress. These traits include 
osmotic adjustment in sorghum (Blum, 1988; Ludlow, 1993; Ludlow et al. , 1990) and wheat 
(Morgan, 1992, 1995), reduced xylem vessel size in seminal roots of wheat (Richards and 
Passioura, 1981 ), leaf water retention of excised leaves in durum (Tri ti cum turgidum) (Clarke and 
Townley-Smith, 1986), and abscisic acid (ABA) accumulation in spring wheat (Quarrie, 1981). 
Because yield formation is a complex process, it is hard to judge which trait plays a more 
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important role than the other traits. Evidence suggests that, when environmental variability is 
high due to unpredictable differences in frequency, timing, and severity of various climatic 
stresses, each time different combinations of several traits are likely to confer drought resistance 
(Ceccarelli et al., 1991 ) . 

Biotechnology 
Biotechnology represents the most promising way to increase stress resistance of plants. 

There are many different aspects as to how agriculture can benefit from biotechnological 
processes. Here, we will discuss only marker-assisted selection (MAS), map-based cloning of 
genes, and genetic engineering of stress tolerance, because these three aspects are closely relevant 
to stress tolerance improvement. 

Marker-assisted Selection 
With the advent of DNA-based markers, highly saturated genetic linkage maps composed 

of various DNA markers for major crops have been constructed (Phillips and Vasil, 1994). These 
maps can serve many diverse purposes, including MAS, gene tagging, map-based cloning of 
genes, etc. (Lee, 1995; Paterson et al., 1991). 

Although many traits (most of them are quantitative traits) has been proposed as selection 
criteria to improve stress tolerance (see the above discussion), adoption of these traits in breeding 
programs have been slow because screening for these traits requires complex measurement 
procedures and is time-consuming and expensive. Furthermore, phenotypic measurements of 
these traits are prone to problems of repeatability due to environmental variability. It is our 
expectation that molecular markers can pave the way towards incorporation of these traits as 
selection criteria. 

In order to develop MAS strategy, a high resolution genetic linkage map between DNA 
markers such as RFLPs (restriction fragment length polymorphisms) and AFLPs (amplified 
fragment length polymorphisms) and traits of interest such as osmotic adjustment and root 
penetration ability has to be constructed. This can be achieved through parallel analysis of genetic 
DNA-based markers and phenotypic data in a certain population containing traits of interest. 
Once markers tightly linked to the traits are found, indirect selection of traits can be based on the 
marker genotype. Because of this, MAS becomes an extremely powerful tool to aid in the 
selection of traits traditionally difficuh to select and to efficiently select many traits 
simultaneously. Furthermore, it directly selects for the genotype, rather than the phenotype, thus 
eliminating variation caused by environments. MAS also allows early stage selection to be carried 
out since the genetic pattern does not change during plant development. 

Marker-assisted selection offers a great opportunity to incorporate specific drought 
resistance traits (such as osmotic adjustment and root penetration ability) into new improved 
varieties because conventional screening techniques for these traits are too time-consuming. 
Currently, research is being conducted in our laboratory to look for DNA-based markers tightly 
linked to drought tolerance traits such as root penetration ability and osmotic adjustment in rice 
and sorghum. Furthermore, once the maps are constructed, we will develop near-isogenic lines 
via marker-assisted backcrossing. By using near-isogenic lines, we can conduct cause and effect 
research on the role of specific physiological mechanisms such as osmotic adjustment in drought 
resistance. Such a question can not be answered by the traditional plant physiological research 
method. 
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Map-based Cloning of Genes 
Transformation systems for many crop plants are being developed, but one of the main 

limitations of this technique is a lack of useful genes for transformation. Most genes for valuable 
agronomic traits such as drought tolerance have not been cloned, and thus are not available for 
transformation. In addition, there is so little known about the mode of action of genes of 
agronomic importance. It seems unlikely that many of these genes could be cloned by 
conventional cloning protocols that depend on having the product of the gene to use as a probe to 
screen genomic or cDNA libraries. 

The most general way of cloning genes without any knowledge of their products is 
map-based cloning because any gene which can be genetically mapped can theoretically be cloned 
by this method. Once the genes of interest such as osmotic adjustment are isolated, they can be 
engineered into drought sensitive, but high yielding genotypes to improve drought tolerance 

Genetic Engineering 
New emerging gene transfer technologies have enormous potential for plant improvement 

through introducing foreign genes in plant cells or tissue. Theoretically, a gene from any source 
can be transferred to plants if it can be cloned, transformed, and expressed, and if the transformed 
tissue can be regenerated into a plant. This is a powerful and specific approach to introduce 
particular traits. 

Based on the above discussion on plant adaptation to various stresses, we suggest that the 
logical targets for improving stress resistance should be: (1) engineering increased content of 
osmolytes; (2) expressing antioxidant enzymes to increase active oxygen scavenging capacity; (3) 
expressing late embryogenesis-abundant protein genes to increase desiccation tolerance. 

Compatible compounds accumulated in plants in response to dry, saline, and low 
temperature conditions include amino acids, sugars, and quaternary amines. Because of their 
unique functions (osmoprotection and osmotic adjustments) in stressed plants, some of these 
compounds have been genetically manipulated to improve stress tolerance. Genes encoding for 
synthesizing pro line (Kishor et al., 1995), trehalose (Holmstrom et al., 1996 ), fructan (Pilon-Smits 
et al., 1995), mannitol (Tarczynski et al., 1993), and glycine betaine (Holmstrom, 1994; Ishitani et 
al., 1995; Lilius et al, 1996; Rathinasabathi et al., 1994; Sakamoto et al.,1996) have been 
introduced into tobacco (Nicotiana tabacum), rice, and barley plants. These transgenic plants 
with increased production of individual compatible compounds show some degree of resistance to 
osmotic stress. 

What makes the engineering of antioxidant enzymes particularly attractive is the fact that 
oxidative damage is a general consequence of environmental adversity. Improving the protection 
system of plants against oxidative stress could therefore be of benefit in a number of unrelated 
stress conditions. Expression of one key enzyme in the defense system such as superoxide 
dismutase (SOD), ascorbate peroxidase (AP), or glutathione reductase (GR) has been reported in 
tobacco (Aono et al., 1991, 1993; Pitcher et al.,1994; Schake et al., 1995; Sen Gupta et al.,1993; 
Tepperman and Dunsmuir, 1990; Webb and Allen (1995), potato (So/anum tuberosum) (Perl et 
al., 1993), tomato (Lycopersicon esculentum) (Tepperman and Dunsmuir, 1990) , and alfalfa 
(Medicago sativa) (McKersie and Leshem, 1996). However, resistance to oxidative stress, 
chilling temperature, drought, and photoinhibition stress in these transgenic plants are not 
consistent, presumably because of the need for a balanced interaction of protective enzymes. 
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Transgenic tobacco plants with enhanced cytosolic activities of both GR and SOD exhibited 
further increased tolerance to paraquat than tansgenic plants with GR or SOD alone (Aono et al., 
1995), suggesting the efficiency of manipulating more than one gene in improving resistance of 
plants to photooxidative stress. 

Late embryogenesis abundant proteins are another target which can be manipulated to 
improve stress tolerance. Transgenic rice plants which express a late embryogenesis-abundant 
protein gene HV Al from barley maintained higher growth rates than nontransformed control 
plants under both water-deficit and salt-stress conditions. (Xu et al., 1996). The extent of stress 
tolerance correlated with the level ofHV Al protein accumulation. However, separate ectopic 
expression of three different representatives of LEA in tobacco did not yield an obvious 
drought-tolerant phenotype (I'turriaga et al., 1992). 

Perspectives 
In response to abiotic stresses, plants integrate processes from molecular to biochemical 

to cellular to whole plant levels. In our study of stress tolerance, we are challenged to do the 
same. The difficulty with developing stress tolerance genotypes arises not only from the 
polygenic and quantitative traits of stress tolerance per se, but also from the complications that 
any single stress discussed earlier such as drought rarely occurs individually and is usually 
accompanied by other stresses such as high temperature and salt. 

The promising strategy for improving stress tolerance in crop species lies in molecular 
technology, which allows us to tag and isolate genes of stress tolerance, to express them in 
transgenic plants thereby altering plants' phenotypes (stress tolerance), and to improve efficiency 
of breeding for stress tolerance via MAS. 

Expression of genes regulating osmolytes, antioxidant enzymes, or dehydrins in transgenic 
plants confers on plants some stress protection. However, the results are not always consistent, 
even conflicting. This may be ascribed to the differences in stress tolerance assay. To clear this 
controversy, comprehensive physiological and biochemical testing of transgenic plants under 
stress conditions is needed. 

One of the most critical issues in assessing and manipulating genes for plant tolerance to 
stress is the question of how much the gene introduced contributes to stress tolerance at the 
whole plant level. This is a critical question when a biological trait is incorporated into an 
economical crop. A certain mechanism of tolerance may be biologically and statistically most 
significant, while on the applied level its contribution can be trivial (Blum, 1993). Therefore, 
further comprehensive experiments with the participation of various disciplines of physiology, 
biochemistry, and molecular biology are needed to evaluate transgenic plants at different plant 
levels and to determine if the improved stress tolerance would be enough to be applicable to 
agriculture. It is anticipated that multiple gene transfer will be required to achieve useful level of 
abiotic stress tolerance (Bohnert and Jensen, 1996). 
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Table 1. Adaptations of plants to drought. 

Response 

Drought escape 

Drought resistance mechanisms 
Drought (dehydration) avoidance 

Drought (dehydration) tolerance 

Drought recovery 

Adaptation Mechanisms 

Short life cycle 
Developmental plasticity 

Enhanced water uptake (e.g. deep root systems) 
Reduced water loss (e.g. stomatal regulation) 

Osmotic adjustment 
Antioxidant capacity 

Desiccation tolerance 
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Abstract 

SUSTAINABLE CROPPING SYSTEMS FOR 
THE SOUTHERN GREAT PLAINS OF TEXAS 

by 
Dick L. Auld 

The development of sustainable agricultural production systems for the semiarid areas of 
the Southern Great Plains of Texas will require site specific land utilization; development of high 
value cash crops; and optimization of both limited precipitation and declining supplies of irrigation 
water available for crop production Minor changes in the slope and aspect of specific sites can 
have a major impact on the soil type, water storage capacity and potential productivity of the 
seemingly homogenous Llano Estacado. Within a single farm there are sites which can support 
row crop production while other sites are best left in perennial forage crops. Development of site 
specific, crop production practices will allow limited water resources to be targeted to high value 
cash crops. These cash crops need to bring premium prices in niche markets to optimize 
profitability of crop production across this region Several cash crops need to be developed for 
highly diversified markets to ensure economic stability and prevent overproduction from reducing 
crop prices. There is also a critical need to develop crop production practices, irrigation systems, 
and climatic models that allow optimization of limited water resource under both dryland and 
irrigated conditions. With significant progress in these three objectives, the Southern Great Plains 
of Texas can support an economically viable and productive agricultural industry for the next 
several decades. 

Introduction 

Climate and Geography 
The Southern High Plains of Texas is one of the largest crop production areas in the 

world. This 166,251 km2 area is located between 99° and 103 ° W longitude and 32° and 36° N 
latitude (Peterson, 1995). Ahitude of the region ranges from less than 350 min the eastern edge 
to over 1200 min the extreme NW comer of the state of Texas. The photoperiod in this region 
ranges from approximately 9.75 hr at the winter solstice to 14.5 hrs at the summer solstice. The 
area is divided into 67 counties and crop statistics from the region are grouped in four districts 
(IN, IS, 2N and 2S) by the Texas Department of Agriculture. 

The population of the Southern High Plains of Texas is approximately 1.3 million ( 1990 
Census). The four major metropolitan areas have nearly 650,000 inhabitants and are located 
approximately 200 km apart (125 miles). There are ten small cities or towns (populations from 
10,000 to 25,000) with a total of 150,000 inhabitants. These towns are located approximately 70 
km (45 miles) apart. The remaining 400,000 citizens of this region are located in small towns or 
on rural fimnsteads. The citizens of this region take much pride in their ranching and farming 
heritages and are aware of the need to maintain a viable agricuhmal industry. The current 
Conservation Reserve Program (CRP) significantly reduced the number of farmers in rural areas 
of West Texas. In many counties, populations are now at the lowest levels of any time during the 
past century. Consequently, there is a shortage of farmers and equipment to fully cultivate all of 
the arable acres using existing technology. 

The climate and weather of the Southern High Plains of Texas is extremely variable. 
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Thirty year averages (1960-1991) at each of the four major metropolitan areas demonstrate the 
extent of this variation (Table 1). Total annual precipitation ranges from 380 mm (15 inches) at 
Midland to 620 mm (24.4 inches) at Abilene. Precipitation drops approximately 6.25 mm for 
each 10 km (one inch for each 25 miles) from east to west across the region (Haragan, 1978). 
Amarillo has the lowest average temperature (l4°C) (57°C) and Abilene has the wannest average 
temperature (l8 °C) (64 °C) (NOAA). Temperature is influenced by both latitude and altitude in 
this region. 

The climate is considered semiarid since potential evaporation exceeds precipitation in all 
months of the year. Generally, the winters are dryer than the summer months. Year to year 
variation in total precipitation can vary greatly. Historical records from 1911 to 1995 for average 
total annual precipitation at Amarillo and Lubbock demonstrated the extent of this variation 
(Figure 1). Approximately every 20 years, significant and prolonged drought conditions occurred 
on the Southern Great Plains of Texas. The drought of 1953-57 was one of the most severe 
droughts to occur during this century. Any successful plan to improve the sustainability of 
agriculture in this region must deal with these cyclic droughts. 

Drought does not pose the only weather threat to crop production on the Southern High 
Plains of Texas. Blowing dust, severe drops in temperature, downbursts and outflow winds from 
thunderstorms, hail, tornadoes and torrential rains from tropical storms cause significant crop 
damage across the region each year (Peterson, 1995). These factors combine to make agricultural 
production in this region very risky. 

Land and Water Resources 
The Southern Great Plains of Texas has over 166,250 km2 (64,140 square miles) of total 

land area. Over 50 percent of this area, 8.85 million ha (21.8 million acres), is utilized as range 
and pasture land. There are slightly over 5 million ha (12.4 million acres) ofrainfed cropland of 
which (2.1 million hectares, 3.6 million acres) were in the Conservation Reserve Program as 
perennial grass cover. Approximately 12 percent of the land area 2.1 million ha (5. l million 
acres) were being utilized as irrigated cropland. These agricultural lands support over 65,700 
ranch and farm operations. 

The major source of irrigation and urban water on the Southern Great Plains of Texas is 
the Ogallala aquifer (Peckham and Ashworth, 1993). This aquifer has only very limited recharge 
from the 20,000 playa basins which dot the surface of the region. Large scale irrigation was 
initiated in 1940 and, by 1980, water levels in the aquifer had dropped over 30 m (100 ft) in many 
areas. Surveys in 1996 indicate that most agricultural producers are lifting water for irrigation 
from 15 to 105 m (50 to 350 ft) (Wyatt, 1996). Approximately 6.2 billion m3 of water are drawn 
from the Ogallala on an annual basis. The aquifer contains an estimated 514 billion m3 of 
recoverable water which would indicate a life span of approximately 80 years. However, because 
of the high variation in residual water at any individual location, the specific life span may range 
from 0 to 400 years. In fact, many areas south of Lubbock, TX have already exhausted available 
water reserves from this aquifer. This indicates that over time the amount of area producing 
crops under rainfed conditions will continue to increase as irrigation across the region declines. 
Growers with declining water supplies are facing the decision to fully irrigate a smaller area or use 
the available water as supplemental irrigation across a larger production area. As the aquifer is 
exhausted, inevitable conflicts between urban and agricultural users of this valuable resource will 
mcrease. Historically, in the United States, urban interests have always dominated in allocation of 
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water resources. 
The soils of the Southern Great Plains of Texas were formed from wind deposited 

sediments from erosion of the southern Rocky Mountains. Generally, from the southwest to the 
northeast, the soil texture becomes more fine, soil organic matter increases, total soil depth 
increases and fertility of the soil increases (Table 2). An exception to this is the Randall clays 
which form in the bottom of the playa lakes. Soil depth and organic matter content are indicative 
of the ability of soil to sustain long term crop production. Addition of organic matter from the 
region's animal production industry provide an ideal mechanism to improve the physical and 
chemical characteristics of these soils. 

Crop Production 
In 1994, over 97 percent of the total crop production on the Southern High Plains of 

Texas was dedicated to four crops: cotton, wheat, corn, and sorghum (Table 3). The 1.7 million 
ha ( 4.2 million acres) of upland cotton produced 3.6 million bales and generated $1.2 billion of 
farm income. Wheat was grown on 1.7 million ha (4.2 million acres). Nearly 60 percent of this 
wheat was used exclusively for forage. The remaining 40 percent of the wheat produced S 1 
million bushels which generated $165 million of farm income. The 392,000 ha (968,000 acres) of 
irrigated corn produced 144 million bushels which generated $367 million of farm income. 
Sorghum was grown on 356,000 ha (880,000 acres) and produced 22 million cwt of grain which 
generated $81 million of farm income. Many of the smaller acreage crops grown in the region 
produced high value crop commodities. Peanuts, sugarbeets, vegetables and watermelons helped 
bring total crop revenue for the region to over $2.2 billion for 1994. However, there is a 
continuing need for high value crop commodities to justify the utilization of the finite water 
resources of this region. 

Sustainable Cropping Systems 
Competition between different production regions worldwide will tend to continue to 

depress prices paid for major crop commodities such as wheat, corn, feed grains and major 
livestock commodities. The long term solution to this dilemma lies in research to develop 
economically competitive dryland production systems for these crops. This will require the size of 
individual farms to increase to ensure more efficient crop production. Early in the next century, 
the Southern Great Plains of Texas must establish itself as the most efficient producer of selected 
major crop and livestock commodities to ensure continued global competitiveness. Introduction 
of relatively low acreage but high level, niche-market crops could also help stabilize agricultural 
income across the region. Production and marketing of high value niche market crops will 
require an intensive level of management which will be difficult to achieve. Declining 
governmental controls will increase fluctuations in farm income but should eventually allow those 
farmers and ranchers who survive to become more independent and profitable. However, in the 
short term, land lease rates and land values could significantly decline across the Southern Great 
Plains of Texas. 

Current Research Efforts 
Dr. Vivien Allen, Thornton Distinguished Professor at Texas Tech University, is leading 

an interdisciplinary research team that will enhance our efforts in the Southern Great Plains of 
Texas to develop sustainable production systems. When fully implemented by area growers, this 
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technology will reduce chemical inputs, protect environmental quality and optimize economic 
viability of the agricultural industry of this area. However, developing sustainable practices for 
areas with less than 500 mm (20 inches) of annual precipitation and large daily and seasonal 
variation in temperatures and precipitation will be extremely different. 

Texas Tech University also has several programs that are attempting to develop high value 
crop commodities from plant species native to the Texas South Plains. One of these programs has 
systematically collected primrose (Oenothera spp.) and evaluated the seed oil for content of 
gamma linolenic acid. This 18 carbon tatty acid has several unique pharmaceutical and cosmetic 
applications that would allow it to be grown on a small area as a very high value crop. 
Buffitlograss (Buchloe dactyloides) germplasm lines have also been systematically collected and 
evaluated for forage and turfgrass potential. Higher yielding, drought tolerant forage crops will 
play a significant role as over a million hectares are returned to perennial grass cover over the 
next several decades. A third research project has collected native species of grapes (Vitis spp.) 
for molecular DNA analysis. These grape species may improve the cold tolerance of the varietal 
grapes grown in the region. These efforts represent a unique opportunity to exploit plant species 
indigenous to this semiarid region. 
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Table 1. Average (1961-90) climatic factors at four metropolitan areas located across the 
Southern Great Plains of Texas. 

Annual Precipitation Average Annual Temperature 
Location Elevation Total Snowfall Average Maximum 

Minimum 
---m---- ----------IDill---------- ------------------oC:-------------

Amarillo 
Lubbock 

Midland 
Abilene 

1100 
985 

870 
533 

495 
475 

380 
620 

430 
280 

120 
147 

14 
16 

17 
18 

42 
43 

44 
44 

Table 2. C:haracteristics of four soils typical of the Southern Great Plains of Texas. 

Soil Series 

Pullman 

Amarillo 

Brownfield 

Randall 

Description 

Torrertic, Paleustolls, fine, 
mixed, thermic; 
dark grayish brown clay loam 

Aridic, Paleustallf, fine-loamy, 
mixed thermic . 
brown fine sandy loam 

Arenic Aridic Paleustalfs, loamy 
mixed, thermic . 
brown & light brown fine sand 

Ustic Epiaquerts, Fine, 
.Montmorillonitic, thermic · 
very dark brown clay 

Soil Depth Organic 
Surf ace Subsoil Matter Sand 
----------cm-------- --------0/o--------

15 <194 1.0-3.0 30-40 

28 <244 0.5-1 .0 10·80 

65 <200 0.1-0.5 75-85 

15 <200 0.5-2.0 6-15 

Data provided by Natural Resource Conservation Service at Lubbock, TX. 
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Table 3. Area dedicated to dryland and irrigated production of row crops on the Southern Great 
Plains of Texas (TOA Districts lN, lS, 2N and 2S during 1994 and the 1991-1994 
average. 

1994 Average 
Crop Drvland Irrigated Total 1991-1994 

--------1.000 ha---·-·-············-···· 

Collon 991.0 713.0 1,704.0 1,750.5 
Wheal 1,347.0 334.0 1,681.0 1,766.8 
Com 0.8 391 .1 392.0 338.9 
Sorghum 227.2 129.2 356.4 548.6 

Peanuts 3.6 37 3 40.9 41.8 
Oats NIA NIA 32.0 36.3 
Com Silage 0.0 15.0 15.0 13.0 
Sugarbeet 0 .0 10.0 10.3 14.9 

Soybeans 0.9 8.4 9.3 31 .9 
Sunnowers NIA NIA 6.4 10.3 
Watermelon 4.5 4.5 5.4 
Barley NIA NIA 3.1 4.2 

Potatoes 0.0 3.0 3.0 3.o· 
Onion 0.0 0.8 0.8 o.9· 
Cabbage 0.0 0 .7 0 .7 0.3• 
Bell Peppers 0.0 0.3 0.3 0.1· 

Total 2,5700.5 1,647.6 4,259.6 4,566.9 

Anonymous. 1994. Texas Agricultural Statistics. Texas Agricultural Statistics Service. 
Austin, TX. 

Anonymous. 1992. Texas Agricultural Statistics. Texas Agricultural Statistics Service, 
Austin. TX. • :~son vegetables and watermelons renec:t 1992, 1993tand 1994 production 

lnehea of Precipitation 
40,--~~~~~~~~~~~~~~~~~~~~~~~~-

30 

20 .. 

10 

Ave. 19.5 in 

D D D D D 

1930 1940 19 0 1980 1970 1980 1990 

Ave. Amarillo & Lubbock 1911-1995 

Figure 1. Average total precipitation at Lubbock and Amarillo, Texas, during the period of 1911 
to 1995. (National Weather Service). D=periods of drought. 
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Introduction 

RAISING PRODUCTIVITY OF THE SALINE DESERT SOIL 
by 

V.J. Patel 

In Gujarat, temperatures have been steadily rising over the past decade and the rainfull has 
been declining. The soils are becoming increasingly saline with increasing fluoride content. 

Fanners are forced to leave their lands, cattle and old parents at home in search of bread 
elsewhere - which is indeed a very difficult task. The problem has assumed serious proportions in 
Jambusar Taluka ofBharuch district, Gujarat State (Figure 1), on the west coast of Gujarat, India. 
The land is saline and there is no drinking water. Some of the villages have small ponds which dry 
up by the end of March. The question of getting irrigation water does not arise. 
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Figure 1. Map of Gurajat State 

Approach 
Farmers are very much disappointed. So-called government schemes did not uplift them 

from below the poverty line. We should first give them simple technology for conventional crops 
and raise yield and income by 50 percent in the first year and three times in the second year. Once 
we establish our credibility, we can talk of better seeds, value-added crops and modem 
technology of agriculture. We know that the yield of irrigated crops, with high-yielding seeds 
could be as high as six to 10 times present yields. 
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Objective 
Can we raise the yield of dry funning crops to somewhere between the present one of 

dry farming and the maximum of irrigated farming? We have to manipulate two factors, namely 
water and nutrients. Both are not available in abundance. First, the soil is saline and hence does 
not allow nutrients to be made available. Secondly, it is heavy soil and hence though capable of 
retaining moisture hardens soon and then cracks adversely affecting plant growth. 

This program was prepared by the author for the farmers of Jambusar Taluka of Bharuch 
district in 1993-94. Results are very encouraging. Based on the experience gained, 100 farmers 
have joined in the implementation of this program in 1996-97, (Patel, 1995). 

Steps Undertaken 
Representative soil samples were taken and tested for pH to determine the quantity of 

gypsum to be added. Gypsum should be used to decrease the salinity in furrows, only, as the yield 
is so low that the expenditure for gypsum should be kept as low as possible in the early stage of 
the experiment. In general, the gypsum (CaS04, 2H20) requirement to reclaim the top 20 cm of 
saline soil is about 4 T/acre. In the first attempt, about 1 T/acre of gypsum is applied along the 
planting row after opening the furrows by plowing. Gypsum is well mixed in the soil using a 
cultivator. If organic manure is available, it should be applied in the furrows also. Organic manure 
on decomposition also helps to shield the plant roots against direct contact with the alkaline soil. 
This permits good growth of crops at an early stage of reclamation. In the second year, the green 
manure and crops residues are plowed into about top 20 cm of the soil. This will help to further 
dealkalinize calcareous soils. In the future, chemical acid-forming soil amendments, dairy waste 
and sulphuric acid, which the dairies find it difficult to dispose of is planned to be used. This helps 
reducing salinity in a micro-zone of roots and increasing nutrient availability. 

The second step is to make more water available for a longer period. The heavy soil (black 
cotton soil) is capable of retaining moisture if it does not harden, which means we should try to 
make soil loose so that it swells, retains more water over a longer period, and allows roots to 
penetrate the soils easily and to take water easily. Plant growth can continue reasonably well up to 
the end of November. Winter sets in November reducing water requirements. At that time, 
hydrogel (a chemical which makes soil swell so as to make it foamy to retain moisture) or perlite 
is applied. Perlite enhances total porosity and moisture retention to a great extent. We applied 100 
kg per acre of perlite, which gave very good results 

We know that roots extract water and nutrients, which ultimately reach the leaves where 
photosynthesis takes place. We further know that the stomata (small opening on leaves) are 
capable of absorbing carbon dioxide, moisture, etc. from the atmosphere. Thus, we should plan to 
supply water and nutrients to the leaves as much as possible preferably on a daily basis. Before the 
end of the monsoon, every participating farmer undertakes spraying of water and urea (one to two 
percent solution) to the leaves every day. Urea being hydroscopic will absorb moisture from the 
atmosphere in addition to supplying nitrogenous fertilizers. Thus, there is a four-pronged 
approach for making more water available to the crop, namely 1) retaining more water through 
hydrogel, perlite, etc.; 2) spraying water on leaves; 3) spraying hydroscopic nitrogenous fertilizer 
(urea) to absorb moisture from the atmosphere; and 4) making the crop drought-resistant by 
spraying growth retardant such as CCC (Cycocel) before the end of the monsoon. The farmers 
were supplied NPK liquid fertilizer to spray three to four times in a month. Supplying water and 
nutrients directly to the leaves brings down their requirements very much as they are immediately 
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absorbed by leaves. 
Growth will be restarted with the use of growth stimulators such as NAA, which also 

makes cotton bolls bigger. If the expected yield is high, it is useful to spray the crop with a growth 
ripener such as Ethephon. 

Thus, the program for cotton under dry farming undertaken in 1993-94 ran like this: 

• Open furrows in which the cotton or tur (pigeon peas, a pulse crop) was to be sown. 

• Apply gypsum (one to two tons/acre) along with organic manure in the furrows. Mix 
them into the soil with the help of a cultivator. 

• Apply hydrogel/perlite to make the soil loose to retain more water over a longer period. 

• Mix the soil conditioner by cultivation. 

•Sow cotton using the normal practice followed by farmers of that region in the first 
stage. Participating farmer increased the plant population by 50 percent reducing the 
distance between two rows. The distance between rows was reduced to 100 to 120 cm 
instead of 180 cm .. 

•As soon as balls began to set, (say 10 to 15 in number), which means the plant is 
showing a tendency to flower, spray growth resistant retardant (CCC) to achieve dwarfing 
to make it drought (water) resistant. 

• Apply growth stimulator 15 days after applying the growth retardant by spraying 
two or three times with NAA at 10 day intervals. After that, apply two or three sprays 
of a mixture ofNAA and GA. 

•If the price in the market is reasonably high, stop NAA +GA application and spray with 
ripener (Ethephon) to get a high price and more income. 

• Pigeon peas, pearl millet, and wheat are treated in similar programs that are being 
developed. 

Organic manure and gypsum help in reducing the salinity of the soil and increasing yield 
50 to 200 percent depending upon the care taken by individual farmers. The program is revised 
every year to achieve ultimately three times the usual dry farming yield about 60 to 70 percent of 
irrigated yields under conventional farming. 

Participation of the Farmers 
In the first year (1993-94), we selected 20 farmers spread over 15 villages having soil pH 

ranging between 8.0 to 9.2. Most of them achieved increase in yield of more than 30 
percent. Gypsum was added in the furrows but perlite/hydrogel was not added to keep the very 
first experiment at a low cost as most of them were very poor farmers. 

The success had electrifying effect. The details of the same are as follows: 
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Year No. of participating farmers Villages 

1993-94 20 15 

1994-95 37 12 

1995-96 36 13 

1996-97 100 26 

We have established a monitoring system by which each farmer maintains a record in a 
specified form. Our helpers visit them once in five days, have discussions with them, guide them 
about necessary changes. We have kept enough money to render an interest-free loan to needy 
farmers. The achievement in yield is so attractive that there have been no defaults on the loan. 

The success story has spread to even remote tribal areas in the eastern border of Gujarat. 
Small and marginal farmers are now joining us in this program which will cover the degraded land 
of Gujarat. More than 1,000 farmers have now joined this movement of achieving breakthrough in 
dry farming. The success of this will have a far-reaching impact in India and the tropical world as 
the larger part of these countries are still devoid of irrigation water and hence the land is at low 
productivity. 
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Abstract 

WATER STRESS TIMING AND IRRIGATION SYSTEMS 
FOR WATERMELONS AND CANTALOUPE 

by 
Daniel I. Leskovar, J. Clark Ward and A. Meiri 

Effects of irrigation rates, water stress timing, and irrigation systems for watermelons 
Citrullus lanatus (Thunb.) Matsum. & Nakai] and cantaloupe (Cucumis melo L.) were 
investigated on growth, yield, and quality in the Winter Garden of Southwest Texas (Uvalde 
County). Watermelon stress timing and irrigation rates were: 1.0 evapotranspiration (ET) 
throughout the entire growth period (T J; 1.0ET until fruit set followed by 0.6ET until final 
harvest (T2); l .OET until fruit set followed by 0.6ET until first fruit maturity followed by 0.4ET 
until final harvest (T3) ; 1.0ET until fruit set followed by 0.6ET until first fruit maturity followed 
by 0.2ET until final harvest (T4) . Water stress synchronized with specific growth stages had more 
influence on reproductive than on vegetative growth. Total marketable fruit yield ranged from 
94.4 to 71.8 Mg. ha·1 when 569 mm (T1) and 371 mm (T4) of irrigation water were applied. 
Cantaloupes were transplanted and direct seeded using six irrigation systems. Marketable yields 
increased in the order of pre-irrigated followed by: dryland conditions (1), furrow/no-mulch (2), 
furrow/mulch (3), drip-surface (0 cm depth)/mulch (4), drip-subsurface (10 cm depth)/mulch (5), 
and drip-subsurface (30 cm depth)/mulch (6). Pooled across all drip depth treatments, plants were 
more water use efficient than furrow/no-mulch or furrow/mulch systems. Transplants with drip
surface produced 75 percent higher total and fruit size No. 9 yields than drip-subsurface (10 or 30 
cm depth) during the first harvest, but total yields were unaffected by drip tape position. 

Introduction 
In south and southwest Texas, cantaloupes are grown on 12,000 ha and watermelons, the 

largest vegetable crop area in Texas, on about 22,000 ha. Statewide, cantaloupes and 
watermelons represent $300 million of farm income. 

Prompted by an expected reduction in the supply of high quality irrigation water and 
increased complexities of environmental regulations, production of cantaloupes and watermelons 
in south and southwest Texas is at risk. The major source of water for the Winter Garden area of 
southwest Texas comes from rainfall and streams that recharge the Edwards and Carrizo 
Underground Aquifers, both of which yield fresh to slightly saline water. Total underground water 
use in Uvalde and Medina Counties was 232xl06 m3 in 1995. Large withdrawals of ground water 
during severe droughts can decrease water levels, increase water pumping cost, and decrease 
water-quality within the aquifers. In Uvalde County, approximately 60 percent of the cultivated 
land is furrow irrigated. This practice is less efficient than surface and subsurface drip irrigation, 
which can reduce water use up to 70 percent due to the reduction of water lost to evaporation, 
surface runoff, and deep percolation. 

Water savings by the use of surface drip irrigation systems can be achieved as a result of 
more even water distnbution over the area, avoiding the deep seepage from wet portions of the 
field as typically occurs in furrow or sprinkler irrigation. Applying light irrigation, as needed by 
the crop to avoid water stress, reduces soil wetting areas away from the emitters, resulting in 
additional savings due to the reduction in water lost through evaporation from soil. The 
subsurface system further reduces evaporation losses. 

Subsurface drip irrigation applies water below the soil surface through emitters positioned 
from 2.5 to 5 cm to a depth of 40 to 50 cm (Hanson et al., 1994). Subsurface systems have the 
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potential to save water, improve plant nutrition and reduce product contamination while 
maintaining production (Bar-Yosefet al., 1989; Phene et al., 1991). Surface and subsurface 
irrigation produces water distribution patterns which may interact with plant growth stages. The 
interaction depends on root, water, and salt distributions. 

Root growth is also affected by plant establishment and water distribution. Early root 
morphological changes may express an array of root patterns which can be critical for water 
uptake and nutrient acquisition and, consequently, to plant growth and crop productivity 
(Leskovar and Stoffella, 1995). Synchronizing water stress levels with plant growth stages may 
affect establishment, growth, harvest indices, yield and fruit quality. Melon fruit number was more 
reduced than fruit size when grown under water stress (Meiri et al, 1995). 

The objectives of these studies were to determine growth, yield, and water use efficiency 
responses to water stress timing in watermelons and irrigation methods in cantaloupes. 
Information on water use and crop production will assist farmers in designing management 
strategies that minimize risks due to uncertainties in weather and water supplies. 

Material and Methods 

Watermelon Stress Timing 
Watermelon transplants were grown in polystyrene Speedling flats at Speedling Inc., 

Alamo, IX, and transported to the Uvalde Texas A&M University Center, where they were hand 
transplanted on a Uvalde soil (fine-silty, mixed, hyperthermic Aridic Calciustoll, pH 8.0, organic 
matter 2.3 percent, with a textural analysis of9 percent sand, 55 percent clay and 36 percent silt 
on April 13, 1995. Preplant fertilizer (45N-45P-45K kg-ha-1

) was applied broadcast and 
incorporated into the soil. One day prior to transplanting seedlings were soaked for 15 min in a 
soluble blended fertilizer at 200, 350, 200 mg-1 ·1 ofN. P. and K respectively. Each plot consiSted 
of two 10-m long beds covered with black polyethylene mulch (0.04-mm thickness). Bed spacing 
was l .9m apart with plants spaced 0.6 m apart. The experiment was arranged in a split-plot 
design with four replications. Irrigation main treatments were: l .OET throughout the entire 
growth period (no stress -T 1); l.OET until fruit set, followed by 0.6ET until final harvest (T 2) 

l.OET until fruit set (May 14), followed by 0.6ET until first fruit maturity (June 15), followed by 
0.4ET until final harvest (T3); l.OET until fruit set, followed by 0.6ET until first fruit maturity, 
followed by 0.2ET until final harvest (T4). Cultivar, the sub-treatment, was randomized across 
each irrigation. Cultivars were Summer Flavor 710 (diploid) and Super Sweet 5244 (triploid). 

Tensiometers were placed in each main plot and soil water potential at 15 and 30 cm 
depth was measured at 8:00 a.m. daily. Plant water requirements were supplied using a buried 
drip type (Typhoon medium of0.4 mm wall thickness; Netafim Irrigation Inc., Austin, TX), with 
emitters spaced every 46 cm and a flow rate of 326 1-li1 per 100 m of bed at 69 kPa. A total of 
17 irrigations on all treatments occurred on dates between April 13 (preplant-irrigation included) 
and June 27, 1995. Total cumulative irrigation was 569, 432, 401 and 371 mm for treatments T1, 

T2, T3, and T4, respectively (Fig. 1). During the period of the study, rainfall accumulated to 158 
mm up to the first harvest and to 208 mm until July 7. Total water received (preplant-
irrigation+postplant-irrigation+rainfall) accumulated to 777, 640, 609, and 579 mm. Additional 
weekly fertilization was applied through the drip system using potassium nitrate, phosphoric acid, 
and urea. After seven fertilizations, the additional amount was 50, 28, and 82 kg-ha·' ofN. P. and 
K. Nondestructive measurements were taken on stems and fruits from tagged plants. Fruits were 
harvested on June 26 (74 days after transplanting) and July 11, 1995. 
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Cantaloupe Irrigation and Establishment System 
Cantaloupe cv. 'Caravelle' transplants were grown as described for watermelons. The 

experiment was arranged in a split-plot design with four replications. Stand establishment 
techniques, the main treatments, were containerized transplants and direct-seeding. Irrigation 
systems, the sub-treatments, were pre-irrigated followed by dryland conditions (no irrigation) 
[T1], furrow/nomulch [Ti), furrow/mulch [T3], drip-surface (0 cm depth)/mulch [T4] drip
subsurface(IO cm depth)/mulch [T$], and drip-subsurface (30 cm depth)/mulch [T6]. Preplant 
fertilizer ( 45N-45P-45K/kg-ha-1

) was applied broadcast and incorporated into the soil. Both 
transplants and direct seeding were established in the field on April 27, 1995. Each plot consisted 
of three 15-m long beds covered with black polyethylene mulch (0.04-mm thickness). Beds were 
separated 1.9 m apart with plants spaced 0.3 m. Irrigation rates were applied to compensate 
potential evapotranspiration (ET) after adjustment for canopy development. The soil water 
potential was maintained above -20kPa at 0.3 m depth from planting to first fruit set, and above -
60kPa thereafter. Cumulative irrigation including pre-irrigation totaled 161, 378, 378, 104, 117 
and 137 mm for T1, T2, T3, T4, Ts and T6 respectively (Fig. 2). During the period of the study, 
rainfitl1 accumulated to 162 mm (until July 14). Total irrigation and rainfall accumulated to 323, 
540, 540, 266, 279, and 299 mm for T1, T2, T3, T4, Ts and T6 respectively. Drip tape and 
fertilization program were the same as in the watermelon study. Harvests were performed on June 
30 ( 64 days after transplanting), July 6 and 14 for transplants, and on July 14 (78 days after 
seeding), 19, and 25, 1995, for direct-seeded plants. Marketable cantaloupes were classed 
according to diameter in commercial size categories, and soluble sugars were measured from five 
fruits per plot. 

Results and Discussion 

Watermelon Stress Timing 
Significant differences (P< 0.05) among irrigation rates occurred in fruit number and stem 

diameter when measured in cv. 'Super Sweet 5244' after fruit set. Plants under no stress (l .OET), 
retained more fruits ( 4.4 vs. 3.5 fruits/plant) than plants that had mild stress (0.6ET), but the latter 
had larger stem diameter than the no-stress plants when measured between fruit set (May 14) and 
first fruit maturity (June 15). The water tension of the soil at 15-cm depth was between -30 to -70 
kPa for the l.OET+l.OET treatment and between-20 and-60 kPa for the l.OET+o.6ET treatments 
(average ofT2, T3, and T4, ) when measured at 15 cm between May 14 and May 23. During that 
time all treatments had similar water tension (-10 to -40 kPa) at 30-cm depth, but at the fastest 
stage of fruit development (between May 24 and June 3) the water tension of the l.OET+l.OET 
treatment was in the range of-60 and -90 kPa as compared with-50 to -70 kPa for the 
l.OET+0.6ET treatment (Fig. 3). It is possible that a greater root water uptake resulting from 
higher transpiration rates occurred for plants subject to high irrigation, which caused the soils to 
dry faster than when irrigated with less water. The number ofleaves, vine length, and leaf dry 
weights were not affected by irrigation rates. The lack of vegetative growth responses could also 
be confounded by the small differences in irrigation rates,= 76 mm between the no-stress (l.OET) 
and the mild stress treatments (0.6ET) and by rainfull (total cumulative> 127 mm) during that 
period. However, the small differences in irrigation rates and soil metric potential was enough to 
affect the reproductive development. 

Irrigation rate x cultivar interactions were not significant for yield and quality parameters 
during the first and second harvest. Pooled across cultivars, first harvest yield and total fruit 
number were significantly higher when 569 mm of water were applied as compared to ~432 mm, 
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but average fruit weight and soluble solids were unaffected (Table I). Total yield and fruit 
numbers were not affected by cuhivar, except that the seedless (triploid) cv. 'Super Sweet 5244' 
had significantly higher yields for fruit size < 8 kg and lower yields for fruit size > 8 kg than the 
diploid cv. 'Summer Flavor 710' (Table I). Second harvest yields were not affected by irrigation 
rates, except that fruits from plants irrigated with 371 mm were sweeter (11.1 vs. 10.3 percent 
soluble solids) than those harvested from plots irrigated with 569 mm (not shown). However, 
cuhivars differed significantly in the second harvest. 'Super Sweet 5244' had 43 percent 
significantly higher yields, 88 percent more fruit number, more soluble solids (11.2 vs. 9.9 
percent), but less average fruit weight (5.7 vs. 7.5 kg) than 'Summer Flavor 710'. Total 
marketable fruit yield ranged from 94.4 to 71.8 Mg ha-1 when569 and 371 mm of irrigation water 
were used. Considering total fruit production, water use efficiency (WUE) was greater for plants 
subjected to less water(~ 401 mm), since they produced one kg of marketable fruits every 50 
liters of water applied or 71 liters of cumulative water (applied+rainfall) as compared to 58 liters 
of water applied or 77 liters of cumulative water when 432 and 569 mm of irrigation water were 
used. 

Cantaloupe Irrigation and Establishment System 
No significant irrigation method x establishment system interactions were obtained for 

total yield and fruit size. Marketable yields were significantly different among irrigation systems. 
This difference was mainly due to more No. 9 fruits which increased in the order of pre-irrigated 
followed by: dryland conditions, furrow/no-mulch, furrow/mulch, drip-surface (0 cm 
depth)/mulch), drip-subsurface ( 10 cm depth)/mulch, and drip-subsurface (30 cm depth)/mulch 
(Table 2). Total yields ranged from 22.l to 43.1 Mg-ha-1 (Table 2). When 104, 117, and 137 mm 
of irrigation water were applied through drip-surface (0 cm depth), drip-subsurface (IO cm 
depth), or drip-subsurface (30 cm depth), total yields were not different. Water use efficiency was 
greater for plants on drip systems since they produced one kg of fruits per 27-31 liters of applied 
or 69-73 liters of cumulative water, compared to 116- 147 liters of applied or 165-211 liters of 
cumulative water applied through furrow systems. No yield difference occurred between the pre
irrigated followed by dryland conditions and furrow/no-mulch (Table 3). High yields on the pre
irrigated dry land treatment were caused by uniform rainfall events that occurred throughout 
development (Fig. 2). As a consequence, this treatment had also a higher WUE than the furrow 
systems. 

Fruit maturity was 14 days earlier for transplants as compared with direct-seeded plants 
but total yields were similar, indicating that the expected lack of earliness from direct-seeded 
plants were compensated later in development. Hall (1989) reported that early vine growth was 
more advanced and total yields were higher from transplants than from direct-seeded watermelon 
transplants. The advantages of drip was evident during the first harvest (Fig. 4). A concentrated 
development of numerous fruit per plant during early development would be desirable in 
cantaloupes, so that plants might partition assimilates more evenly among young fruits as 
compared with plants with disperse fruit patterns. 

Yields in response to drip depth positions differed significantly. For example, transplants 
with drip-surface (0 cm depth) produced about 75 percent higher total and fruit size No. 9 yields 
than either drip-subsurface (10 or 30 cm depth) during the first harvest (Fig. 3), but transplants 
from the drip-subsurface 10 cm depth had significantly higher total yields than drip-surface (0 cm 
depth) at the third harvest (not shown). Therefore, drip irrigation was more efficient to maintain 
the depth of water necessary to recharge the soil in the upper 0 to 10-cm root zone layer as 
compared to drip-subsurface positioned at 30 cm depth. 
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For direct-seeded plants, the advantages of mulch were evident during the first harvest, 
when either furrow or drip with mulch had significantly higher total and No. 9 fruit size yield 
compared with furrow/no-mulch system (not shown). Drip depth position did not affect fruit yield 
of direct-seeded plants, except for a slight increase in total third harvest yields when plants were 
grown on drip-subsurface 10 cm depth (not shown). In swnmary, water stress timing and 
irrigation rates influenced early fruit number and marketable fruit production in spring 
watermelons. Cantaloupes grown with drip irrigation had a synchronized maturity, higher yields, 
larger fruit size, and higher water use efficiency compared with the traditional furrow irrigation 
systems. 
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Table 1. Effect of irrigation rate and watennelon cultivar on .total yield, fruit number, fruit size and quality on the first harvest. Uvalde, Spring 1995. 

Variable 

Irrigation rate 

1.0ET + 1.0ET + 1.0ET 

l .OET +0.6ET +0.6ET 

l .OET+0.6ET+0.4ET 

l .OET +0.6ET +0.2ET 

LSD (0.05) 

Cultivar 

Summer Flavor 710 

Super Sweet 5244 

Water 
applied (mm) 

569 

432 

401 

371 

Yield 
total 

(Mg-ha·1
) 

68.7 

52.0 

48.7 

47.1 

12.5 

56.0 

52.3 

Fruit 
(no/ha) 

8496 

6985 

6363 

5971 

1857 

6395 

7511 

<5 

1.8 

3.4 

2.6 

1.9 

ns 

0.5 

4.3 

Yield by sizez (Mg-ha.1) 

5-8 

30.5 

28.l 

24.2 

22.6 

7.4 

17.8 

34.9 

8-11 

29.3 

17.7 

17.4 

18.8 

10.7 

29.l 

12.5 

>11 

7.0 

2.8 

4.4 

3.8 

ns 

8.5 

0.6 

Average 
fruit wt 

(kg) 

8.1 

7.4 

7.7 

7.7 

ns 

8.6 

6.9 

Soluble 
solids 
(%) 

11.3 

11.1 

11.4 

11. l 

ns 

11.2 

11.3 

LSD (0.05) ns ns 2.3 5.3 7 .6 4.8 ns ns 

ET= evapotranspiration. Transplants were set in the field on April 13, 1995 and fruits were harvested on June 26, 1995 (74 days after transplanting 
z Fruit class sizes are expressed in kg. 



fable 2. Effect of inigation method and establishment systems on total fruit yield of cantaloupe cv. 
"Caravelle". Uvalde, Texas 1995. 

Yield total 
Yield by size (Mg-ha.1

) 

Variable (Mg-ha.1) 9z 12 15 18 23 

Water 
Irrigation method applied (mm) 

Pre-irrigation + dry land 161 22.1 5.1 8.4 5.3 2.6 0 .7 

Furrow 378 25.4 9.7 9.0 4.7 1.6 0.4 

Furrow-mulch 378 32.4 13.9 10.9 5.4 1.4 0.2 

Drip surface (0 cm)-mulch 104 37.4 22.2 9 .4 4.2 1.2 0.4 

Drip sub-surface (10 cm)-mulch 117 37.9 21.9 9.9 4.8 1.2 0.1 

Drip sub-surface (30 cm) - mulch 137 43. l 23.0 14.8 3.6 1.4 0.2 

LSD (0.05) 9 .2 6.2 ns ns ns ns 

Establishment system 

Transplants 30.9 13.8 11.1 4.3 1.4 0.2 

Direct-seeded 35.0 18. I 9.7 5.0 1.7 0.4 

ns ns ns ns ns ns 
Transplants were set in the field on April 27, 1995 and fruits were harvested on June 30, July 6 and 14 for transplants, 
and on July 14, 19 and 25 for direct-seeded plants. 
z Fruit size class indicates the number of fruits per box of 19 kg. 
,.Nonsignificant F test at P=0.05. 

Table 3. Water use efficiency (WUE) expressed in liters (L) of applied or cumulative wat~r 
(irrigation applied+ 162 mm of rainfall) per kg of cantaloupes. 

Irrigation method nm 

Pre-irrigation dry land 162 

Furrow 378 

Furrow I mulch 378 

Drip surface (0 cm)/mulch 104 

Drip subsurface (10 cm)/mulch 116 

Drip subsurface (30cm)/mulch 137 
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WUE (applied) 
L/kg 

73 

147 

116 

27 

31 

31 

WUE (cumulative) 
L/kg 

145 

211 

165 

70 

73 

69 



Abstract 

BREEDING FOR ARID AND SEMIARID AREAS 
by 

S. Ceccarelli and S. Grando 

Drought is one of the major factors reducing crop production, and is closely associated 
with desertification. Despite decades of research, drought is still a major challenge to agricultural 
scientists because of the unpredictability ofits occurrence, severity, timing and duration, and its 
interaction with other abiotic stresses, particularly extremes of temperature and variations in 
nutrient availability, and biotic stresses. Breeding has not been as effective in improving crop 
production under drought-stress conditions as it has in their absence- or where the stress can be 
alleviated by irrigation. Part of the reason for this lack of success lies in using the same breeding 
approach that is successful for favorable environments. The approach used for barley at 
International Center for Agricultural Research in Dry Areas (!CARDA) is different. It is based on 
repeated selection for yield under conditions as similar as possible to those of the target areas and 
on the use of locally-adapted germplasm. The main principle of this approach, i.e., selection for 
specific adaptation, has seldom been used in modern plant breeding; it is therefore not surprising 
that there has been little success in plant breeding for stress environments. Agricultural production 
in arid and semi-arid environments could be improved if similar principles were to be applied by 
both international and national breeding programs. 

Introduction 
Drought and desertification are closely associated events because desertification refers to 

degradation of drylands, and drylands are those territories affected by drought. Based on aridity 
index, 41 percent of the global land area is hyper-arid (978 million ha), arid (1,571 million ha), 
semi-arid (2,305 million ha) or dry sub-humid (1,296 million ha) (Dregne et al., 1991). While the 
hyper-arid areas are natural deserts receiving virtually no rain, the arid and semi-arid areas, a total 
of 3,876 million hectares which are home to about 900 million people, are either rangelands or 
farmland with a predominance of rainfed agriculture, and the dry sub-humid areas are the most 
productive drylands with woods, farms and pastures (Kassas, 1995). 

In this paper we will address the issue of how genetic improvement can alleviate the 
effects of drought in the rainfed agricultural systems of arid and semiarid areas. In these areas the 
fate of the crops often depends on only a few extra millimeters ofrainfall, and a sustainable 
stabiliz.ation of crop production is one way of preserving these productive drylands from the 
danger of desertification. 

One of the specific objectives of the Desert Margins Initiative, an international research 
program to combat land degradation in Sub-Saharan Africa led by the International Center for 
Research In the Semi Arid Tropics (ICRISAT) with seven other International Agricultural 
Research Centers and other international organizations, is "formulating drought management 
strategies" to increase the availability of crop and tree varieties tolerant of drought with 
acceptable functional and food properties. This is a major challenge to agricultural scientists in 
general, and to plant breeders in particular because drought is the main factor limiting crop 
production. Although it reaches the front pages of the media only when it causes famine and 
death, drought is a permanent constraint to agricultural production in many areas. The 
development, through genetic improvement, of cultivars with higher harvestable yield under 
drought is seen as the most economic and most environmentally-friendly solution to the problem. 
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However, drought continues to be a challenge because drought resistance is an elusive trait. This 
is because severity, timing and duration of drought will vary from year to year, and cultivars 
successful in one dry year may fail in another. To make matters worse, drought seldom occurs in 
isolation; it often interacts with other abiotic stresses (particularly temperature extremes) and with 
biotic stress. Also, areas with a high risk of drought (and/or other abiotic stresses) generally have 
low-input agriculture. As if breeding for drought resistance alone were not complex enough 
already, it is made even more difficult by its interactions with other stresses. 

Drought: A Lesson from History 
Water has always played an essential role in human civiliz.ations, being the cause of either 

life or death. The regions surrounding the "twin rivers" of the Tigris and Euphrates, and the 
mighty Nile and Indus, were the birthplace of civiliz.ation (Sardar, 1995). The earliest 
domestication of crops took place along the arc stretching from Palestine and Jordan through 
northern Syria-southern Turkey to Iraq and southwest Iran, known as the Fertile Crescent. During 
Roman times this region provided the bulk of the empire's food. 

Abundance of water, as either rainfall or rivers, meant life; its scarcity often meant death. 
Most of the major famines of the last few centuries were due to, or associated with, drought 
(Plucknett, 1991). Even the most recent ones, such as those in Africa, although aggravated by 
civil wars, have been fundamentally associated with severe droughts - and have affected 150 
million people in 22 countries. 

Droughts are thought to be the major cause of collapse of empires and societies, such as 
the Akkadian Empire around 2200 B.C. (Weiss et al., 1993) and the early bronze society in the 
southern part of the Fertile Crescent. Irrigation has often been seen as the way to alleviate 
drought. And indeed, agricultural production in some areas is only possible that way. However, 
only 16 percent of the total cropland in the world is irrigated, with an increase of only two percent 
from 14 percent during the 10 years between 1977-79 and 1987-89. The major problem with 
irrigation is salinization. This is believed to affect one third of irrigated land (Ashraf: 1994) and is 
estimated to endanger half of the irrigated cropland (Strauss, 1993). Soil salinity played an 
important part in the breakup of the Sumerian civiliz.ation in Mesopotamia around 1700 B.C. 
(Jacobsen and Adams, 1958), and it is an ever-present problem in semiarid environments with 
high evaporation. 

Limitation of or competition for resources (or both), and the need to avoid further 
environmental degradation, suggest to many scientists that :fitting crops to the environment is a 
more sustainable strategy than modifying the environment to fit the crops, particularly for 
drought-affected areas. 

Not by Drought Alone 
Although drought often appears as the predominant stress in arid and semiarid areas, it 

seldom occurs in isolation from other environmental stresses. This is shown by the relationship 
between total rainfall and yield in different crops (Table 1), which explains between six and 79 
percent of the variance for seed yield, depending on the crop, variety and environment. The 
relationship between rainfall and yield improves by considering also temperature and/or rainfall 
distribution, not just one of the two - and their effect on yield will vary widely between crops. 

The yield of crops grown in areas affected by drought is also limited by nutritional stresses 
as shown by the use of fertilizer, which is the lowest in areas such as West Asia, Africa and 
Oceania where the frequency of drought is highest. It is well known that where expected yields 
are low, farmers tend to reduce the risk by limiting investment in inputs. 
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Breeding for Arid and Semiarid Areas 
In areas affected by drought and other stresses, progress with breeding has been 

negligible, with Australia as the only possible exception. As a result, the yield of some important 
staple crops has shown only modest increase or remained virtually unchanged. This has been 
attributed to the difficult nature of the target environment (Passioura, 1986; Blum, 1988) and has 
been accepted as inevitable. Most plant breeders assume that breeding for environments where 
drought (and other stresses) are unpredictable and variable is too slow and too difficult. The 
target is hard to define; heritabilities, and hence responses to selection, are too low to achieve 
meaningful results. Therefore, most of the selection work in breeding programs is done in 
favorable conditions (Simmonds, 1991 ), hoping for the best when the selected material is tested in 
stress environments. Most breeding programs share the following concepts: (a) selection has to be 
conducted under the well-managed conditions of research stations - it is perceived that 
environmental noise and error variances can be reduced, and response to selection under such 
conditions is high; (b) cultivars must be genetically homogenous (pure lines, hybrids, clones) and 
must be widely-adapted over large geographical areas; and ( c) locally-adapted landraces must be 
replaced because they are low-yielding and disease-susceptible. 

Breeders have seldom questioned these assumptions. When they have, it has been found 
that: (a) selection in well-managed research stations tends to produce cultivars which are superior 
to local landraces only under improved management - not under the low-input conditions typical 
of the farming systems of stress environments; the result is that although many new varieties 
outyield local landraces on a research station and some are released, few if any are actually grown 
by farmers in difficult environments; (b) poor farmers in stress environments tend to maintain 
genetic diversity in the form of different crops, different cultivars within the same crop, and/or 
heterogeneous cultivars to maximize adaptation over time (stability), rather than adaptation over 
space. Diversity and heterogeneity serve to disperse or buffer the risk of total crop failure due to 
environmental variation. This is in sharp contrast with the trend of modern breeding towards 
uniformity. 

What Type of Breeding for Stress Environments? 
The strategies and methodologies developed during the last 10 years in the !CARDA 

barley-breeding program for continental areas receiving less than 300 mm rainfall demonstrate 
that it is indeed possible to improve the production of a typically low-input crop such as barley, 
grown in environments with low and poorly-distributed rainfall, low temperatures in winter, high 
temperatures and drought during grain filling, low soil-fertility and poor agronomic management. 
The average climatic conditions (rainfall and temperature) of these environments are illustrated in 
Figure 1 using the climatic data of one ofICARDA's dry testing sites. In these environments, 
rainfed crops such as barley, sown in November-December, grow on current rainfal1, as the soil 
profile is depleted of residual moisture after the hot and dry summer. 

The key aspects of these strategies and methodologies are: 1) direct selection for specific 
adaptation in the target environment; 2) use oflocally-adapted germplasm; 3) use of plot 
techniques and experimental design to control environmental variation; 4) informal participation 
of farmers in selection; and 5) reliance on the informal seed-supply system to make the seed of 
new cultivars available to farmers. Here we will discuss the first two aspects. 

Specific Adaptation 
There has been considerable debate among breeders, over the last 30 years, between those 

who advocate selection in favorable environments, where genetic differences are maximized and 
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environmental noises minimized, and those who believe that selection has to be done in the target 
environment or in conditions as near as possible to it. 

Both animal and plant geneticists have long since recognized that selection for improved 
performance in a given environment has to be conducted in that environment. Plant physiologists 
do not find it surprising that species and varieties adapted to favorable growing conditions are, in 
general, not well-adapted to stress conditions (Evans and Wardlaw, 1976; Blum, 1993), and there 
is the circumstantial evidence that plant breeding has not been as effective in stress environments 
as it has been in optimum or near-optimum environments (Haugerud and Collinson, 1990). 

In a number of crops and environments (reviewed by Ceccarelli, 1994) it has indeed been 
found that genotypes performing well in near-optimum conditions do not perform well in arid and 
semiarid conditions, and vice versa. This is a typical example ofGxE interaction of the crossover 
type, a simplified graphical representation of which is given in Figure 2. The two boxes represent 
an example of two geographical areas with large crossover interactions between areas and little or 
no interaction within areas. 

The actual value where the crossover occurs could be very different in different crops and 
in different environments. For example, in the case of crops grown only in environments where 
yield is above 4 t ha-1

, one is unlikely to observe GxE interaction of the crossover type. This 
explains why selection done on well-managed research stations is very effective in producing 
varieties for high-input agricultural systems (they are in the same box). It also explains why the 
same varieties, grown on an equally well-managed station, but in a developing country where the 
"real" crop is grown with low inputs in stress environments, are released but not adopted by 
farmers: the research station and the farmers are in different boxes. 

This is implicitly recognized when it is recommended that farmers should use more inputs 
before they can benefit from breeding; in other words, that they should move to the box where 
breeding has been traditionally effective. But, because farmers cannot pay for the inputs and 
breeders do not move off the research station, each remains in his own box - and yields do not 
change. 

In conclusion, when the target environments lie within the same box (Fig. 2), the ideal 
cultivar is the one which performs better in all environments within the same box. When the target 
environments lie in different boxes, productivity is maximized by selecting specific lines for 
specific environments. 

Figure 2 also helps in explaining some of the disagreement among breeders on the issue of 
the optimum environment of selection. 

When the target environment is a geographical area represented by the larger box, where 
expected yields range from medium to high, the best discrimination between breeding lines occurs 
in high-yielding environments. In the lowest-yielding environments within that area, breeding lines 
tend to look alike; hence the low heritability which is often found. When the target environment is 
a geographical area which has a range of expected yields represented by the smaller box, the 
differences between genotypes are maximized at the lowest yield levels, and the identification of 
the best genotypes becomes increasingly difficult as yield levels increase. 

Therefore, when locations can be classified in groups such that there is little GxE 
interaction within groups and large GxE interaction between groups, selection should be for 
specific adaptation to different groups oflocations, and for broad adaptation within each group of 
locations. When environmental variation at individual locations or groups of locations is large, 
and yield levels as low as 1 t ha-1 and as high as 6 t ha-1 have similar probability, a broad approach 
is required; the exploitation of the population buffering of genetically-heterogeneous cultivars 
such as mixtures of lines may represent the best strategy to cope with an unpredictable 
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environment. This is exactly what farmers in unpredictable environments have always been doing. 
The importance of breeding for specific adaptation is not new. Hayes (1923) wrote, 

perhaps optimistically, that the importance of plant breeding as a means of obtaining varieties 
adapted to particular environmental conditions was becoming more generally recognized. 
Engledow (1925) concluded that "our hope is of breeding for every locality the form best adapted 
to the environment it offers." Fifty years later, and quoting the papers by Hayes and Engledow, 
Hill (1975) noted that plant breeders were still confronted with the very same problems. Seventy 
years later, one of the hottest debates among breeders is on very much the same issues. 

Locally-adapted Germplasm 
The adapted germplasm we discuss in this section is represented by the landraces - also 

called farmers' varieties, old cultivars or primitive cultivars. Landraces have been the starting 
points of breeding programs in many countries and for many crops (although not those introduced 
from one country to another). Advances in breeding and agronomy have led to a progressive and 
nearly complete replacement oflandraces in most industrializ.ed countries. However, in 
developing countries, and for crops grown in stress environments and/or by small-holder farmers, 
landraces are still the backbone of agricultural production. In Syria, barley production is based 
entirely on two landraces, Arabi Abiad (white seed) and Arabi Aswad (black seed). The first is 
common in environments receiving between 250 and 400 mm rainfall~ the second in harsher 
environments (less than 250 mm rainfall), a case of farmers recognizing the value of specific 
adaptation. 

Since 1985, we have used pure lines extracted from Syrian landraces in our barley 
breeding program, and these have been compared with breeding material unrelated to land.races. A 
typical data set is shown in Table 2 using the data from two sets of yield trials, with 300 and with 
280 breeding lines. The first was conducted between 1986/87 and 1988/89 and the second 
between 1987/88 and 1989/90, and therefore some of the locations in 1987/88 and 1988/89 were 
the same for both trials. In five of the nine location-year combinations with average yield above 
2.5 t ha·1

, the grain yield oflandraces was lower than non-landraces, although in some cases the 
difference was not significant. In the three locations with the highest yields, the yield advantage of 
non-Iandraces over landraces ranged from 0.2 to 1.6 t ha·1

• In the seven location-year 
combinations with average yields below 2.0 t ha-1

, the landraces outyielded the non-land.races, the 
only exception was Terbol 1989, which was affected by lodging. In some years and locations, the 
yield advantage oflandraces ranged from 38 to 83 percent; this suggests that they should 
represent the major germplasm pool in breeding for stress environment and for resource-poor 
farmers who cannot afford high levels of inputs. The yield advantage of landraces is not due to 
escape mechanisms such as earliness; in fact they are, on average, slightly later in heading than 
non-Iandraces. 

The use of these two principles, selection in the target environment and use oflocally 
adapted germplasm, has led to cultivars which are adapted to large areas of Syria Two of these 
lines, Tadmor and Zanbaka, have been under testing in farmers' fields since 1991 and 1992, 
respectively, both with and without fertilizer. Table 3 summarizes the data from the area where 
the two cultivars are better adapted; trials were conducted without fertilizer application and under 
very dry conditions, as indicated by the yield levels. At yield levels below 1.5 t ha·1 Tadmor and 
Zanbaka had average yield advantages of about 22 and 24 percent, respectively. Their yield 
advantage over Arabi Aswad is consistent in the Raqqa province except at yield levels below 300 
kg ha·1

, but less consistent in the Hassake province. 
Most breeding programs, particularly in developing countries, conduct selection and 
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gennplasm evaluation only in environments with average yield levels similar to those of Tel Hadya 
in 1988 and Athalassa in 1989. These high-yield levels are obtained either because the station is 
located in a favorable area, or through agronomic management (fertilizer, weed control and 
irrigation), or both. The danger is not only of selecting breeding material poorly adapted to stress 
conditions, but of discarding gennplasm which would have been specifically adapted to them. 

Many plant breeders in developing countries have been discouraged from using landraces. 
The arguments used vary from the low yield potential of the landraces to their disease 
susceptibility, and eventually to the very convincing one that breeders in developing countries 
should follow what breeders do in developed countries. Although we have shown that these 
arguments are groundless (Ceccarelli et al., 1995), there are few national plant breeding 
programs, particularly for cereal crops, actively using this type of germplasm. In barley, notable 
exceptions are the breeding programs in Egypt, Ethiopia, Iraq, Tunisia and Turkey. 

The second lesson we learned from landraces - it was perhaps obvious - is that 
landraces are genetically heterogeneous (Ceccarelli et al., 1995). There is the possibility of genetic 
heterogeneity being the key adaptive characteristic oflandraces to a stressful and unpredictable 
environment. Although significant progress can be made by selecting superior pure lines within 
landraces, constructing mixtures of different pure lines selected from landraces could be a safer 
long-term objective than pure-line breeding. This would have the added advantage of a 
population-buffering mechanism to the adaptation of the individual components (Grando and 
McGee, 1990), and is an additional avenue we can follow to respond to the need of poor farmers 
for stable yields: 

Conclusion 
The objective of this paper has been to discuss what plant breeders can do when the target 

environment of their breeding program is characterized by chronic low yields due to a number of 
factors such as climatic, nutritional and biotic stresses. 

The main conclusion of the paper is that breeding for arid and semi-arid environments is 
possible provided it is conducted with strategies and methodologies that have little in common 
with those used in breeding for favorable environments. Adaptation over time can be improved by 
breeding for specific adaptation to a given type of stress environment. This can be achieved by 
taking advantage of the temporal variability of stress environments, which permits exposure of the 
same breeding material to variable combinations of stresses over a (relatively) short period. 

In the last few years, some of the concepts in this paper have begun to be recognized and 
:frequently debated at international level. For the millions of farmers who depend on subsistence 
agriculture in unfavorable environments, these are times of hope. 
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Table 1. Percentage of the variance for grain yield explained by total annual rainfall in 
different crops. 

Crop %variance Source 

Lentil 32.9-45.4 Erskine and El Ashkar (1993) 

Wheat 75 Blum and Pnuel (1990) 

Wheat 31-79 Hadjichristodoulou ( 1982) 

Barley 5-31 Hadjichristodoulou (1982) 

Barley 52-63 van Oosterom et al. (1993) 

Barley 67.5 Ceccarelli (unpublished) 

Barley 5.9 Oudina and Bouzerzour (1993) 
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Table 2. Grain yield (mean standard error, kg ha-1) of all breeding lines (population) tested 
in two sets of breeding trials, each conducted in eight year-location combinations, 
of Syrian landraces and of breeding lines unrelated to Syrian landraces (non
landraces ). The number of lines in each group is given in parenthesis. 

Location/year Rainfall (mm) Population Landraces Non-Landraces 
FIRST SET 

(n=300) (n=44) (n=207) 
KS89 234 374" 0.8 488" 20.4 339" 9.9 
B089 186 687"16.3 1038" 25.4 591 "16.7 
TR89 344 1771"15.8 1585" 36.1 1816"18.3 
TH89 234 2667"27.2 3311" 45.9 2477"24.7 
TH87 358 2876"55.1 3738" 204.9 2680"48.l 
B088 386 3205"44.2 3105"107.9 3291 "49.l 
TH88 504 4532"46.3 4365"117.3 4564"55.2 
AT89 344 5824"59.6 4506"14.6 6153"60.3 

AVDW' 119"0.2 120" 0.3 118"0.2 

SECOND SET 

(n=280) (n=76) (n=165) 

BR90 185 471 "10.0 610" 4.9 388"10.9 

AT90 210 506" 8.2 515" 4.6 493"11.3 

B089 186 696"19. l 971" 6.4 530"20.3 
TH90 233 789"11.4 960" 4.6 696"11.8 

TH89 234 3244"26.6 3485" 5.9 3072"32.0 
TR90 317 3346"25.9 2956" 5.3 3529"29.0 
BR88 408 3392"50.6 3724"10.1 3307"67.0 
TH88 504 4593"82.9 3611 "16.2 5126"97.1 

AVDW' 113"0.2 115"0. 8 113"0.3 

a KS= Ksabya, BO= Bouider, BR= Breda, TH= Tel Hadya (all these locations are 
in northern Syria), TR= Terbol (Lebanon), AT= Athalassa (Cyprus). 

b Average number of days from emergence to awn appearance. 
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Table 3. Grain yield (kg ha-1
) in'l 1 locations in northern Syria ofTadmor and Zanbaka (only 8 

locations), two barley cultivars selected from the black-seeded Syrian landrace Arabi 
Aswad. The data are from trials conducted in farmers' fields without fertilizer. 

Year Location (Province 2 ArabiAswad Tadmor Zanbaka 

1191 Shurkrak (Raqqa) 220 130 

Al Ayouj (Raqqa) 260 270 

Beer Asi (Raqqa) 180 170 

1992 Balunan (Raqqa) 640 940 1100 

Masadeih (Hassake) 1350 1600 1330 

1993 Balunan (Raqqa) 792 1176 1132 

Shurkrak (Raqqa) 666 1268 916 

1994 Balunan (Raqqa) 360 575 530 

Al Wastah (Raqqa) 560 570 650 

Tell Hamzeh (Hassake) 812 876 1250 

Al Hamar (Hassake) 1100 1000 650 

Mean 631 (7808
) 780 945 

% increase over Arabi Aswad 23.6 22.4 

• the mean in parenthesis is calculated from the locations in common with Zanbaka 
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SOIL AND WATER CONSERVATION 
Section 7 



SILT DEPOSITION ON IRRIGATED LAND IN NINGXIA PLAIN, CHINA 
by 

Mei Chengrui and H. E. Dregne 

Introduction 
The Ningxia Plain, also known as the Western Hetao Plain, lies on the west side of the big 

bend in the Yellow River in the Ningxia Hui Autonomous Region of China (Figure I) . 
Geologically, it is a valley filled with Quaternary deposits that are over 1,000 m thick in the north. 
There are two geographic units in the Ningxia Plain, separated by the Qingtongxia Gorge. They 
are the southern and smaller Weining Plain and the northern and larger Yinchuan Plain. The major 
soils are alkaline Entisols and Aridisols. On the west side of the plain are the Helan Mountains, 
the highest point of which rises to 3,556 m. To the east is the Lingwu-Y anchi platform, which is 
about 200 to 300 m above the Ningxia Plain and is the place where future expansion of irrigation 
in Ningxia will occur (Ningxia Survey, 1990). The climate is arid, with cold winters and warm 
summers (UNESCO, 1979). Average annual precipitation is about 200 mm, pan evaporation is 
1,776 mm, and the frostfree growing season is approximately 170 days. Irrigation is essential for 
crop production. Paddy rice, wheat, maize (com), fruits, and vegetables are the principal crops. 
Fish farming in large ponds is a major source of food (Editorial Group, 1988). 

Irrigation in Ningxia began with the construction of the Qin canal in 214 B.C. shortly after 
China was first unified. At present, there are about 250,000 ha ofland in the Yinchuan Plain that 
are under gravity irrigation by canals originating at the Qingtongxia Dam. Additional land is 
irrigated, also by gravity flow, in the Weining Plain. Several thousand ha in the uplands east of the 
Ningxia Plain are irrigated by water pumped out of the Yellow River. Well water from shallow 
water tables in the plain is used as supplementary irrigation water and to lower water tables. 

This paper will discuss the effect that sediment in the Yellow River has had on crop 
production and salinization in the Ningxia Plain. 

Sediment Load in Yellow River 
Irrigation water for the Ningxia Plain comes from the Yellow River. Most of the 

watershed above Ningxia lies in the Loess Plateau, where water erosion is excessive. The silt load 
in the Yellow River before the Qingtongxia Dam was completed in 1960 was about 7 .24 kg/m3

• 

After the dam was closed, the sediment load dropped to a little over 3 kg/m3 (Table I). At 
present, 70 percent of the storage capacity of the Qingtongxia reservoir has been lost to 
sedimentation. The total amount of silt carried by the river at Qingtongxia at present is about 100 
million tons each year. That is about 43 percent of what the river carried before 1960. 

Silt Deposition on Land 
Immense amounts of river silt have been deposited on the irrigated lands of the Ningxia 

Plain over the past 2100 years. Currently, the land level is rising at the rate of approximately 2 
mm per year in the Yinchuan Plain below the Qingtongxia Dam. At some time in the future, as the 
Qingtongxia reservoir is filled with sediment, no more sediment will be deposited in the reservoir 
and the silt load in the Yellow River will rise. 

Studies of the depth of silt deposition (called "warping" in Chinese) on irrigated lands 
indicate that it averages about 55 cm in the Yinchuan Plain. That average, however, includes a 
wide variation from a few centimeters in some newly-irrigated soils to 2 or more meters in old 

653 



areas. If the silt deposition rate had been 5 mm per year for the 2200 years since the Qin Canal 
was constructed in 214 B.C., the silt layer would now be 11 meters thick. Nothing even close to 
that has happened, indicating that irrigation from the Qin Canal has not been continuous for the 
22 centuries of its existence. The same discontinuity very likely occurred in all of the canals. 
Wars, floods, earthquakes, and government actions could have brought halts to irrigation. It also 
is probable that the 7 kg/m3 measured for silt content of the river before the Qingtongxia Dam 
was completed is too high for the long-time average. Erosion may well have been much less on 
the Loess Plateau in the early years of crop expansion, before forests and grasslands were 
destroyed. 

Table 1. Sediment load and flow of Yellow River at Qingtongxia Dam. 

Annual Maximum Average annual 

Station flow flow sediment load, kg/m3 

1951-66 1967-82 

Qingtongxia 320 x 108m3/year 6,230 m3/s 7 .24 3. 12 

Figure 2 shows the pattern of silt deposits in the Ningxia Plain. In general, silt deposits are 
thickest in the lands irrigated the longest time. Although the original Quaternary deposits in the 
Ningxia Plain consist in part of Yellow River alluvium, the silt deposited on top o f the Quaternary 
alluvium is fairly easy to identify. Quaternary alluvium tends to be sandy over most of the plain 
and Clayey in the numerous lakes that dot the valley. In addition, river silt usually is darker than 
the sandy alluvium because of plant residues and manures that were incorporated into the silt 
when it was on the soil surface. When the silt deposits overlie lake deposits. there is a clear-cut 
boundary between the underlying anaerobic bluish clay and the brown. aerobic silt. 

Silt deposition is far from uniform in the irrigated area. Commonly, silt depth will be 
thicker near major canals and thinner in the fields that are farther removed. The result is that a 
cross-section of the land profile shows depressions between the canals and high points adjoining 
canals (Figure 3). According to census data, as long ago as 1820 there were 23 large canals that 
took water directly from the Yellow River and carried it for distances up to 100 km (Hu. 1982). 
Although the general appearance of the Ningxia Plain is of flat land. it actually is a landscape of 
small, human-induced undulations having elevation differences o f less than two meters between 
canals (Wang, 1994). Sometimes, as shown in Figure 3, the depressions are places where 
irrigation has not been practiced, such as around castles and tombs of notables. Figure 4 is an 
idealized depiction of how land levels change between the high point at a major canal and the low 
point in a depression. Silt deposits raised the ground level and effectively lowered the 
groundwater level. That process had the effect ofreducing the salinity problem over most of the 
land and increasing it in the depressions. 

Irrigation canals also had silt deposited in their bottoms. Gradually. the bottom and the 
sides of the canals rose during the periodic attempts to clean them. A massive break in a section 
of the Hanyan Canal in 1951 exposed a 5 m profile of layers of silt that had been deposited in the 
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canal since it was constructed in 119 B.C. Silt in the irrigation water has had a significant effect 
on forming the present-day landscape of the Ningxia Plain. 

Properties of Silt Deposit 
Virtually all of the irrigated land in the Ningxia Plain is underlain either by sandy alluvium; 

interbedded sand, silt, and clay layers; or clayey lake bed material. River silt at Qingtongxia Dam 
is composed almost entirely ofloessial material eroded from the Loess Plateau. Its texture varies 
from fine sandy loam to silty clay loam, depending upon the particular characteristics of the 
loessial soils. 

A typical profile of an irrigated soil having about 1 m of river silt would consist of a 
cultivated layer about 20 cm thick that has a dark grayish-brown color and a cloddy structure. 
Under that would be a fairly dense plow-pan several centimeters thick. Below the plow-pan, 
down to the bottom of the silt deposit, is a more or less uniform light gray-brown soil with 
massive structure. The entire deposit would have a silt loam or silty clay loam texture. Soil pH is 
neutral to alkaline in the surface and alkaline in the subsoil. Hydraulic conductivity is moderate to 
low. 

Common variations in that typical profile would include yellow and orange mottling in the 
deep subsoil due to anaerobic conditions induced by a high water table. The salt content of the 
soil could also vary greatly throughout the profile and between profiles. There would be no calcic 
or gypsic layers although the soils could be slightly calcareous. Some soils contain coal ashes, 
brick lumps, and pieces of broken pottery, attesting to the presence of humans in earlier years. 

Soil Salinity in Ningxia Plain 
Secondary salinization of irrigated land in the arid regions of China is widespread. Usually, 

the cause is overirrigation and poor drainage. In some cases, as in the far northwest of China, 
irrigation development occurs on soils that are naturally saline and must be leached of salts before 
crop production can begin. Generally, irrigation water comes from streams originating in high 
mountains such as those of Qinghai Province, where the Yellow River begins, and is of good 
quality. The salt content of the Yellow River as it enters the Ningxia region is only 400 ppm. 
Obviously, the salt in the river would not cause a problem if drainage were good. 

Huang (1984) determined from irrigation records for the Ningxia Plain that as long ago as 
1617, the salt-affected area was about 25 percent. It had increased to 44 percent in 1780 and to 
4 7 percent in 1949. In the early 1960's, salinization affected 67 percent of the Ningxia Plain. After 
officials became alarmed by the high salt content of the irrigated lands and the threat it posed to 
crop yields, the Ningxia government initiated a program of improving the drainage system. 
According to the Ningxia Soil and Fertilizer Institute, the salt problem now affects only 40 

percent of the land. 

Silt Deposit Impact on Salinity and Productivity 
Installation of a good drainage system undoubtedly is the key to successful control of soil 

salinity in Ningxia, as it is in irrigated areas throughout the arid regions. Silt deposits, however, 
certainly have been a contributing factor to the continuance of irrigation for more than 2,000 
years. Its effect is obvious in places where, in two adjoining fields, an abandoned field has become 
a salt encrusted marsh while next to it is a thriving field of corn. The difference is that the corn 
field sits about 80 cm or more higher and is relatively well-drained. 
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At present, the drainage system has limitations because of the low slope of the land in the 
larger Yinchuan Plain. Open drains are used to collect subsurface water and carry it to the Yellow 
River. In some cases, water tables are kept low by pumps that lift the water can drop it into the 
open drains. Land slopes are from south to north in the Yinchuan Plain. Much of the irrigated land 
in the north is severely salinized due to high water tables and inability to dispose of drainage water 
in the Yellow River through open drains. Also, the northern area is believed to be subsiding, 
which aggravates the disposal problem. And silt deposition is less in the north because less land is 
irrigated and there is less silt in the irrigation water at the end of 150 km canals. 

Given the flatness of the land, widespread occurrence of paddy rice fields and fish ponds, · 
and high rates of application of irrigation water, it is to be expected that there would be a drainage 
problem. What seems certain is that the problem would be even worse if silt deposition had not 
raised land levels. Land level rise effectively serves to increase the depth to the ground water table 
and reduces the likelihood of salt accumulation by upward movement of salt from the water table. 
In the case of the Ningxia Plain, high levels of sediment in the irrigation water has been an 
advantage insofar as salinity control is concerned. It has been a problem in the irrigation canals, 
however, because the canals must be cleaned frequently. Apparently, the silt load in the Yellow 
River has not brought any rise in the level of the river bed in Ningxia, presumably due to periodic 
flushing of the river in spring. In the North China Plain, by contrast, the bed of the Yellow River 
is now several meters above the surrounding land and poses a horrendous flood threat if the bank 
is ever broken again. 

High sediment load in the Tigris River basin in Mesopotarriia (Iraq) a thousand or more 
years ago contributed to the downfall of irrigated agriculture in the lower basin (Jacobsen and 
Adams, 1958). In Mesopotamia, the problem was failure to control silt deposition in the main 
canal. That failure, which had to be a community effort, led to the hypothesis that successful 
irrigation agriculture required a strong central government to assure maintenance of the irrigation 
system. Somehow, Ningxia irrigation managed to survive for over 2,000 years despite wars and 
revolutions that would have disrupted local government. 

Jacobsen and Adams (1958) believed that canal water sediment and salinity were the twin 
threats that irrigation in the drylands faced. Ningxia faces those same threats but in its case, 
sediment appears to have had the favorable effect of alleviating salt damage. 

Yellow River sediment brought one unambiguous benefit to the Ningxia Plain. That was 
the fertilizing effect of the Loess Plateau eroded surface soil that was deposited on the irrigated 
fields. Although there are not enough experimental data to allow reliable estimates to be made of 
the fertilizing value of the silt, one estimate by the Ningxia Soil and Fertilizer Institute is that 
wheat yields in fields having more than 120 cm of silt are about twice as high as fields having silt 
deposits less than 40 cm thick. Canal silt had the same effect in Ningxia as the former annual 
floods of the Nile River had in Egypt. 

Conclusions 

Excessively high sediment levels in the Yellow River are the result of rapid erosion of the 
loessial soils that cover the extensive Loess Plateau in central China. Sediment deposition has 
raised the level of the major canals by as much as five meters and the irrigated land by as much as 
two or more meters. Canal sediment is such a big problem that in some sections of canals there 
are gates built in the canal banks for flushing out sediment. Fields made uneven by silt deposits 
must be relevelled, which adds to farmers' work. The benefit from raising field height and 
effectively lowering the water table, thereby reducing the salinity threat, is enough to offset the 
requirement. Additionally, the fertilizing value of the silt contributes significantly to crop yields 
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and reduces the need for commercial fertilizers. 
The Ningxia irrigated plain is an example of an area where irrigation has been practiced 

successfully for over 2000 years despite farmers having to cope with severe sediment and salinity 
problems. It remains to be seen if those two hazards will ultimately doom irrigated agriculture 
there or if their effects will be minimized and irrigation will be a sustainable enterprise. 
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Abstract 

THE PHYSICS OF WIND EROSION AND DUST GENERATION 
by 

James M. Gregory, Gregory R. Wilson and Udai B. Singh 

Soil erosion by wind and the associated generation of dust that is loaded into the 
atmosphere is an energy driven process. The energy is derived from the wind. This energy is 
transferred to the soil surface through fluid shear and energy transfer of particles moving in 
saltation. When cover exists from plant canopies, residue, or stable aggregates, such as rocks or 
clods, the energy transfer is reduced. At the soil surface the available energy must exceed the 
threshold requirements ofloose soil to sustain the process. Threshold friction velocity is a 
measure of threshold requirements and depends on particle size and liquid bonder content and . 
type. For water, the liquid content of surface soil is highly dependent on atmospheric relative 
humidity. 

The magnitude of the process varies with field length, soil cover, and soil type. The 
magnitude is small at the beginning of an eroding field and increases with field length. It increases 
exponentially at first as the number of particles transferring energy to the surface increase. 
Eventually, however, the surface of the eroding field becomes covered with loose material which 
insulates the non-eroded soil from the energy of abrading particles. When the surface is 
completely covered, the rate of movement is constant and at the maximum possible value for the 
given wind speed, particle size, moisture, and cover conditions. 

The details of how these components of wind erosion and dust generation function are 
described in this paper. When the governing equations which describe these processes are 
combined into one model, analysis of soil loss and visibility reductions associated with a wind 
erosion event can be made. The final model is known as TEAM: the Texas Tech Erosion 
Analysis Model. 

Introduction 
Soil erosion by wind is an international problem affecting at least one-third of the global 

land area. Loss of soil decreases land quality, and dust and sediment cause major off-site 
problems. Sediment from wind erosion blocks road ditches, covers roads and railroads, and fills 
irrigation canals. Dust reduces visibility, often triggering severe accidents, and affects both long 
and short-term health. In short, wind erosion is a serious problem that man must understand and 
control. 

Wind erosion is a two-function process. One function determines the maximum transport 
rate and is independent of field length, but is highly sensitive to wind speed, vegetation, residue, 
and aggregate cover, soil particle size distribution, and soil moisture. The second function 
describes the change in soil movement associated with the transition of the land surface from one 
dominated by a solid mass or large aggregates to one dominated by loose sand or sand-like 
aggregates. Much argument may occur in defining these two functions, but the fact that they 
exist is unquestionable. Measured field data provides too much evidence to conclude otherwise. 

Various physical processes act and interact to govern the rate of soil movement by wind. 
Wind erosion can be viewed as the interaction of three energy components: wind (energy), soil 
(energy resistance), and plant cover and surface roughness (energy reduction). The magnitude of 
the wind velocity at a specified height and the shape of the wind profile determines the rate at 
which energy is transferred to the field surface (Figure 1). Soil particles can move only if wind 
energy is sufficient to overcome both gravity and inter-particle cohesion. Soil aggregates too 
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large to move behave as a solid mass and act as cover in the interface zone to protect small loose 
particles from wind energy. Cover from aggregates and plants protects soil from erosion by 
reducing the energy intensity at the bottom of the wind profile (top of the interface zone). Air 
trapped between clods and other cover elements reduces the energy intensity at the base of the 
interface zone. Energy reduction is proportional to the fraction of cover and the inverse of the 
interface zone thickness squared (Gregory, 1984a). The roughness at the field surface causes 
drag on the wind and controls the shape of the wind profile. Changes at the plant and soil surface 
affect both the wind profile and the energy transferred to the loose soil at the field surface. 

Wind 

Figure 1. Interaction of wind, cover, and soil. 

Wind erosion and dust generation are controlled by four major activities: ( 1) transfer of 
wind energy to the soil surface, (2) detachment and lifting of soil from the land surface, (3) return 
of coarse soil particles to the surface and re-detachment to achieve a continuous transport 
process, and (4) suspension of the fine soil fraction with settling velocities less than the vertical 
wind component. Many details must be addressed to understand and predict wind erosion. The 
objective of this paper is to provide the details to adequately describe the wind erosion and dust 
generation process. 

Dimensional-based Detachment Function (Activity 2) 

Soil particles must be small and in a loose condition to move. This condition can be 
achieved through tillage, weathering, or by the erosion process through detachment. The 
detachment process appears to be universal for both wind and water erosion and can be expressed 
with the following equation (Wilson and Gregory, 1992; Gregory, 1992): 
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where m 

Pbs 

'ts 

.f{8) 
KE 

= 
= 
= 

= 
= 

mass of soil detached (kg), 
soil bulk density (kglm3), 

soil shear strength (N/m2
), 

function of soil shear angle, e' (dimensionless), and 
kinetic energy input (J). 

(1) 

This relationship was obtained through dimensional analysis and explained measured results for 
both wind and water erosion (Wilson and Gregory, 1992). 

Energy Source (Activity 1) 

Wind is the kinetic energy source for the detachment and transport processes. The force 
component of the work to detach soil is obtained from the fluid shear stress associated with the 
shape of the wind profile; however, the most convenient term to use is the friction velocity, 
defined as the square root of the ratio of fluid shear stress to fluid density. Heating or cooling at 
the land surface can cause differences in air density and affect the shape of the profile; however, if 
winds are strong enough to exceed threshold for the movement of sand and dust, turbulent mixing 
usually eliminates the density difference resulting in a neutral boundary layer (Greeley and Iversen, 
1985). Friction velocity can be obtained with the following equation for neutral profile conditions 
(Abtew et al., 1989): 

where u. = 

Uz = 

z = 

D = 

zo = 

0. 4 u u - z 

* - ln~Z-D)/ z
0

) 

friction velocity (mis), 
velocity at height Z (mis), 

(2) 

height above the soil surface at which wind velocity is measured (m), 
displacement height (average height of the roughness elements, m), and 
aerodynamic roughness (m). 

The aerodynamic roughness is the elevation difference between the average surface 
roughness and the height of the extrapolated intercept of the log relationship where wind velocity 
approaches zero. The displacement height is the elevation difference between the lower surface 
base, such as the bottom of a ridge, or the soil base from which aggregates protrude. It is the 
average height ofroughness elements. The total distance of z0 and D is the amount that the wind 
profile is displaced above the soil base. 

Displacement height can be predicted with the following equation (Abtew et al., 1989): 

= 

= 

D=FcHa (3) 

the fraction of cover by the roughness elements, and 
the average height of the roughness elements (m). 
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The aerodynamic roughness can be estimated with the following two equations (Gregory, 1991): 

where H.n = 

= 

lf.ns 

Ds = 

we = 

Se = 

z =O. l3(H -D\ ors m J (4) 
maximum height of elements providing the major cover and 

z =z +[O.l3(H -D)-z J1-exp-xsj (
5

) o ors , ms s ors 

(Hms We)IS/ 
the aerodynamic roughness for a surface with 0.3 or more fraction of cover 
by elements (z0 rs is predicted with Equation 4 using Hm and D for the 
elements that provide the major cover) (m), 
the maximum height of sparse cover elements (tallest elements in 
system)(m), 
the displacement height of all elements including the sparse elements (m), 
the width of sparse elements (m), and 
spacing of sparse elements (centerline to centerline)(m). 

On relatively smooth land surfaces, the addition of saltation particles to the air mass just 
above the surface will cause the wind profile to adjust its shape. The most pronounced effect is 
the increase in displacement height. Displacement height will generally increase form less than a 
centimeter to 0.015-0.02 m depending on the wind velocity and the mass of soil moving in 
saltation (Wilson et al., 1993b). This increase in displacement height will generally increase the 
magnitude ofU •. While this effect is easily detected in wind tunnel studies, the effect is usually 
less pronounced in the field because the land surface roughness causes an initial displacement 
height in the 0.01-0.02 m range. The work of Abtew et al. (1989) seems to match field conditions 
reasonably well; however, additional detailed investigations on the effect of saltation particles on 
the shape of the wind profile are probably justified. 

Energy Reduction by Cover (Activity 1) 

Gregory (1984a) introduced the concept of relative soil loss as a function of canopy and 
residue cover for water and wind erosion. This factor is similar to the C factor used in the 
Universal Soil Loss Equation for water erosion. The following equation was developed to predict 
relative energy as a function of fraction and height of cover: 

where s 

Fr = 
~ = 
1\ = 

(6) 
cover factor, which expresses the fraction of wind energy that reaches the 
eroding soil surface, 
fraction of cover, 
height of cover (m),and 
height of soil roughness (m). 

The height of soil roughness can be estimated with the standard deviation of random 
roughness data in real space. Distortion may occur if data are analyzed in log space. Equation 6 
predicted the relative soil loss for wind erosion for variation in ridge height and clod cover with an 
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R2=0.99 (Gregory, l 984a). 

The fraction of cover can be estimated from mass/area of residue cover using the 
following relationship derived by Gregory ( 1982): 

where~ = 

= 

Fr =1-exp-A,,M• (7) 

a coefficient that expresses the area covered per unit mass for one piece of 
residue (Ha/kg), and 
the mass per area of residue on the field (kg/Ha). 

The coefficient, ~. varies with type of residue material and climate type. The same type 
of plant will often have smaller values of~ in dry climates as opposed to more humid ones. The 
predicted reduction in soil loss from Equations 6 and 7 are shown with measured values in Figure 
2. Cover is one of the most important variables that affect the transfer of wind energy to the soil 
and ultimately reduces soil movement. · 

RELATIVE SOIL LOSS 

1.0 

Figure 2. Relative soil loss as a function of fraction of cover predicted from mass/area of residue 
cover. Data from Chepil and Woodruff(1963). 
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Maximum Transport Rate (Activity 3) 

Equation 1 was expanded by Gregory et al. (1993a) to include the evaluation ofkinetic 
energy from the wind profile, cover, and particle size effects. The development is detailed; 
however, the resulting equation relates detachment to soil strength, particle size, particle size 
distnbution, cover, friction velocity, and threshold :friction velocity. The resulting detachment 
equation is · 

where 

.!!!_ _ (Pbs) Dso ( JD;;-JOJi8J( 2 [o.su.,]
2

] ur'L - C,p, D 1 + C2 rT\ SU. - G u. (8) 
rrJ I ts , -vD, I 

w 
L 
t 
c, 
C2 
Pr 
Dso 
Dr 
D1s 

u.t 
Gr 

= 
= 
= 
= 
= 
= 
= 
= 
= 

= 
= 

width of eroding surface (m), 
length of eroding surface (m), 
time (hr), 
coefficient obtained from calibration (0.004), 
coefficient obtained from calibration (125), 
density of fluid (1.23 kg/m3 for air), 
mean particle diameter of primary soil particle size distribution (mm), 
reference particle diameter (1.0 mm), 
particle diameter of primary soil particle size distribution at the 75 
percentage location (mm), 
threshold friction velocity (mis), and 
a gust factor (1 .5 for field conditions and 1.0 for wind tunnel conditions). 

The maximwn soil transport rate by wind occurs when the so il surface is completely 
covered with loose erodible particles. Wilson and Gregory (1992) showed that loose soil shear 
strength can be equated to the wind shear at threshold conditions. The following equation was 
developed for loose soil detachment and maximwn transport rate with the length of detaclunent 
set to unity: 

!!!_ _ ( G 1 ) 

2 

D50 [ JD;; -../O]i8J[ 2 [ 0.8U., J '] . Wt - 0.004pb• O.SU., Dr I + 125 .JD: SU. - Gr { 1. (9) 

The maximwn transport equation was callbrated with published data reported from wind 
tunnel studies and fit the experimental data with an R2 of0.95, which was highly significant (a= 

0.001) (Gregory et al., 1993a). The equation was also tested with field data from Svasek and 
Terwindt (1974) shown in Figure 3 and data from Nickling (1978) shown in Figure 4. The upper 
and lower curves were generated with Equation 9 by considering the effect of relative humidity on 
threshold friction velocity. The two soils also had different particle size distributions. Data from 
Wilson et al. (1993b) and Wilson (1994) indicate that Equation 9 responds correctly to changes in 
soil moisture associated with relative humidity, and that the current calibration is reasonable. 
Data relating soil moisture to relative humidity are available from Puri et al. ( 1925). 
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Figure 3. Comparison of measured maximum transport field data and predicted range. 
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Figure 4. Comparison of measured maximum transport field data and predicted range. 

Threshold Friction Velocity (Activities 2 and 3) 

Bagnold ( 1941) derived an equation for threshold friction velocity which is a square-root 
function of particle diameter (for particle diameters larger than about 0.1 mm). For arid regions, 
this relationship is adequate for most predictions, but in semi-arid or sub-humid regions, the effect 
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of soil moisture is a major factor. Gregory and Darwish (1990) expanded Bagnold's relationship 
to include the effect of electrostatic bonding (for small diameter particles) and soil moisture. The 
following equation was developed: 

where 

w l o.s -0.1...! 
0 • 0 0 4 5 1. 2 w., w -w 

LJ.1 =O .118[21. 2D50[ 1 +O. OlWa + D2 +0 exp ( a c) 
50 50 (10) 

w. 
WW 
WC 

= 
= 
= 

soil water content expressed as a percentage, 
wilting point of soil expressed as a percentage, and 
water attached to clay, in scratches on the particle surface, or internal to 
the surface of the particle expressed as a percentage. 

The relationship between Wc and the wilting point (Wp) can be determined from the data 
and statements by Chepil (1956) and Bisel and Hsieh (1966). Chepil states that erodibility by 
wind is about the same for soil that is oven dried or air-dried in the sun or in shade when moisture 
did not exceed one-third of 15 atmosphere percentage (W p). Beyond this range of moisture a 
distinct decrease in erodibility was manifested. Data presented in Figure 5 supports a Wc of 
0.5WP. Because these data were probably collected using a method that over estimated the 
measured surface soil moisture, the slope of the line is suspect. Chepil's experiments with sun 
dried and oven-dried conditions would have the best control of surface moisture. A Wc equal to 
l/3WP based on Chepil's observations is recommended. 
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Figure 5. Relationship between wilting point and Wc. 
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a Bisel and Hsieh (1966) 

o Chepil (1956) 

- - Wc=113Wp 

- - - - ·We= 112 Wp 

Soil water can be related to relative humidity (Gregory, 1991). The term Wa-Wc is set to 
zero when We exceeds Wa. The effect of particle size and soil moisture on threshold friction 
velocity is shown in Figure 6. 
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Figure 6. Effect of moisture content on the threshold friction velocity of various sized particles. 

Soil Moisture/Relative Humidity 
Soil surface moisture is highly influenced by atmospheric relative humidity. The correct 

variable is relative humidity, and not absolute humidity because it is the fraction of water in the 
liquid phase which bonds soil particles together. Obviously, liquid occurs at 100 percent relative 
humidity, but at various levels of absolute humidity depending on temperature. Because the 
unsaturated hydraulic conductivity is very low for coarse textured soils, the soil moisture at the 
surface of soils typically affected by wind erosion is dominated by the relative humidity of the 
atmosphere. 

Puri et al. (1925) related soil water content to relative humidity at equalibium with soil for 
a variety of soil textures with clay content ranging from 7.3 to 47.6 percent. A relationship 
explaining Puri et al. (1925) was reported by Gregory (1991). The relationship for relative 
humidity is as follows: 

where RH 
n 
cp 

= 

= 
= 

RH= 10 0[1-exp -1(1-exp(w1 w.,)~w1w.,r] 
relative humidity (% ), 
0.60+0.033CP, and 
percent clay content. 
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The wilting point for soils is proportional to the clay content. For the soils used by Puri et 
al. ( 1925), the wilting can be expressed by the following relationship: 

w .. = l.97+0.316Cp (12) 
The relationship expressed in Equations 11 and 12 fit Puri et al. (1925) well (R2 :<: 0.98, 

cx=0.001). The results for three soils are shown in Figure 7. Most soils subject to wind erosion 
should fall within the clay content range used to develop these equations. 
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Figure 7. Relationship between soil water content and atmospheric relative humidity (Data 
from Puri et al., 1925) 

Length Effect (Activity 3) 

Chepil's measurements on the length effect (Chepil, 1957) provided a classic data set that 
related soil movement to field length and soil type. Bagnold (1936) had investigated the effect of 
length on sand movement in a wind tunnel; however, the length to maximum movement for sand 
was only 2 to 4 meters compared to lOO's of meters for soil. 

A physical explanation for the length effect was first presented by Gregory (1984b). Two 
principles were identified to explain the process. The first principle is that the change in soil 
movement across a field is due to the decreased availability of soil for new detachment as the 
moving loose soil covers the solid 'soil component. Gregory (1984b) derived the following 
equation to describe this process for the simplest condition of no incoming sediment at the 
beginning of the field: 

where Lr = 
D1 = 
D11 = 
Ar = 
L = 

length factor, 
detachment rate of solid soil (kg/m2-hr), 
detachment rate ofloose soil (kg/m2-hr), 
abrasion factor (dimensionless), and 
length of field (m). 

670 

(13) 



The dimensionless length factor varies between 0.0 and 1.0. This equation matched 
measured data reported by Chepil (1957) for a sandy loam soil with an R2 of0.93 and was highly 
significant (ex =0.001). It also matched measurements made in a wind tunnel for pure sand 
(Dt=DJ reported by Bagnold (1936) for a friction velocity of0.92 mis with an R2 of0.95, which 
was highly significant (ex =0.001). The abrasion factor, At, was set to 1.0 for these analysis. 

Equation 13 is valid, however, only for sandy soils or pure sand at high winds because it 
only considers one of the two processes that affect the length relationship. The second length 
principle is that the total kinetic energy of particles abrading aggregates initially increases 
exponentially with field length as the number of particles increase. The collision of one loose 
particle detaches others, and each of them detaches more, etc. At about 35 percent surface cover 
by loose particles, the solid soil surface becomes sheltered from direct impact from saltating 
particles. At this point, the exponential growth in the number of particles is curtailed, and the 
abrasion adjustment factor reaches an upper limit of 1.0. This effect can be considered by 
multiplying the detachment ratio in Equation 13 by the fo Hr".,.:.,~ abrasion adjustment factor: 

[ 
2.ll l 

L D11 
1 

o,su.1 

A1 = 0.lexp ·(o,su.i) -.{ v;-)i 
(14) 

Equation 14 was developed empirically considering the fact that the number of loose, 
abrasive particles initially increased exponetially and considering that the equation needed to have 
an upper limit of 1.0 and be stable for calculations on a computer. The calibration for Equation 
14 was obtained with field data from Chepil (1957) and wind tunnel data from Bagnold (1936) for 
sand movement with a friction velocity of0.36 mis. The R2 obtained form Bagnold's data for this 
relationship was 0.97 and was highly sign,i.ficant (cx=0.001). The relationship also predicts the 
field results reported by Chepil (1957) as shown in Figure 8. Two problems with Chepil's data 
are that he did not separate the effects of aggregate size and soil erodibility, and aggregate size 
and clay content were not reported in enough detail to make a precise calibration or evaluation. 
Because Equation 14 contains the variable U., which varies with wind speed, the length factor 
should vary during an erosion event, making it difficult to obtain precise data for calibration. 
Most length relationships presented in the literature do not include the variable of friction 
velocity; however, controlled measurements by Bagnold (1936) fully verify the necessity of 
including friction velocity as a variable. 
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Figure 8. Effect of soil type on the length effect (Data from Chepil, 1957). 

Erodibility Effect (Activity 2) 

In the literature, many different definitions for soil erodibility are found. In this paper soil 
erodibility will be defined as the mass detached per unit kinetic energy. One key to understanding 
wind erosion, especially the length effect, is the recognition that at least two soil erodibilities 
exist: one for cohesive soil and one for loose soil. To detach soil particles from a solid condition. 
input energy is needed to break the bonding force between particles. To detach loose soil. the 
input energy only has to overcome the force of gravity and any liquid bonds. such as surface 
tension. 

Wilson and Gregory (1992) defined soil erodibility, E, as 

E = Pbs f(E>) 
"ts 

(15) 
where E = erodibility (kg/ J). 

Loose soil erodibility, E1, was defined (Wilson and Gregory. 1992) as 

(16) 
where E1=loose soil erodibility (kg/J). and 

N=a number obtained from calibration. 

This understanding of erodibility was used in the development of Equations 8 and 9. 
Equation 16 also helps in the understanding of the length effect. If the detachment ratio in 
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Equations 14 and 15 is obtained by dividing the right side of Equation 8 by the right side of 
Equation 9, the following equation is obtained: 

D, C3p rPbs I ts 
-=-------

0.004pbs(_!l_!_) 
2 

o.su., 

(17) 

whereC3=calibration coefficient. 

The detachment ratio is essentially the ratio of erodibilities. Wilson and Gregory ( 1992) 
noted that the t/Pbs term had the same dimensions as crushing energy (the energy required to 
crush a defined mass of cohesive soil) as defined by Skidmore and Powers ( 1982). A convenient 
method to estimate soil erodibility for solid soil is crushing energy. Based on limited data, when 
crushing energy is used, Equation 17 becomes 

D, Sp/ I EC 

-D-,, ~ 0004p.,(0~~J 
(18) 

where Ee = crushing energy (J/kg). 

Crushing energy, Ee, is approximately a linear function of the percent clay in the soil. Wilson and 
Gregory (1992), using data from Skidmore and Layton (1992), developed the following equation 

to estimate Ee as a function of clav npr~entage: 

al (19) --
EC Clay% 

where al = regression coefficient ( 1.1). 

The length factor prediction shown in Figure 8 used clay content to adjust for soil texture 
differences. There is some evidence showing that crushing energy is a temporal property of soil 
and is effected by climate history (Singh et al, 1992; Layton et al., 1993). More research is 
needed to determine the precise temporal effects. This information could have a major impact on 
the understanding and prediction of wind erosion, and the implications of climate change on air 
quality. 

Relating Dust Generation to Field Length 

Evidence exists that field length has a secondary effect on the release of dust from 
saltating particles (Gregory et al., 1993b). A general function for this effect can be derived by 
relating the change in detachment of dust particles to the number of impacts from particle 
abrasion, 

dD = -W (D -D) 
dN 1 p (20) 

673 



where D = dust fraction, 
N = number of impacts, 
Wr = weathering factor, and 

DP = dust fraction potential. 

This equation can be rearranged and integrated from zero to the final dust fraction and 
from zero impacts to the final number of impacts to obtain 

(D -D) 
ln ~P =-WIN 

(21) 
The logarithm can be eliminated by taking the exponential of both sides to obtain 

D = DP(l- exp-w1N) (22) 

Equation 22 predicts that dust generation depends on the potential for dust in the soil 
fraction and varies with the number of impacts from particle abrasion. If there is initial dust in the 
soil system from tillage, other mechanical action, or weathering, it can be considered with the 
following equation: 

where Di = 

D = DAl-exp-w'N)+D; 

initial dust amount. 
(23) 

This equation was tested with measurements made in the laboratory with a controlled 
energy dust generator (Gregory et al., 1993b). Initial results for extremely dry soil conditions are 
shown in Figure 9. The relationship matched the derived equation with an R2 of0.997 and was 
statistically significant (ex= 0.001). One-thousand rotations are associated with 1600 impacts, 
which should be equivalent to the number of impacts for particles in saltation to travel 166 m (0.1 
miles). A similar result is shown for moist soil. Note that soil moisture inhibits dust generation, 
as well as, the erosion process. 

It is obvious from these results that the number of impacts has a major effect on the 
release of dust. For field conditions, the number of impacts will depend on field length and the 
height of saltation, which depends on the wind speed. Obviously, more research is needed to 
relate the weathering factor to soil type, soil moisture, and other variables that control bonding 
strength between soil particles. Nevertheless, there is considerable evidence that the loading of 
dust into the atmosphere can worsen during prolonged droughts (Singh et al., 1992). 
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Figure 9. Effect of the number of impacts on the generation of dust from soil. 

Reference Zone Concentration (Activity 4) 

The rate of soil movement, ~, for a given field length and soil condition is obtained by 
multiplying the results from Equations 8 and 9. The height of saltation can be determined 
theoretically by equating potential and kinetic energy of saltating particles: 

to obtain 

where H5 

g 
= 
= 

1 
mgH, = -mU.2 

2 

H = u.2 
s 2g 

height of saltation (m), and 
gravity (m/s2

). 

(24) 

(25) 

Equation 25 is similar to the result of Owen (1964); however, experimental measurements 
using highly efficient isokinetic samplers in the wind tunnel at Texas Tech University do not verify 
this relationship (Wilson et al., 1993b). The measured average height of saltation are within 1 cm 
of the predicted values of Equation 25, but tends to follow a linear function ofU., rather than a 
square relationship. It is unknown at this time what modifications to theory are needed to explain 
the measured data. 
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The flow rate of air in the saltation layer (dust generation layer) is calculated with the 
following equation: 

Q" = 5.l(HJ(u.2)(W)3600 
(26) 

where Q. = air flow rate (m3/hr). 

The value of 5.1 U. defines the wind velocity at the top of the roughness elements 
(Gregory et al., 1993a). 

Concentration of sediment in the saltation layer is obtained by dividing the mass per time 
times width by the air flow rate from Equation 26: 

xsw 
C =-
, Q" (27) 

where Cs = concentration in the saltation zone (kg/m3
) . 

Suspension Concentration 

The average reference height for the reference dust concentration is the saltation height 
divided by 2.0. Distribution of dust concentration with height is then predicted with the following 
equation modified from Anderson and Hallet (1986) (Gregory et al., 1991): 

= 

= 
= 

Visibility Prediction 

(2H) -o.~~. 
CH = C -

'H s 

concentration at desired height H (kg/m3
) , 

height at which concentration is predicted (m), and 
particle settling velocity (mis). 

(28) 

The length of visibility depends on light penetration. Gregory ( 1987) derived an equation 
to predict visibility as a function of dust concentration and particle size. The total light 
penetration through a system of various particle sizes can be predicted by evaluating the 
probability of penetration through all concentrations of various particle sizes in the system . 

where PT = 

c. = 
I 

Di = 

p = 
= 

n = 

... iLc, - ISOO- -

P. 
p D, 

r = exp ,., 
(29) 

fraction of light that directly penetrates a distance of 1.0 m, 
concentration of particles for size class i (kg/m3

), 

average diameter of size class i (mm), 
particle density (2650 kg!m3

) , 

size class, and 
number of classes. 
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The effective average particle diameter at a given height can be determined by rearranging 
Equation 29, 

D I CT 
~ =-1500--

p In PT 
(30) 

where Deff = the effective average particle diameter (mm), and 

~ = the total concentration of all particle size classes at the specified height H. 

Length of visibility at a given height can then be predicted using the following equation 
(Gregory, 1987): 

L = [-In Pp] D,g 
v 1500 Cr (31) 

where Lv length of visibility (m). 

The factor P is often set to 0.02 (2.0 percent of the light coming from the target), the lower limit 
of detection with the human eye (Robinson, 1968). 

Applications 

Results from an analysis of the dust storm that caused the major traffic accident in California 
in 1991 are shown in Figure 9. This storm was caused by a cold front that moved over the area 
on the day of the accident. The bottom portion of the graph shows the changes in wind speed and 
relative humidity as the storm progressed. As the winds increased, the relative humidity dropped. 
Both changes increased the potential for wind erosion and blowing dust. The major change in 
both wind speed and relative humidity occurred over a period of about 4 hours; however, the 
major change in predicted visibility occurred over a period of about 2 hours. Predictions 
of visibility were made for bare soil conditions for the particle size distribution associated with the 
sandy loam soil type at the site of the accident. Predicted visibility for various heights are shown 
in Figure 9. The highway patrol reported visibility as low as 50 ft (16 m) during the worst part of 
the storm (Wilson et al., 1993a). Because a driver must respond under dynamic conditions, these 
predictions were made for a 10 percent observation of the target instead of the 2 percent 
discussed earlier. These predicted results seem very reasonable for this storm. The simulated 
values with height illustrate the dynamic nature of dust suspension. Note that the visibility 
increases with height, or as dust concentrations decrease. 
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Figure 10. Input weather variables and predicted visibility for a dust storm in California, 
November, 1991. 

The results for a long-term analysis for Lubbock, Texas are shown in Figure 11 (Gregory, 
Lee et al., 1993). The measured dust hours represent monthly values averaged over the period 
from 1947 to 1989 for sightings made at the Lubbock airport. The observer height is about 1.7 
m, but the target height is usually higher and often in the range of I 0 m. These measurements and 
simulation illustrate the seasonal variability of blowing dust due to wind. relative humidity, and 
crop cover variations. 
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Figure 11. Comparison of measured and predicted long-term dust hours for Lubbock, Texas. 

Summary 

The process of eroding soil by wind and the detachment and suspension of dust particles 
affects land and air quality and is an important component in evaluating and establishing 
environmental management programs. The process begins with the transfer of wind energy 
through surface cover to the soil. The soil resists the detachment energy until friction velocity 
exceeds the threshold friction velocity. At this point, loose particles begin to move in saltation. 
The movement of these particles increase the energy transfer from the wind and triggers an 
avalanche of particles as they move downwind with field length. Eventually, the soil surface 
downwind becomes covered with loose sand and or sand-like particles and the movement levels 
to a maximum transport rate controlled by wind speed, surface cover, soil moisture (relative 
humidity), particle size, and particle size distribution. 

Two soil erodibility values affect the wind erosion process. Soil erodibility for loose soil 
affects the maximum transport rate. The ratio of soil erodibility of aggregate soil to loose soil 
erodibility affect the rate of increase in soil movement with field length. 

The dust concentration in the saltation zone (zone with initial movement and height of the 
particles are controlled by the detachment processes) provides the reference concentration to 
determine the suspension of dust. Particles with low settling velocity tend to go into suspension 
and are transported upward. The concentration decreases inversely with height. Particles with 
high settling velocity do not become suspended; they continue to move in the saltation mode. 
Visibility is dependent on both the concentration and the size of the suspended particles. Visibility 
is low for high concentrations of small diameter particles. 

Because wind erosion and dust generation processes are complex, numerous functions 
are required to describe all interactions. Many of these functions are presented in this paper. 
These functions, working together in one model, was used to simulate visibility reduction 
associated with a major dust-storm that caused a 164-vehicle accident on Interstate 5 in 
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California. Finally, long-term visibility predictions were made for Lubbock, Texas. Predictions 
compared favorably with measured data. It is concluded that the Texas Tech Erosion Analysis 
Model (TEAM) is a reasonable tool for the simulation and analysis of wind erosion related 
phenomena. 
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BLOWING DUST AND SAND EVENTS ACROSS ARID AND SEMIARID REGIONS OF 
THE UNITED STATES FROM 1971TO1992 

by 
Richard Peterson and Ted M. Zobeck 

Abstract 
In order to investigate the interdecadal patterns of blowing dust/sand activity, 22 years 

(1971-1992) of blowing dust and sand reports across the western regions of the United States are 
swnmarized. The data are extracted from NOAA's Storm Data, which is compiled monthly by the 
National Weather Service. The information is a portion of data containing almost 500 events 
extracted for the entire U.S. 

The analysis shows that year-to-year variability is large, but in general there has been a 
shift in reports of blowing dust from the High Plains to the areas farther west across the period of 
record. Tabulations are included showing the nature and extent of associated casualties. The 
seasonal pattern of the occurrences region-by-region is depicted. 

Introduction 
Blowing dust can occur due to a number of meteorological factors. In the past, these 

associations have been investigated using individual station data (e.g., Wigner and Peterson, 1987; 
Peterson et al., 1994). In this paper we summarize many features of the occurrence and effect of 
blowing dust events in the western United States. The information was obtained from the National 
Oceanic and Atmospheric Administration (NOAA) publication Storm Data. One of the objectives 
of this paper is to illustrate the usefulness of Storm Data as a source for studying the climatology 
of blowing dust. This is of interest since·the National Weather Service (NWS) is installing 
automatic weather stations - ASOS - which do not record the presence of blowing dust. 

Different combinations of weather factors leading to strong winds and surface conditions 
providing sources of particles result in blowing dust. There are numerous possibilities for each of 
these factors, leading to various blowing dust scenarios. Across the western United States there 
are preferred areas for the different scenarios of contributory factors. 

Strong winds are possible with: a) intense surface low pressure areas; b) strong frontal 
systems; c) downslope winds; d) mixing down of winds from aloft; e) thunderstorm outflows; and 
f) small-scale vortices, such as dust devils. All of these appear in events recorded in Storm Data. 
At this point however only the distributions of events for the individual states and for months of 
the year have been summarized. 

The 11 western states (generally west of 104° W long.) encompass vast areas with semi
arid to arid climate, with diverse surface exposures and terrains. In some regions there are natural 
sources of particles which may be raised by sufficiently strong winds. In addition human activity 
(e.g., agricultural and recreational) leads to other potential dust sources. Loose soil particles less 
than 0.84mm diameter will blow when the wind exceeds about 6 mis. The wind velocity at which 
particles begin to move will vary with surface roughness, cover, clod size distribution, and other 
factors. 

Blowing dust and sand events have been noted in the western United States since the 
1800s. In the recent era two studies have been widely cited: Orgill and Sehmel (1976) and 
Changery (1983). These were both based on NWS station observations; beginning in 1995 the 
ASOS data do not include dust information. 

Changery (1983) examined records for approximately 180 stations west of95° W long. 
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(the Plains and West) for the period 1948-1977 to determine the occurrence of blowing dust 
(defined as visibility lowered to below 7 miles due to dust in the air). Figure 1 depicts the areal 
distribution of annual average hours with visibility less than 7 miles due to blowing dust; the dots 

show locations of the observations. 
The highest frequency (over 150 hr) occurs in the South Plains of West Texas (centered 

on Lubbock). Over 100 hr occurs in South Central New Mexico to El Paso, Texas, as well. 
Further west 100 hr occurs in the southeastern part of California; 50 hr occurs in the Central 
Valley and Barstow areas of California, as well as south of Great Salt Lake in Utah; 25 hr shows 
up in western Nevada, southeastern Washington and across the Canadian border with Minnesota 
and North Dakota. 

Blowing dust in the western U.S. - particularly haboobs (dusty thunderstorm outflows) in 
Arizona - were described by Idso (1974; 1976). A special American Association for the 
Advancement of Science symposium held in 1977 led to a collection of papers (Pewe, 1981) on 
desert dust, with numerous articles on blowing dust/sand in Arizona and California. 

Duststonns in the Southwest United States were studied by Nickling and Brazel (1984) 
and by Brazel and Nickling (1986; 1987). Across the western portion of the Sonoran-Mojave 
desert region, stonns are more frequent during the winter, while across the eastern portions they 
are a summertime feature; for Arizona, a station-by-station analysis identified the role played by 
the different generating mechanisms for blowing dust events. (A similar breakdown for blowing 
dust in northern Mexico was carried out by Jauregui (1989).) 

Data Source 
All data used in this study are based exclusively on reports from Storm Data, a monthly 

NOAA publication that describes damaging and severe weather during the year. These reports 
include deaths, injuries and property damage from such phenomena as a tornadoes. hurricanes, 
straight-line winds, flash and river floods, hail, heavy rain, and heat and cold waves. 

Storm Data has undergone changes over the decades. As early as June 1921 a section was 
included in the U.S. Weather Bureau publication, Monthly Weather Review. which surrunarized 
the reports of damaging events due to weather. (Earlier there would be occasional surrunary 
narratives as well as a full description in the Annual Report of the Bureau.) From a tabulation of 
just a fraction of a page, the volume of events grew. From 1950 to 1958 the information was 
published in monthly issues of the U.S. Weather Bureau publication. Climatological Data 
National Summary under the sections "Severe Local Storms" or "Storm Data and Unusual 
Weather Phenomena." From 1959 to the present Storm Data has been a separate publication. 

Begillning in the 1950s, the information included in Storm Data has been compiled 
primarily from newspaper reports provided to the NWS by contracted clipping services that 
attempt to cover all the counties in each state by reviewing newspapers. These are provided to the 
NWS offices in the states. Combined with reliable reports from other media sources. the 
information is compiled and sent to the National Climatic Data Center (NCDC) where it is 
published in Storm Data. 

Figure 2 shows a typical Storm Data entry. For each state (or section in the case of large 
states) events are listed chronologically for the month. In addition to the date, the local standard 
time of the event is given. Information is provided for injuries, deaths, property loss and crop 
damage. There is usually a narrative describing the event. For our study, this data was extracted 
for the period February 1971 through April 1992. 
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Figure 1. Annual average number of hours of dust episode visibility less than 7 miles (Adapted 
from Changery). 
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Results 
The distribution of events by states is shown in Figure 3. The largest number of events 

was 53 in Arizona, followed by Colorado ( 46), Idaho ( 44) and California ( 42). The fewest was 3 
in Wyoming, followed by Montana ( 4) and Oregon (8). 

The annual number of dust events each year across the western U.S. is shown in Figure 4. 
Interannual variability is quite high, fromjust 1(in1979 and 1981) to 38 (1991). After a peak in 
1975 and a lull either side of 1980, the number rose greatly after 1986. In general however the 
later half of the full period averaged distinctly more events. (Whether this is due to a climate shift 
leading to more dusty conditions or whether reporting practices have changed cannot be easily 
determined). 

For the full period the monthly distribution of the number of dust events (Fig. 5) reveals a 
clear pattern. The maximum occurs in March-April and the minimum in October. The distribution 
results from strong generating events in late winter-spring as well as summer. 

Table 1 summarizes the annual number of dust events along with deaths, injuries, property 
and crop losses. It should be noted that the deaths and injuries were due to conditions associated 
with the dust events (e.g., low visibility leading to automobile collisions). 

Analysis of the data for the individual states reveals interesting similarities and contrasts 
(despite the low number of events when distributed among the 11 states). For all the states the 
interannual variation is similar to that for the full data; i.e., numerous events in the 1970s, fewer 
reports in the middle of the period, and then an increase from the late 1980s on. For example, 
Figure 6 shows the interannual variation for Idaho. 

The month-to-month variation of events for the individual states varies greatly. For 
Arizona, Nevada and Utah the maximum of activity occurs in summer (e.g., Fig. 7). Washington 
(Fig. 8) has a maximum in late winter and another in the fall. Spring brings the greatest number of 
reports for California (Fig. 9), Colorado, Montana, New Mexico and Wyoming. Both Idaho and 
Oregon (Fig. 10) have spring maxima, but also secondary maxima in the summer. 

For comparison the interannual variation of reported dust events for the same period for 
the Plains states (North Dakota, South Dakota, Nebraska, Kansas, Oklahoma and Texas) was 
determined (Fig. 11). This shows a pattern distinctly different from that for the western states 
(Fig. 4), particularly after 1986. The Plains states show a major decline while the western states 
show an increasingly larger number of reports. 

Discussion 
A major objective of this paper is to assess the usefulness of Storm Data in developing a 

climatology of blowing dust, particularly in the future with the loss of station data reports of dust. 
Some of the patterns found are plausible, some are puzzling and some are perhaps dubious. 

The month-to-month variations for individual states appear plausible in terms of 
recognized generation mechanisms for strong winds. For example, the summer maximum for 
Arizona is due to the role of thunderstorm outflow winds during that time of year. The late 
winter-spring maxima found in states further north reflect the roles of strong cyclones and fronts 
at that time of year at their higher latitudes. 

The rise of dust event reports into the late 1980s and 1990s is surprising since the 
Conservation Reserve Program (CRP) was in place, which should have led to fewer available 
particulates (at least from agricultural lands). By contrast the decrease of reports in the Plains 
states for the same period may be attributable to the widespread adoption of the CRP (Osborn et 
al., 1992). 
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The small number of reports for the Plains States during the 1970s is questionable in view 
of the experience across the South Plains of Texas. The 1970s were very dusty in the Lubbock 
area (Wigner and Peterson, 1987); however many of these events may not have been noted 
outside of the region. Furthermore, the occurrence of blowing dust in the Lubbock area may not 
have seemed sufficiently extraordinary to warrant reports to be submitted to Storm Data. 

Conclusions 
We have shown that Storm Data provides a valuable source of information on blowing 

dust. With care the data can be used for assessment of the blowing dust climatology. Further 
study of the data and the analyses are necessary before strong conclusions can be drawn however. 
An examination of the data for the two decades prior to those studied here may provide additional 
insights. 
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STORM DATA AND UNUSUAL WEATHER PHENOMENA 

- FEBRUARY 1991 
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LOCAL LENrH ~~~:H i 

I ~ i PLACE STANDARD p~ H ~ 0 ~ 
CHAR~CTER 

E 

~ f 
S~ORH CHILES) (YARDS) s 

y 

ARKANSAS Cont'd 

Salioc County 
Sha.o.noa Hills 

Three to 4 inches of rain caused flooding across Hot Spring County. The conununitics of 
Donaldson, Watherspoon, and Friendship reported roads were impassable due to flooding. 

22 llOOCST-
12.JOCST 0 0 2 0 Flub Flood 

Heavy rains flooded roads in the Sbmnon Hills area. 

CALIFORNIA, Northern 

F rcsno County rn 0200PST-
1000PST 4 31 s 0 Dc:osc Fog 

Two separate accidents in the Fresno area occurred on fog-shrouded highways. The most serious 
accident on Highway 99 involved at least 74 vehicles, and resulted in 3 deaths and 31 injuries. 
In another acc1uent, a truck drove onto railroad trades in the fog and was struck by a train. 

Southern Siena, 16 00 IOPST-
Nevada, and 1200PST 0 0 0 0 High Winds 
T clw:h.api Mount.a.ins 

Kern County 

Kern County 

Tulare County 

Strong winds were induced by a pressure gradient between a high in the Great Basin and a low 
in Anzona. Wind gusts to 60 mph were reported in Yosemite-Valley with numerous downed 
trees and blocked roads. 

27 0830PST-
1300PST 0 36 s 0 Blowing Dust 

Winds gusting to around 35 mph kicked up dust and reduced visibility to near z.ero. Multiple 
vehicle accidents occurred in several locations. with the largest involvmg about 70 cars and the 
bulk of the injuries. 

27 2145PST-
28 0200PST 0 0 0 0 Flash Flood 

Highways were closed near lnyokem as heavy rain caused water and gravel to flow over the 
rows. 

28 1615PST 0 0 0 5 0 Tornado {Fl) 

A tornado briefly touched down near the town of Goshen. 

CALIFORNIA, Southern 
CAZALL 

CAZALI... 

17 0600PST 3 17 ? 0 High WJ.Dd& 

Strong gusty Santa Ana wiods
1 

caused by a high-pressure system over Nevada and Utah, hit all 
of soulliem California. Winas to 55 mph blew over parts of the Antelope Valley, reducing 
visibility with blowing sand and dust along StAte Highways 14 and 138. Wind ~ts to 45 !DPfi 
were reported at Sandberg in the Tehachapi ~fount.ams. Three fishermen died after their .bOat 
broke apart in rough seas off Anacapa Island m the SanlA Barbara Ch.ann~l; ~e three surv1v9rs 
said the boat was rut by a large wave. In the Antelope: Valley, near-zero v1s1b1hty led to a clla.in
reaction traffic accident involving more th.an 40 vehicles. At least 14 people were injured. 
(M330, M510, M620) 

V-
28 1 0 7 0 Heavy Raina 

Figure 2. Sample page from Storm Data. 
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Table 1. 

Annual Number of Dust Events and Deaths, Injuries, 
Property Losses, and Crop Losses in the Western U.S. 

Year Number of Events Deaths Injuries Property Losses Crop Losses 
1971 12 7 52 $185,000 so --
1972 8 5 14 $1 ,060,550 S55,000 - -
1973 5 5 9 $5,000 $500,000 
1974 14 2 65 $186,000 . S5,000 
1975 25 4 74 $406,500 $60,000 
1976 18 5 42 $1 , 131 ~000 $0 --
1977 8 l l 6 $15, 155,000 $10,500, 500 - -
1978 9 4 3 $157,000 $10,000 - -
1979 I 0 2 $5,000 $0 
1980 7 0 0 $66,000 $500 --
1981 l 0 0 $50 $0 
1982 10 l 12 $5,606,500 $60,000 
1983 3 0 0 $55,500 $0 
1984 9 2 30 $52,000 $5,000 
1985 5 6 13 $160,000 $50,000 
1986 5 0 0 $10,050 $0 
1987 14 I 3 $537,050 $5,050 
1988 20 5 58 $1 ,782,000 $50,000 
1989 11 6 44 $590,050 $5,000 
1990 34 3 30 $1,367,100 $100,000 
1991 38 27 227 $6,807,150 $50,000 
1992 26 2 18 $728,061 Sl,005,000 
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Abstract 

LAND EVALUATION AND SITE ASSESSMENT (LESA) 
FOR ARID AND SEMIARID LANDSCAPES 

by 
Anubhav Bagley, Jeffrey J. Schm.idt and Frederick Steiner 

The agricultural Land Evaluation and Site Assessment (LESA) system was created to rate 
a tract's potential for agriculture against a variety of physical, social, and economic factors, 
including location, access to market, and adjacent land use. The fundamental motive for the 
design of the system was to ensure that prime and unique farmland could be protected for the 
future needs of the generations to come. In 1991, a study conducted for the Soil Conservation 
Service (now known as the Natural Resource Conservation Service) found that very few LESA 
systems existed in the southwest region of the United States. In fact, at that time there were none 
in Arizona, California, or Texas. Between 1982 and 1992, nearly one acre per hour of farmland 
has been converted to urban uses. In addition to the loss of productive land, water is the main 
limiting resource for agriculture in these arid areas, with many areas dependent on irrigation. 
Since LESA was developed in non-irrigated regions, it is felt that water availability should be 
considered as a critical factor in the site assessment portion of LESA. This paper suggests that the 
conventional LESA system is not adequate for regions dependent on irrigation, but it can be 
adapted to evaluate agricultural suitability by adding a water availability factor. This paper 
outlines the specific research done in developing the LESA systems for Maricopa and Cochise 
counties in Arizona. 

Introduction 
The loss of productive farmland persists as an important issue in many parts of the United 

States. There has been considerable debate concerning the national rates of conversion and whether 
they constitute a serious problem. Meanwhile, in specific regions and in several states, the concern 
is high about the loss of strategic farmlands --- those areas with good soils and ample water close to 
markets. Our food security and ways of life depend on farmers and farmland. 

The benefits of farmland protection include food production, the sustainability of rural 
communities, the preservation of national and regional heritages, the provision of open space, and the 
potential for several environmental amenities, including flood water retention, soil conservation, and 
wildlife habitat enhancement. Unique farmland, such as the cranberry bogs of New Jersey, the 
vineyards in the Napa Valley of California, and the citrus regions of the Sunbelt, provide a cornucopia 
of food varieties in the United States. Small-scale operations are often more viable for specialty crop 
production near growing cities. Such operations promote great economic opportunity within regions. 
Most unique farmland is located within or near metropolitan areas. 

These lands are often the focus of intense debates that pit economically strapped farmers, who 
wish to continue in agriculture but need cash, against preservationists, who value open space and 
recognize the long-term importance of good farmland. Such conflicts are unnecessary. Farmland 
protection can benefit farmers and preservationists alike (Steiner, 1995). 

Arizona is known for its abundance of sunshine and a long frost free growing season. For this 
reason, agriculture has played a major role in the development of the state, especially in the desert 
regions. Cotton, by far, has been the most important field crop grown in Arizona, ranking first in the 
nation in production of all cotton types between the 1920's and 1960's, and as of 1995 ranks second 
in production of Pima cotton and ninth in upland cotton production, respectively (Arizona Statistics 
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Service, 1995). Arizona ranks third in citrus production for the United States. Lemons continue to 
be the number one citrus crop in the state. Lettuce, carrots, broccoli, dry onions, cauliflower, 
potatoes, watermelons, honeydews, and cantaloupes are the principal food crops grown in Arizona. 
The most significant vegetable crop in Arizona is head lettuce, "accounting for 41 percent of the total 
value of production for all vegetables" (Arizona Statistics, 1995), allowing Arizona to rank second 
nationally (Conway and Steiner, 1994). 

Agricultural Land Evaluation and Site Assessment 
As a response to the increased pressures and potential impacts of federal programs which led 

to the conversion of agricultural lands to other land uses, the U. S. Department of Agriculture 
(USDA) with leadership from the former Soil Conservation Service (SCS) in 1981 launched a new 
system to objectively rate the agriculture suitability of land against demands for other uses (the SCS 
changed its name to the Natural Resources Conservation Service (ARCS), in 1994). The land 
evaluation and site assessment (LESA) system has been adopted by the federal government, several 
states, and many local governments as a land-use decision making tool to protect farmlands in the 
United States (Steiner et al., 1994) 

The LESA system was created to rate a tract's potential for agriculture against a variety of 
social and economic factors, including location, access to market, and adjacent land use. The prime 
motive of the system was to design a system to assist with efforts to protect prime and valuable 
farmland for future generations. The reliance on soil surveys for agricultural land-use decisions was 
felt to be inadequate by the SCS and others as surveys did not comprehensively address the economic, 
aesthetic, ecological, and social aspects that influence the relative suitability of the land for farm use 
value (Gordon and Gordon, 1981). 

The LESA system is rooted in the land capability system and suitability analysis. LESA is thus 
an analytical tool and not a farmland protection program. Its role is to provide systematic and 
objective procedures to rate and rank sites for agricultural importance in order to help officials make 
sound decisions. 

The LESA system is divided into two parts. The land evaluation (LE) portion rates soils of 
a given area and places them into one often categories ranging from the best suited to the poorest 
suited for agriculttiral use. The criteria utilized to rate the quality of the soil for agricultural use 
are: land capability classification, important farmlands classification. soil productivity, and soil 
potential. For the purpose of this paper, we will direct our discussion to the second part of the 
system, site assessment. The site assessment (SA) identifies important factors other than soils that 
affect the viability of a site for agricultural use. It analyzes site attributes including: agricultural 
land use, agricultural viability factors, state and local land use regulations and tax concessions, 
options to proposed use, compatibility with comprehensive development. and urban 
infrastructure. The combined score provides a rating of the relative agricultural value for the given 
area. 

Objectives 

The thrust of this research was to design a land evaluation and site assessment (LESA) 
system which is suitable to be used in arid and semiarid environments such as Arizona. The new 
Rating Agricultural Lands: A Guidebook for the LESA System (Pease and Coughlin, 1996) was 
used to establish a format for design "in this project. To achieve this goal, the following objectives 
were established: 
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Conduct a literature search to understand: 
• the need for farmland protection and the government policies, 

• the importance of agriculture in arid and semiarid regions such as Arizona, and 

• the factors which make agriculture in arid and semiarid regions different from areas with 
high water availability. 

Design a LESA system for two counties in Arizona, adapting it for use in arid and semiarid 
regions. 

Test the prototype LESA system in these areas. 
Make recommendations on the design and applicability of LESA systems to arid and 

semiarid landscapes. 

Study Area 
Maricopa and Cochise counties in the state of Arizona were identified as the study areas 

for the project. The selection of the counties was influenced by the following factors: 

• Importance of agriculture in the areas. Citrus in Maricopa County and ranching in 
Cochise County have played an important role in the settlement history, cultural identity, 
and economic development in both counties. 

• High rate of growth. Both the areas are facing great pressures for urbanization. 

• Diversity of agricultural use. 

• High interest in the area. Both counties are revising their general (comprehensive) plans 
at present. The Cochise County Planning Department feels that a system of this form may 
prove beneficial for future development. Similar interest was expressed by local leaders in 
Maricopa County. 

Two general areas were selected in each of the counties. These were selected in 
consultation with county planning and conservation district officials, as well as NRC S staff. 
Areas facing immediate pressures of urbanization were given a preference during the selection 
process. 

In Cochise County, located in the southeast comer of the state, these areas are the Kansas 
Settlement Road Area near Willcox, and the San Pedro River Subwatershed, between the 
Mexican border and the Sierra Vista city limits. These two areas provide a good contrast, as the 
Kansas Settlement area is primarily irrigated farmland while the second, the San Pedro River 
Subwatershed, is primarily rangeland and is urbanizing rapidly. In Maricopa County, location of 
Phoenix, the project areas include Luke Air Force Base in the western part of the county and 
Williams Air Field in Mesa, which is in the southeast. These areas have been experiencing large 
scale urban development in the past few years. 
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Research 
The following describes how the goals and objectives of the research are being conducted. 

It includes a literature search, consultations with experts and local farmers, design of a LESA 
system, evaluation of the design, and recommendations to potential users of the systems. The 
research is to be divided into four interconnected phases that included scoping, design of the 
LESA system, testing the prototype, and an evaluation. 

The first phase of this process primarily entailed answering the question, "What is the 
LESA system being designed for?" This starting stage included intensive literature surveys on 
agriculture in the arid regions, its importance, existing LESA systems, and developments in the 
field. 

Another step of this scoping process consisted of selecting a total of sixty sites in the four 
areas. The selection of these test sites was done by local and state NRC S experts. The sites were 
chosen in a manner so as to include sites with varied sizes, crops, and locations. This selection 
process entailed numerous site surveys and secondary data collection. 

One of the final tasks in the preliminary phase of this study consisted of selecting and 
constituting the Delphi panel. A potential group consisting of agricultural experts, planners, 
farmers, and NRCS officials were approached by mail for participation in the Delphi panel. Two 
Delphi panels, one for each county, were constituted from these initially invited panel members 
along with those suggested during the process by panelists. Along with the constitution of the 
Delphi panel, a group of experts in the fields of water, agriculture, and soils, were also consulted 
through the whole design process. 

Design 
The first part of the design process established the foundation for the next stage. This 

second phase may be considered the most crucial element of the whole process as it aimed at 
designing the site assessment (SA) portion of the LESA system. The Delphi Expert Opinion 
method was utilized to develop the SA (Pease and Coughlin, 1996). 

The Policy Delphi (Expert Opinion Method) or Delphi process, provides a relatively fast 
and simple method to achieve group consensus on such matters as factor selection, scaling, 
weighting, thresholds for decision making, and establishing benchmarks for evaluating LESA 
scores as indicated by Pease and Coughlin (1996). Delphi, developed in the 1950's by the Rand 
Corporation, is a means of systematically collecting and progressively refining infonnation 
provided by a group of selected experts. The technique has been shown to be an inexpensive and 
efficient method for gathering infonnation on natural resource and land-use data (Nelson, 1992; 
Pease, 1984). Delphi is characterized by response anonymity, controlled feedback, and statistical 
summary of group responses. 

Anonymity, accomplished by the use of questionnaires, secret ballots, or on-line 
computers, reduces the effect of dominant individuals. Controlled feedback, i.e. , conducting the 
exercise in a sequence of rounds or iterations, between each of which a summary of the previous 
round is communicated to the participants, reduces the range of answers and focuses on group 
consensus. Statistical summary of anonymous responses is a way of reducing group pressure for 
conformity, assuring that the opinion of every member of the group is represented. 

In the 1970s, Turnoff proposed a variant of the conventional Delphi, which he named the 
policy Delphi. In his words, the policy Delphi "seeks to generate the strongest possible opposing 
views on the potential resolutions of a major policy issue." He added that the policy Delphi rests 
on the premise that decision makers do not necessarily need experts to make their decisions. 
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Rather they want an informed group to present all the options and supporting evidence. Thus, 
where the conventional Delphi is a decision making tool, the policy Delphi may be better thought 
of as a decision-facilitation tool. 

The policy Delphi and the conventional Delphi have very little in common, beyond being 
iterative, interactive, and generally anonymous methods of polling people. In addition to their very 
different purposes, they expect vastly different things from their subjects. In a conventional 
Delphi, respondents or panelists are experts. They are assumed to have some special insight that 
allows them to predict the future better than lay people. In a policy Delphi, panelists can be drawn 
from all kinds of backgrounds. They can be experts, by virtue of their professional or educational 
backgrounds. However, in a policy Delphi, expertise does not necessarily give people's opinions 
extra weight. 

Published examples of policy Delphi have been few since Turnoff introduced the tool; the 
conventional Delphi has captured by far the most attention (Loe, 1995). The conventional 
technique has also been quite widely utilized in the field of planning. The comparatively newer 
technique of policy Delphi has not yet become popular in the planning profession, though the 
focus group technique, where a group of experts is gathered to deliberate on a particular issue, 
with the exception of being anonymous is based upon the principles of policy Delphi. 

The policy Delphi process was utilized for this study to select, rate and weigh the SA 
factors for the two study areas. As mentioned above, two Delphi panels were thus constituted. 
The Delphi process was conducted in three successive rounds. The whole process consisted of a 
number of meetings, panel discussions, and iterative questionnaires. A few experts outside the 
Delphi panel were regularly consulted on technical matters. 

Factors 
In regard to the SA and water assessment (WA) factors, the LESA guidebook (Pease and 

Coughlin, 1996) suggests that the following issues should be considered while selecting the 
factors: redundancy, reproducibility and replicability in the project. 

The following are the SA and water assessment (WA) factors used for consideration: 

Agricultural Productivity 
Size of site 
Compatibility of adjacent uses 
Compatibility of surrounding uses 
Shape of site 
Percent of site in agricultural use 
Percent of site feasible to farm 
Level of on farm expenditure 
Availability of agricultural support services 
Stewardship of site 
Environmental limitations on agricultural practices 
Agricultural production - cropping pattern, production levels, economic value 

Development Pressures 
Land Use policy designation 
Percent of surrounding land in urban or rural development use 

Distance to public sewer 

704 



Distance to public water 
Distance to urban feeder highway 
Distance to urban center 
Proximity to protected farmland 
Length of public road frontage 

Other Public Values 
Open space strategic value of site 
Educational value of site 
Historic building or site 
Wetlands or Riparian areas 
Scenic value 
Wildlife habitat 
Environmentally sensitive areas 
Floodplains protection 

Water Assessment 
Source of Water 
Price of Water Status of Water resources in the area 
Water Quality 
Status of delivery system - method used, efficiency, state of repair 
Status of Water Rights 

As a result of the discussion generated during this process, factors were added and also 
modified according to the opinions of the panel. A statistical analysis was conducted of the 
responses received in this first round. Numerical values were assigned to the four categories of 
responses received. Some factors were deleted from the list as these could not be quantified to be 
used in the numerical rating system. Similarly, some other factors have been combined to remove 
the possibility of overweighing factors. The factors were modified keeping the primary goal of 
being simple to understand and replicate. 

Summary 
Currently, at the time of the International Desert Development Conference, the testing and 

evaluation phases are ongoing. Some initial thoughts thus far: 
•The new guidebook by Pease and Coughlin (1996) on LESA systems is user friendly. 
This guidebook has been in development, theoretically, since users first became familiar 
with the federal government's system under the Farmland Protection Policy Act of 
1981. 

• A water factor can be successfully added to the LESA system. In the southwest region 
of the United States water has been a critical element in the establishment of agriculture 
for the past 60 years. The importance that water rights have and water availability and 
abundance became very evident during the modified policy Delphi process. Participants 
were more eager to make decisions about the water factors in Cochise County versus 
Maricopa County (an agrarian based community versus one which is urbanized with a 
scattering of agriculture). 
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• The use of a modified policy Delphi process is very promising. Using portions of the 
policy Delphi panel and a focus group gave the flexibility needed to deal with very hard 
issues confronting the local panelists. Focus groups used completely through the project 
would eventually wear down softer spoken individuals. The opportunity to think and 
respond in a more personal atmosphere allows some individuals the opportunity to assist 
the process with a feeling of ownership. This ownership is critical for those who are 
making difficult about their communities. 

As the evaluation continues on this project and the conclusions become apparent, the 
participants will no doubt review the results of their participation and recognize the arduous task 
ahead of them. The long-term hope is that a municipality or local community government would 
develop the opportunity to adopt a LESA system for their benefit. This project gave over thirty 
people in four communities an opportunity to make intelligent and well-informed decisions about 
a practical system that could assist decision making for their community. As development 
pressures continue throughout the southwest United States, specifically in Arizona, community 
leaders must have a tool available to them to weigh the protection of important fannland against 
the often attractive and lucrative incentive of inflated land prices for urbanizing changes. The 
LESA guidebook by Pease and Coughlin (1996) is one such tool --- in combination with a water 
factor and by using a Modified Delphi process --- that can provide an avenue for weighing locally 
difficult issues and factors against one another. 
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Abstract 

SOIL EROSION CONTROL METHODS 
ON THE SOUTHERN HIGH PLAINS, 1930s-1980s 

By 
Jeffrey A. Lee, J. Kelly Attebury and Peter L. Skylstad 

Soil erosion is a serious problem on the Southern High Plains, which comprises the 
southern portion of the "Dust Bowl'' region of the central United States. Wind erosion in 
the area has been severe in the 1930s, 1950s and to a lesser extent, the 1970s . To gain an 
understanding of changes in erosion control practices in the region, retired Soil Conservation 
Service agents were interviewed. Major changes which have occurred include a transition from 
shallow to deep plowing with the availability of mechanical tractors (replacing mules) after World 
War II and the use of"sandfighters" (implements used to roughen the soil surface) becoming 
common in the late 1940s. Wind strips, terraces, contour plowing, and crop rotation have been 
used for erosion control, as well. Irrigation became widespread also in the decade following 
World War II, but plays a minor role in preventing wind erosion. Shelterbelts were never common 
in the region due to the lack of water and expenses involved in establishment and maintenance. 
Government programs to take erodible farm land out of production existed from the mid 1950s to 
the early 1970s and from 1985 to the present. 

Introduction 
The Southern High Plains, also called the Llano Estacado, is a flat region in northwest 

Texas and eastern New Mexico, and makes up the southern portion of the "Dust Bowl," where 
problems related to dust storms reached catastrophic proportions in the 1930s (Lee et al., 1994). 
Wind erosion from agricultural land continues to be a common problem in the region, which likely 
has the most blowing dust in the United States (Orgill and Sehmel, 1976; Changery, 1983). 
Previous studies have looked at the record of blowing dust reported at Lubbock, Texas from the 
late 1940s to the present and attempted to explain the temporal variation in dust amounts by such 
factors as drought, wind speed, and government programs to control erosion by removing land 
from agricultural production (Wigner and Peterson, 1987; Lee et al., 1993; Ervin and Lee, 1994; 
Ringquist et al., 1995). This paper contributes to these other studies by investigating the erosion 
control practices used by farmers in the region, which also play an important role in determining 
the amount of erosion occurring. Starting with the Food Security Act of 1985, there were more 
government controls on erosion practices used by most farmers. With limited resources available 
for this study, we focused our effort on the time period from the 1930s to the early 1980s. 

To gain a historical understanding of erosion control practices, we interviewed "old 
timers" with a broad perspective on agricultural practices in the area. We avoided talking to 
individual farmers as their memories would be biased toward their own particular practices and 
away from the general patterns we sought. Most of those interviewed are retired U.S. D. A. Soil 
Conservation Service agents who worked in the region and a few were county agricultural agents. 
We were able to locate and interview only ten experts, so the results presented here are quite 
general in nature and a detailed analysis of the results was not attempted due to the small sample 
size. We encourage others to conduct more thorough studies on this topic. Each interviewee was 
asked questions about erosion control practices used during each of the decades he worked in the 
region. The results apply to the portion of the Southern High Plains near Lubbock, which has 
been primarily a cotton producing area, with grain sorghum as a secondary crop. Each of the 
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erosion control practices will be discussed below. 

Erosion Control Practices 

Deep plowing 
As tractors replaced mules on farms, mostly in the 1930s and 1940s, farmers were able to 

plow deeper. Plows pulled by mules generally reached depths less than ten centimeters, while fifty 
centimeters is a reasonable estimate of plow depth when tractors are used. Clays get removed from 
the soil surface by percolating water and deeper plowing brings the clays back to the surface. By 
incorporating these clays into the coarser surface sands, aggregate stability is enhanced and, therefore, 
wind erosion is reduced, as discussed below (Fryrear,1969). 

Sand fighters 
The most commonly used erosion control practice in the region is to roughen the soil 

surface with aggregates. Fields typically are planted in May and harvested in fall (extending into 
the winter months before faster harvesting technology became available in the 1950s) Most fields 
have no vegetative cover during the winter and spring months, which also happen to be the 
windiest time of year (Gregory et al, 1995). To protect the soil, most farmers create soil 
aggregates on the surface. Aggregates reduce erosion by roughening the soil surface which slows 
the wind, by binding the soil particles together so they are less likely to be eroded, and by 
providing protection for loose particles located between the aggregates. The creation of 
aggregates requires both sufficient clay and moisture in the soil to provide cohesion between the 
particles. Heavy rain and hail destroy aggregates and make the soil far more erodible. On bare 
fields, therefore, farmers make aggregates as soon as possible after rainstorms. Several types of 
machinery can perform this function, but the most commonly used implement in the region is 
known as a "sandfighter." This is a local invention first produced in the 1920's and modified many 
times since then (Sam Stevens, pers. comm.). The principle behind sandfighters is that a series of 
tines mix the surface layer of soil and in the process makes aggregates, thus roughening the 
surface. Farmers use sandfighters as soon as possible after rain in order to create aggregates 
before the next strong wind blows. The use of sandfighters increased both as tractors became 
more common (replacing mules) and as tractors became more powerful, thus pulling sandfighters 
more easily and quickly. Most interviewees stated that sandfighters became common in the late 
1 9 4 0 s and increased in popularity until the late 1960s, when they were used on most farms. 
They continue to be widely used today. With sufficient moisture, they are effective at controlling 
wind erosion except in the sandiest soils in the region (Fryrear, 1969). 

Irrigation 

Irrigation was a minor phenomenon in the region until after World War II, when advances 
in pump efficiency occurred and farmers had more money to invest in new technologies. Irrigation 
became widespread in the 1950s, though dryland (i.e., nonirrigated) farming is found on roughly 
half of the agricultural land in the region. While irrigation increases soil moisture, it has a limited 
effect on wind erosion since most erosion occurs in the spring when there are no crops in the field 
and farmers do not irrigate until just before planting. 
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Shelterbelts 
As a response to the "Dust Bowl" crisis in the 1930s, the United States government 

promoted the planting of shelterbelts as a wind erosion control measure in the Great Plains region. 
Shelterbelts are rows of trees which absorb wind energy and also deflect the wind above the 
ground surface and both of these actions reduce wind erosion in the protected zone downwind of 
the trees. Most of the Southern High Plains are too dry for most tree species to survive without 
irrigation, so shelterbelts were never common in the region. The tree species traditionally used is 
the Siberian elm (Ul.mus pumila), chosen for its drought resistance. However, its shallow roots 
use soil moisture and interfere with farm machinery. For these reasons, shelterbelts were never 
common in the region and most of those which were planted have since been removed by the 
farmers. 

Wind Strips 
Similar in principle to shelterbelts are windstrips, which are rows of grasses planted in the 

field. They have been used since the 1930s, and while windstrips are effective when used properly, 
they were never popular due to maintenance costs, they occupy land which could be used for 
crops, and they restrict maneuvering machinery in the field. (Windstrips have been commonly 
used since the middle 1980s, which is beyond the scope of this paper, primarily because 
government subsidies to farmers require the implementation of a conservation plan for each farm. 
Another common control method used recently is leaving plant "stubble" on the field after 
harvesting. By leaving plant material on the surface, the wind is slowed and erosion reduced.) 

Terraces 
Terraces are primarily used to reduce water erosion and are used in the study region 

mainly on fields sloping down to playa lakes, which are common in the area. (Most of the land, 
though, is too flat to make terraces.) They are also useful for wind erosion in that they increase 
soil moisture amounts. Terraces are expensive to build initially and require periodic maintenance, 
but have been common in the region since the 1930s, when government assistance was available 
to construct terraces. 

Contour Plowing 
Contour plowing is the practice of plowing along lines of equal elevation, as opposed to 

plowing in straight lines. Much like terraces, contour plowing is used on sloping ground primarily 
to reduce water erosion but increasing soil moisture is an added benefit which limits wind erosion. 
Also like terraces, contour plowing has been common on sloping ground since the 1930s. 

Crop Rotation 
Crop rotation is practiced primarily to increase the fertility of the soil and a side benefit is 

the reduction of soil erosion by increasing the organic content of the soil and improving soil 
structure. In the Southern High Plains, crop rotation was common in the 1930s and 1940s. 
Cotton, while a low residue-producing crop, is clearly the most profitable crop in the region, so as 
soon as artificial fertilizers became available and affordable, mostly in the 1950s, crop rotation 
was practiced far less. 
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"Set Aside" Programs 
In the mid 1950s, the U.S. government began the "Soil Bank" program to take marginal 

agricultural land out of production by paying farmers to plant a portion of their land in native 
vegetation. This program served to reduce agricultural production and therefore increase 
commodity prices and also reduced erosion and increased wildlife habitat. Data specifically for the 
Southern High Plains are not available, but for the Great Plains in general, the Soil Bank program 
peaked in its first year of 1955 and declined in use until the early 1970s, when it was phased out 
to increase agricultural output. In 1985, the Conservation Reserve Program began, which is 
similar to the Soil Bank (Ervin and tee, 1994). (Set aside programs were not part of our 
interviews, but are included here to provide a more complete discussion of erosion control 
practices.) 

Farmers adopted these erosion control practices because of the advice either of 
government agricultural agents or other farmers. "Sandfighters" and crop rotation were simply 
"standard operating procedures" which most farmers used. On the other hand, terracing, contour 
plowing, shelterbelts, and wind strips were strongly encouraged by the government and adopted 
by farmers either from the direct appeal of government agents or indirectly after neighbors and 
friends used them successfully. Participation in the Soil Bank program, though, was a contractual 
agreement between the farmer and the government. 

Summary 
This limited study on the wind erosion control practices used by farmers near Lubbock, 

Texas from the 1930s to the 1980s suggests that at least after the late 1940s, the primary method 
used has been roughening the surface with "sandfighters" Shelterbelts and wind strips were never 
common in the area, and terraces and contour plowing have been used since the 1930s on those 
portions of fields with significant slope. Crop rotation was common in the 1930s but diminished in 
popularity as use of commercial fertilizers became widespread in the 1950s. Participation in the 
Soil Bank program peaked in the mid 1950s and diminished until the early 1970s, when the 
program was stopped. 
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WATER CONSERVING LANDSCAPES: APPROPRIATE WATER USE FOR 
SEMIARID ENVIRONMENTS 

by 
Cynthia McKenney 

Introduction 
Overall water consumption is of great concern to people in semiarid and arid lands. 

Typically, homeowners install ornamental plants in their landscapes to stabilize soil, lower 
maintenance, and increase the value and beauty of their property. Landscape irrigation in the 
United States is estimated to utilize 40 to 60 percent of the total water consumed in urban 
environments (Lower Colorado River Authority, 1989). In the US, the average family uses 
90,000 gallons or 340,200 liters of water every year for landscape maintenance (Stroud, 1987). 
Further investigation estimates a typical U.S. family expends 6,120 gallons or 23,134 liters of 
water every month to maintain turfgrass during the growing season (Rodiek, 1984). This rate of 
water consumption does not include the irrigation of trees, shrubs, groundcovers or flower beds. 
Due to the increased evaporative demand, arid and semiarid environments have a greater potential 
for landscape water consumption unless efforts to control this water use are made. 

In Texas and throughout many regions of the U.S., dwindling water supplies and forced 
water rationing have become common experiences (Anderson, et al., 1980). Urban and 
agricultural water needs compete for declining water resources (White, 1973). It is easy to 
generate public interest in conserving our limited water resources during periods of drought; 
however, it is necessary to maintain this interest level during less demanding years. By developing 
a public opinion that supports and recognizes the low maintenance and high aesthetic benefits of 
water conserving landscapes, a long terin, significant impact on urban water usage can be 
obtained. 

Methods to establish and support plant materials with a reduced amount of water have 
been explored. Water conserving landscapes, often referred to as xeriscapes, have been the most 
widely recognized solution. The name xeriscape was developed by the Denver water 
administration to describe these water conserving landscapes, but the success of this promotion 
has been varied. The notion that xeriscapes are inherently ugly and must contain cactus and gravel 
has been pervasive and difficult to overcome. This negative image of the aesthetic attributes of a 
xeriscaping must be remedied or the term itself dropped to support the development of 
acceptance of water conserving landscape principles by the general public. Estimates of water 
savings resulting from incorporating xeriscape principles in urban landscapes range from 40 to 50 
percent (Ahearn, 1978; Cotter and Chaves, 1979). This makes the effort of overcoming negative 
public perception of xeriscapes worthwhile. 

There are seven recognized principles ofxeriscaping. These are: use a good initial design, 
incorporate soil amendments, use mulch, limit turf areas, use drought tolerant plant materials, 
irrigate efficiently, and implement appropriate maintenance practices (Hurst, 1989). Incorporating 
any or all of theses principles will be beneficial. Additional water savings may be realized through 
the use of water harvesting techniques and supplementary irrigation using gray water. 

Developing a good design is essential to maximizing water use. One design consideration 
which helps limit water use is to group plants together which have similar water requirements. 
This prevents low water-demanding plants from having the same irrigation regime as the high
water plants nearby. Zoning the landscape, frequently called hydrozoning, is also beneficial. This 
design technique specifies placing high water requiring plants near the entrance of buildings for 
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maximum impact from the water invested. Hydrozoning also facilitates identifying the function of 
an area. Once an area's use is established, it is easier to select the most appropriate plant materials 
to match the water level for that location. In addition, facilitating water harvesting by containing 
runoff: diverting water to desired areas and collecting rainfall from roofs and walks prevent waste 
of the precipitation that does occur. 

A second xeriscape principle is to incorporate soil amendments. By adding organic matter, 
the moisture holding capacity of the soil is increased. The addition of other materials can facilitate 
drainage or improve soil structure. By adjusting soil fertility and pH, plants can be maintained in a 
healthier state and are then better able to withstand drought. 

Using mulches is an another xeriscape principle which helps retain moisture in the soil. 
They also reduce soil temperature and thus reduce plant stress. If properly composted, mulches 
can provide a slow release of nutrients while functioning as a pathway and acting as a weed 
barrier. Mulches also provide a way of recycling limbs and branches while diverting their disposal 
from the landfill waste stream. 

A fourth principle is to reduce the area devoted to turfgrass. Turfgrass requires large 
amounts of irrigation. By replacing turf with flower beds and groundcovers, overall water usage 
can be reduced while enhancing the aesthetics of the landscape. Incorporating patios and decks 
also provides attractive alternatives to turf while reducing water usage. When turf grass is used, be 
sure that it is the best alternative for the purpose of the site. It should be designed so that the area 
may be easily irrigated and maintained. Irregular shapes and narrow strips are often difficult to 
irrigate effectively. 

The selection of drought tolerant plants is essential to maximiz.ation of water savings. 
Frequently native plants and wildflowers are better able to withstand periods of drought; however, 
there are many exotic plants which will also fit this criterium. An additional benefit from a well 
defined plant selection process is many drought tolerant plants also require less pruning and 
fertilizing, reducing the overall maintenance. 

Efficient irrigation is a sixth xeriscape principle. Several factors contribute to efficient 
irrigation. Watering in the early morning reduces irrigation water lost due to drift and also 
decreases evaporation. Early morning irrigation also reduces the possibility of disease. Watering 
only when necessary for plant growth rather than on a set time schedule will also limit water use. 
Slow, deep watering will result in deep healthy roots which can withstand stress better than 
shallow roots. 

The method of irrigation application is also important. Drip irrigation is more desirable 
than overhead irrigation because it places water directly on the root system at a slow rate and 
does not contribute to salt accumulations on the foliage. Pop-up sprinklers also work well when 
properly designed, installed and maintained. Adjust sprinklers so the sidewalk and street are not 
watered. Choose heads which produce larger droplets which stay closer to the soil surface. This 
will reduce the water lost to drift and evaporation. Finally, irrigation timers can be used for 
multiple stations. Set the irrigation timer to run up to but not over the amount of time where 
runoff is achieved. 

Program the system to irrigate again after an hour. By repeating this process until you 
have applied 1 in or 2-3 cm per total application, the water is allowed to soak in without excessive 
runoff or salt accumulation. 

The last xeriscape principle is to practice good maintenance. Excessive fertiliz,ation 
increases water usage as it increases plant growth. Plants maintained under high rates of growth 
are more succulent and thus more susceptible to insects and disease as well as environmental 
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stress. Healthy plants require less water and can better withstand periods of drought. Frequently, 
native plants are less aggressive which results in natural plant succession and replacement. 

In general, water conserving landscapes are attractive and functional. The principles of 
xeriscaping are based on sound horticultural management and are simple to implement in a new 
landscape or retrofit into an existing landscape. With the potential of saving 40-60 percent of the 
water currently being used to maintain urban plantings, there is nothing to lose by utilizing 
xeriscape principles except for wasted water. 
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THE AMBIENT DUST STUDY AT LUBBOCK LAKE LANDMARK 
by 

John E. Stout, Ted M. Zobeck and Thomas E. Gill 

Abstract 
The Southern High Plains of the United States has a long history of dust storms. The 

worst dust storms occurred during the infamous ''Dust Bowl" of the 1930's Since then, 
improved farming techniques and other improvements in land management have helped reduce 
airborne dust levels. However, it is hard to say exactly how much the situation has improved 
without accurate measurements of dust levels. If we are to judge properly the effectiveness of 
changing land use practices, we must establish an accurate and long term record of past and 
present dust levels. The Lubbock Lake Ambient Dust Project was initiated to begin such a 
record. This paper describes the field site, explains measurement techniques, and reports 
preliminary findings following four months of data collection at Lubbock Lake Landmark State 
Historical Park in Lubbock, Texas. 

Introduction 
Most would agree that the frequency and intensity of dust storms have lessened and the 

overall air quality within the Southern High Plains has improved since the "Dust Bowl" years of 
the 1930's. However, it is hard to say exactly how much the situation has improved. It is difficult 
to quantify air quality improvements provided by better land management practices and improved 
farming methods without an accurate and long-term record of ambient dust levels. 

Visibility records, provided by the National Weather Service, can provide an adequate 
surrogate for dust concentration measurements (Pollard, 1977; Lee et al., 1993; Ervin and Lee, 
1994; Lee et al., 1994; Lee and Tchakerian, 1995; Peterson and Gregory, 1993; Bernier, 1995). 
These studies have-provided important information about past dust levels and the effects of land 
management practices and climatic factors. Such studies, however, rely heavily on the conversion 
of visibility distance to mass concentration of dust. Future studies could be strengthened by an 
accurate record of direct dust concentration measurements. 

Currently, the Texas Natural Resource Conservation Commission (TNRCC) is monitoring 
dust concentrations in Lubbock, Texas for regulatory purposes. Unfortunately, TNRCC obtains 
dust samples every other day so they do not obtain a continuous record of dust concentrations 
(Bryan Lambeth, TNRCC, personal communication). 

If we are properly to judge the effectiveness of changing land use practices, we must 
establish an accurate and long term record of past and present dust levels. The Lubbock Lake 
Ambient Dust Project has begun such a record. We intend to obtain a continuous record of dust 
concentrations to establish typical dust values for this part of the Southern High Plains. We 
intend to track dust levels for many years to establish normal background levels, typical peak 
values, and general trends in ambient dust concentrations. Another goal is to· define the 
relationship between dust levels and meteorological factors such as wind speed, wind direction, 
and relative humidity. 

PM 10 Defined 
Dust levels are often reported as concentrations of PM10 , where PM10 is particulate matter 

with a mass median aerodynamic diameter less than 10 micrometers (Federal Register, 1987a). 
PM10 is one of the seven air pollutants regulated under the National Ambient Air Quality 
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Standards (NAAQS). Of the seven NAAQS regulated pollutants, PM10 is the only one that is 
chemically nonspecific. Concentrations of PM10 are expressed as the mass of particulate matter in 
a cubic meter of air. The current EPA standard for PM10 is composed of both a 24-hour 
allowable average and an annual allowable average. To be considered in compliance with Federal 
regulations, the daily average concentration should not exceed 150 micrograms per cubic meter of 
air (µg/m3) more than three times in three years and the annual average should not exceed 50 
µg/m3 (Federal Register, 1987b). 

Since PM10 is particulate matter that is very small and remains suspended in the air for 
long periods, it is easily inhaled deep into the lung. Increased death (mortality) and diseases 
(morbidity) have been linked to periods of high PM10 concentrations (USEPA, 1986). In the 
Southern High Plains of West Texas, soil dust grains constitute most PM10 particles. 

Field Site and Experimental Methods 
Site selection is an important aspect of any field experiment and it is especially important 

when choosing a long-term monitoring site. Ideally, one would prefer a natural site that will not 
change significantly through time although land use of the surrounding region may be in a state of 
flux. Lubbock Lake Landmark State Historical Park, protected by state and national preservation 
directives, provides such an "island of stability." 

The north side of this 1.5 km2 park was chosen for the monitoring site. This portion of the 
park has been restored to its natural semiarid grassland condition and will remain in a natural state 
for the foreseeable future. The grassland site is well exposed and contains no obstructions such as 
buildings or trees to complicate airflow patterns. The grasslands within the park form a buffer 
zone between the monitoring site and active sources of dust. In addition, the site is in the sparsely 
populated extreme north part of the city of Lubbock (N33 ° 38' 07'', WlOl 0 53' 33") and it is far 
from busy streets or large industrial sources of particulate matter. 

Meteorological/Sampling Tower 
A meteorological/sampling tower was erected at the Lubbock Lake grassland site, as 

shown in Figure 1. The two-meter tower is equipped with a cup anemometer, a wind vane, a 
temperature probe, a relative humidity sensor, three PM10 samplers, and a portable data 
acquisition system. The data acquisition system records meteorological data and simultaneously 
controls the dust samplers by switching them on or off at midnight. The whole system is powered 
by a 12-volt car battery connected to a solar panel which can transform 1000 W/m2 of solar 
radiation to 18.5 W of usable power. 

Dust samples (PM10 ) are acquired by drawing ambient air through polycarbonate 
membrane filters using a constant flow, double acting, diaphragm pump. The battery powered 
pumps are adjusted for the 1 km altitude so that they draw air at a rate of five liters per minute. 
The polycarbonate membrane filters are 47 mm in diameter and have a pore size of 0.6 µm. 

Filters are dried for 24 hours then weighed before being placed into the sampler. Each 
sampler is turned on at midnight and collects PM10 for 24 hours. Filters are then removed from 

. the sampler and again dried in a dehumidifier for 24 hours before the sample mass is measured. 
We typically collect around 0.4 mg of dust in 24 hours during intense storms and around 0.1 mg 
during clear periods. The sample mass is divided by the total volume of air that passed through 
the filter in 24 hours and the result is reported in units of micrograms per cubic meter. 
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Results and Discussion 

The tower was completed and we began recording meteorological data on 19 March 
1996. Dust sampling began on 23 March 1996 and we have maintained a nearly continuous 
record from this date 1• Data collected from 23 March 1996 to 31 July 1996 appear in Table 1. 
The columns contain the 24-hour average wind speed, wind direction, and PM10 concentration. 
Wind speed and PM10 concentration are plotted as :functions of time in Figs. 2 and 3, respectively. 

Mean and Standard Deviation of PM10 Values 
From 23 March to 31 July, the arithmetic mean of the measured PM10 concentrations, c, 

was 26.6 µg/m3 and the standard deviation of the PM10 concentration, crc, was 20.2 µg/m3
• A 

measure of the relative variability of measured PM10 values is provided by the dimensionless ratio 
crc I c, which is equal here to 0. 76. Such a large number suggests that average PM10 concentration 
fluctuations about the mean are nearly as large as the mean concentration. 

As shown in Figure 3, PM10 values hover near or below the mean concentration for most 
of the time. Dust events appear as intennittent peaks that dramatically thrust upward from 
ambient background values. Most of the large concentration peaks occurred during March, April 
and May whereas June and July had only one PM10 value above 50 µg/m3

• It follows that average 
PM10 values were higher in April and May than in June and July. Monthly averages were 32 
µg/m3 in April , 28 µg/m3 in May, 20 µg/m3 in June, and 21 µg/m3 in July2. As shown in Fig. 2, 
winds were strongest in April and May and weaker in June and July. Strong winds in the late 
winter and spring are often associated with frontal passage which may produce strong winds that 
last for many hours whereas strong winds in the summer months are often associated with 
thunderstorm outflows which last for shorter periods (Bernier, 1995). Soil surface conditions also 
play an important role in reducing PM10 values (Lee et al., 1994). By June, crops are normally 
established in previously bare agricultural fields and individual plants have grown sufficiently to 
shelter the soil surface. 

PM10 Extremes 
The maximum PM10 value of 166.0 µg/m3 was measured on 13 April whereas the 

minimum value of 8.8 µg/m3 was measured six days earlier on 7 April. Other extreme values 
appear to occur less than one week apart. For example, the second highest value of 116.8 µg/m3 

occurred on 24 March, just seven days before the second lowest value of 10.6 µg/m3 which 
occurred on 31 March. An extreme low of 11 .8 µg/m3 occurred on 22 May while an extreme 
high of 80.0 µg/m3 occurred on 26 May, a separation of only four days. It appears that PM10 

extremes are often spaced closely together. 

Distribution of PM10 Values 
As shown in Fig. 3, positive fluctuations above the mean are generally much larger than 

negative fluctuations that fall below the mean. This suggests a skewed distribution. One method 

1 Meteorological data have been recorded without interruption but two 
PM10 values were lost due t o equipment failure . Gaps in the data set were 
filled by using PM10 values provided by TNRCC. 

2 The monthly average for March was not included s ince a full month of 
PM10 values was not measured. 
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of quantifying the skewness of a distribution is to calculate the skewness factor (Batchelor, 1953) 
defined as 

( c - c )3 

s = k 3 
oc 

(l) 

where the PM10 concentration iS aenoted here by lowercase c. The skewness factor for a . 
Gaussian or normal distnbution is zero. For the Lubbock Lake PM10 data, a positive value of 
S.t=3.8 reveals tha{the distribution of daily PM10 values is positively skewed. 

Another sensitive test of the PM10 time series is obtained by calculating the flatness factor 
or kurtosis defined as 

(c - c)4 
K = 

(2) 

A normal distribution has a flatness factor equal to three and values much greater than three 
suggest an intermittent process (Townsend, 1976). For the Lubbock Lake PM10 data, an 
abnormally large value of K=22.2 suggests that most of the atmospheric dust in the Southern 
High PlainS is generated by intermittent pulses of intense dust storm activity. 

~ Prob [ c -T < c < c + -¥] ~ 
.llc 

N 
c (3) p(c ) 

LlC N 

The probability density distribution of the daily PM10 values was calculated as where N is the total 
number of observations, Ne is the nwnber of observations falling between the values c-.llc/2 and 
c+.llc/2. Here we used an increment of .llc = 10 µg/m3

• The resulting probability density 
distribution is shown in Fig. 4. 
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Figure 4 shows clearly the positive skewness of the distribution. The dashed line in Fig. 4 
marks the mean value of26.6 µg/m3 whereas the mode of the distribution is around 17 µg/m3

• A 
smaller secondary mode is found around 65 µg/m3

; these values occurred primarily during March 
and April when intense dust storms were more frequent. There is an apparent low probability of 
moderate PM10 values around 50 µg/m3

• This result agrees with Lee & Tchakerian (1995) who 
conclude that "moderate events contribute little to the total dust amounts" in the Southern High 
Plains. 

Conclusions 
Lubbock Lake Landmark is an ideal spot for studying ambient dust levels in the Southern 

High Plains. This grassland site provides a stable experimental site for a long term dust 
monitoring experiment. A continuous record of PM10 measurements has been obtained since 23 
March 1996 and the site continues to operate today. Studies like this one provide valuable 
information that allows a proper assessment of changing land management practices on ambient 
dust levels. 

The probability density distribution was calculated for all PM10 values measured at 
Lubbock Lake from 23 March to 31 July 1996. The distribution was positively skewed with a 
mode of 17 µg/m3

, a mean of26.6 µg/m3
, a standard deviation of20.2 µg/m3

, a skewness factor 
of3.8 and a flatness factor of22.2. We find that PM10 concentrations are normally around 10 to 
30 µg/m3 and that higher PM10 values are generated by relatively short duration dust storms that 
occur intermittently. Extremely high values and extremely low values of PM10 were often found 
to occur only a few days to less than one week apart. 
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Table 1. Summary of measurements from 23 March 1996 to 31 July 1996 

Wind Wind PMw 
Date Speed Direction Cone. Date 

(mis) (deg.) (µg!m 3
) 

Wind Wind PM10 
Speed Direction Cone. Date 
(mis) (deg.) (µgtm3

) 

Wind Wind PM, .. 
Speed Direction Cone. 
(mis) (deg.) (µg/m 1 ) 

3/23/96 7.21 
3/24/96 8 .31 
3/25/96 4.63 
3/26/96 3 .61 
3/27/96 l.26 
3/28/96 3. 17 
3/29/96 5. 17 
3/30/96 7.48 
3/31/96 2.50 
4/l /96 3.89 
4/2/96 5.71 
4/3/96 4.60 
4/4/96 5.09 
415196 4.57 
4/6/96 2.16 
417/96 3.01 
4/8/96 2.56 
4/9/96 2.91 

4/10/96 5.23 
4/11/96 5.66 
4/12/96 3.13 
4/13/96 6.75 
4/14/96 6.72 
4/ 15/96 l. 99 
4/16/96 5.49 
4/17/96 5.26 
4/18/96 5. 00 
4/19/96 6.11 
4120196 3. 78 
4/21/96 3.66 
4122/96 5. 76 
4/23/96 3. 71 
4/24/96 6.26 
4/25/96 5.26 
4/26/96 2.63 
4/27/96 4.34 
4/28/96 8.12 
4/29/96 4.72 
4/30/96 3. 77 

511196 4.59 
5/2/96 2.70 
513196 4.47 
514196 3.95 
515196 4.44 

1 
Value provided by TNRCC. 

205 82 .5 5/6/96 4.72 
277 116.8 517/96 6.29 

43 16.9 5/8/96 5.40 
92 14.4 519196 5.27 

122 21.8 5/10/96 4.36 
154 21.3 5/11/96 3.39 
221 61.3 5/12/96 4.64 
313 67 .5 5/13/96 4.64 

79 10.6 5/14/96 4.2 1 
152 15.4 5/ 15/96 4.04 
174 40 .4 5/ 16/96 5. 78 
262 28.6 5/17/96 6.10 

44 12.5 5/18/96 6.44 
37 26.6 5119196 5.78 

235 11.8 5/20/96 4.57 
228 8.8 5/2 1/96 3.70 
130 15.1 5/22/96 5.06 
94 13.5 5/23/96 5.38 

153 19.9 5/24/96 5.69 
203 13 .9 5125196 5.87 

37 26.0 5126196 4.95 
219 166.0 5/27/96 4.51 
317 60.3 5/28/96 3.24 
288 19.0 5129196 4.34 
181 27 .4 5/30/96 5.27 
219 30.4 5/3 1/96 5.26 
245 26 .0 6/1/96 4.52 
273 56.5 612196 3.21 
130 25.3 613196 3.55 
225 25.6 6/4/96 2.75 

7 

159 
209 

40 
175 
190 
350 
335 
223 

62 
22 l 
223 
227 
61 

18.8 6/5/96 6.13 
29.7 616196 5.82 
35.4 617196 2.93 
33.3 6/8/96 2.34 
37.8 6/9/96 3.35 
22.4 6/10/96 2.58 
79.3 6/11/96 3.61 
15.7 6/12/96 3.36 
24.4 6/13/96 3.11 
22.9 6/14/96 3.36 
23 .9 6115196 3.07 
29.4 6/16/96 2.79 
27. l 6/ 17/96 2.53 
32.6 6/18/96 3.25 

164 30.7 6/19/96 3.38 
174 32.5 6/20/96 4.19 
163 23.6 6/21/96 4.95 
168 33.9 6/22/96 3.99 
47 21.9 6/23/96 3.89 
81 12.9 6/24/96 4.83 

136 19.4 6/25/96 4.06 
96 20.7 6/26/96 2.25 

182 35.0 6127/96 3.84 
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Figure 1. View of the sampling tower. The sampling system consists of three dust samplers, a 
wind vane, a cup anemometer, a temperature sensor, a relative humidity sensor, two 
batteries, a solar panel, and a data logger/controller (inside the white enclosure). A 
single dust sampler runs each day from midnight to midnight (24 hours). 
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24-hour average dust (PM,0) concentration measured at a height of 2 m at 
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Probability density distribution for daily PM,0 values measured at Lubbock Lake 
from 23 March to 3 I July 1996. 
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WIND EROSION OF SOILS AND THE SOIL PROTECTIVE MEASURES 
ELABORATION IN KAZAKSTAN 

by 
T.L. Tazhibaeva 

Introduction 
The Republic ofKaz.akstan is the eighth largest country in the world. It stretches for 3,000 

km from west to east and 1,600 km from south to n orth. The western part consists mainly of 
plains bordering on the Caspian and Aral seas. In the east, the topography is a mix of plains, sand 
dunes and low mountains over most of the area. High mountain ranges, such as the Zailysky 
Alatan, the Dzhungarsky Alatan, the Tarbagatay, and the Altay are found along the southeastern 
border. Nearly 60 percent of the country is occupied by plains, 30 percent by sand dunes and 10 
percent by mountains. The land area is 2, 720,000 square kilometers. 

Environmental Conditions 
Virtually all of:Kaz.akstan lies in UNESCO's cold arid and semiarid climatic zones. The 

exception is the high mountains in the southeast. Most of the country experiences hot, dry 
summers and cold winters, with small amounts of snow. Wind erosion is a major problem due to 
year-round strong winds. Kaz.akstan is the least endowed with water resources of any countries of 
the former Soviet Union. Droughts are frequent and severe. The climate is of the continental type. 

There are several vegetation zones in the country (Figure 1 ). In the north, the forest 
steppe zone occupies about 600,000 ha. South of that is the steppe zone (78 million ha). Farther 
south are the sem-desert zone (37.5 million ha), the desert zone (117 million ha), and a narrow 
strip of high mountains separating Kaz.akstan from China and Mongolia. 

Kaz.akstan is largely an agricultural country. Approximately 35 million ha are cultivated, 5 
million are hayfields, and 182 million are rangelands. Almost all of the plowed land has lost 30 to 
40 percent of its humus, with 12 million ha subject to wind erosion and 5 million to water erosion. 
Nearly half of the irrigated land is subject to secondary salinization. 

Within the framework of the United Nations Convention to Combat Desertification, 
Kazakstan has developed a National Plan of Action to control desertification. Coordination of the 
Plan of Action is the responsibility of the Ministry of Ecology and Bioresources, with the support 
of the United Nations Environment Programme. The Ministry has established an advisory group 
of scientists, experts, and practical specialists to propose creative solutions to the desertification 
problem. The author of this article is a member of the group. Anthropogenic problems are the 
current focus of the group. Wind erosion of cultivated land and rangelands is the major concern. 

The total area of desertified land in Kaz.akstan is nearly 180 million ha, representing 60 
percent of its territory. Many scientific and industrial organizations deal with various aspects of 
wind erosion. Thus, studies of natural factors (geology, soils, topography, climate, etc.) affecting 
wind erosion and its extent in Kaz.akstan are being conducted at the Institute of Soil Science of 
the Academy of Sciences (Begilbaev et al., 1983; Djanpeisov, 1977; Djanpeisov, et al., 1990). 
Plant relations are studied at the Institute of Botany and Plant Genetics and long-term 
experiments are carried out at the Institute of Grain Farming by Academicians M. Suleimenov, E. 
Hossen and others (Ministry of Agriculture, 1996; Soil Protection System for Agriculture, 1983). 
Pasture erosion is investigated at the Research and Industrial Association "Korma" in cooperation 
with the Institute of Feed and Pasture. New approaches to improving soil structure using water 
soluble polymers are bing taken by researchers at Al-Farabi Kaz.ak National University and the 
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Research Institute of Chemistry and Catalysis. 
Kaz.akstan is, then, a country with major wind erosion problems (Figure 2). There is now 

an estimated 77 million ha ofland subject to wind erosion, mostly on sands and sandy soils. 
Almost 70 million ha are affected by salinity, of which 8 million are cultivated land, both non
irrigated and irrigated. Black dust storms occur whenever strong winds blow over chestnut soils 
of course texture (sands and sandy loams). 

Erosion Control 
This report will deal mainly with pastures and fallowed cultivated lands as well as the so

called virgin lands. 

Cropland 
Between 1954 and 1960, five million ha of virgin and abandoned land in northern 

Kaz.akstan having sandy and loamy chemozen and chestnut soils were converted to cropland. In 
some places, the native soils were saline. Unwise decisions to cultivate low-yielding soils resulted 
in the outbreak of sand storms on millions of ha. Moldboard plows and excessive harrowing of 
soils contributed to the occurrence and severity of sand storms during the May-June windy 
season. Cultivation for the 40 years when the land was used for growing wheat, only, led to 
adverse soil conditions. Humus content of the soils declined by 15 to 35 percent, plant nutrients 
level suffered a 20 percent loss, soil structure worsened, and microbial activity decreased. 

Erosion control practices have now been introduced, starting with the system of 
subsurface soil cultivation devised by Academician A. Baraev. The basis for wind erosion control 
is the following: 

• Subsurface cultivation. 
• Retention of plant residue on the soil surface. 
•Crop-fallow strip cropping. 
• Crop rotation with soil-building plants. 

The main criteria for estimating susceptibility to wind erosion are the percent of non
erodible clods and the amount of plant residue on the surface. Erodibility ( q) is calculated from 
the following equation. 

where K is the percent of clods greater than Imm in diameter in the surface 0-5 cm, S is the 
quantity of wheat residue on the surface, and a,b and care coefficients which depend on the 
mechanical composition of the soil (Table 1). 
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Table 1. Coefficients of erodibility 

Soil Texture 

Clay and clay loams 
Loams, sandy clay loams, silt loams 
Sandy loams, loamy sands, sands 

a 

3.6349 
3.3087 
3.3087 

Coefficients 

b c 

0.0319 0.0039 
0.0285 0.0030 
0.0285 0.0039 

When Q s: 50, the soil surface is considered to be strongly stable, at 50 -< Q -< 120, the soil 
is moderately stable, and when Q ~ 120, the soil is unstable. 

Scan be calculated as follows: 

S=G 
pd 

Where G is the mass of crop residues per m2
, in grams, p is the weight of spring wheat 

residue without roots (p = 0.26 g) or with roots (p = 0.45 g); and dis a coefficient relating non
wheat residues to wheat residues. For crop residues, equivalent weights are: barley - 0.9; wheat -
1.0; oats - 1.3; millet - 1.4; buckwheat - 1.6; sunflower - 2.3; and maize - 2.7. 

All soils can be divided, provisionally, into groups according to their susceptibility to wind 
erosion (Table 2). 

Table 2. Wind erodibility groups 

Group *Q Soil Textures 

1 >-65 Heavy, middle and light clays 

2 55-65 Light clay, heavy and middle 
loams 

3 45-55 Heavy and middle loams, 
some light clays 

4 30-45 Heavy, middle and light loams 

5 15-30 Middle and light loams, sandy 
loams 

6 -< 15 Sandy loams, sand 
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*Q=IO (a-bK·cS) 

The width of fallow strips in the strip-cropping sequence varies, as a rule, from 50-150 m. 
Commonly, strips that are fallowed one year would be cropped the next year. Strips should be 
perpendicular to the dominant wind direction. 

For highly erodible sandy soils, a much different rotation system than just wheat-fallow is 
recommended. The 10-year rotation includes one year of fallow, four years of spring wheat, and 
five consecutive years of annual and perennial grasses. The pattern is designed to provide a high 
degree of protection against wind erosion while also improving soil fertility. Wheat stubble and 
grass capture snow and conserve moisture. Grasslands are used for haymaking the first two or 
three years, then as pastures. Grassland innovation becomes necessary after five or six years, 
which marks the beginning of the four years of wheat. The fallow year is included to conserve 
moisture, control weeds, and increase soil nitrogen levels as humus and plant residues decompose. 
The "odd" and "even" arrangement is designed to provide greater erosion protection by making 
the plots smaller and separating the fallow plots, which are the plots of greatest susceptibility to 
erosion. 

When intertilled crops (maize, sunflowers, and vegetables) are grown, moldboard plowing 
is required to prepare a good seedbed. In such fields, the threat of wind erosion in spring is high. 
Keeping those fields small and surrounding them with tree windbreaks spaced 100 to 150 m apart, 
can provide effective erosion control. 

Water erosion is much less serious, in general, than wind erosion. On slopes greater than 
three percent, however, it is desirable to run rows on the contour across the slope. 

Grazing Land 
Kaza.kstan is considered historically as a livestock-raising republic. Much of the expansion 

of cultivation into formerly pasture lands has proved to have been unwise, resulting in low yields 
and land abandonment. Those formerly marginal croplands are now being converted back to 
grazing land. 

Presently, there are 182 million ha of pasture land in the country (67 percent of the 
territory). Seventy-three million ha are in the desert zone, 68 million in the steppe zone, and six 
million in the forest zone. As a result of uncontrolled grazing, about 30 million ha are susceptible 
to wind and water erosion and 63 million have a degraded vegetative cover. About 14 million ha 
are badly degraded. Increased livestock numbers have placed heavy pressure on the pastures. In 
1995, the sheep stocking rate was one sheep on 0.8 ha, whereas the recommended stocking rate is 
one sheep on two to three ha in the Almaty region. 

Pasture degradation is particularly noticeable around watering points. Several years ago, 
the radius of degraded pasture around water sources for livestock was about two to three km. 
Today, the degraded radius amounts to five or seven km or more. Continuous cattle grazing from 
early spring to late autumn on the same land has led to pastures overrunning with weeds and 
poisonous plants and to increased wind erosion, especially. The research and industrial association 
"Korma" has developed rotational grazing systems for the country. For the dust and steppe 
regions, a three-year rotation is recommended, with grazing of one pasture done in the spring of 
one year, summer the next year, and autumn the third year. For degraded lands, a four-year 
rotation is advocated, with the fourth year used for resting the land (no grazing). Pastures must be 
enclosed in order to control grazing. 
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Conclusions 
Wind erosion and desertification occur on a variety of soils in different climate zones. 

They are the response to improper agricultural cropping practices, irrational consumption of 
natural resources, and the lack of control over degradation processes. On croplands, crop 
rotations and retention of crop residue on the soil surface are the principal needs. On grazing 
lands, rotational grazing and pasture improvement are essential. These measures are a basic part 
of the National Plan of Action to combat desertification. 

Great progress is being made through development of international research programs, 
information exchange among scientists and economists, the creation of joint research projects, and 
international cooperation agreements. 
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Figure 2. Lands subjected to wind erosion in Kazakstan (Institute of Soil Sciences). 
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EVALUATION OF WATER QUALITY IN THE SAN JUAN RIVER OF THE 
STATE OF NUEVO LEON, MEXICO 

. by 
J. F. Laureano, J. Navar, A. Pineiro, M.A. Bernal, D. Guerra, and E. Vogel 

Abstract 
The San Juan River, located in the northeast of Mexico, is one of the most polluted rivers 

in the country. This study presents a descriptive analysis of the water quality of the San Juan 
River, in Nuevo Leon, Mexico. Thirty-four physical, chemical, and microbiological parameters 
were considered and analyzed by Mexican standards. Twenty-four metals were analyzed by 
Simultaneous Atomic Emission Spectrometry, coupled Plasma Argon Induced and Atomic 
Absorption Spectrophotometry using the technique of hydride formation and atomic absorption 
with a graphite furnace. . 

Ammoniacal nitrogen, total dissolved solids, sulfate, turbidity, color, total phosphorus, 
aluminum, cadmium, chromium, iron, and nickel were found in excess of the maximum 
permissible limits per Mexican standards. 

Introduction 
The basin of the San Juan River is the third most polluted in Mexico. The most important 

rivers are the San Juan, the Santa Catarina and the Pesqueria rivers. The area of this basin is 
33,000 km2 in three states, Coahuila, Tamaulipas, and Nuevo Leon. In Nuevo Leon the area is 
19,000 km 2 • Ninety-eight percent of the population ofNuevo Leon lives in this area. 

This evaluation was performed in portions of the Santa Catarina and the San Juan rivers. 
The Santa Catarina River traverses Monterrey city, the capital ofNuevo Leon, and which with 
3.5 million inhabitants is the third largest city in Mexico. There are many industries in Monterrey 
and several of the industrial plants release their waste into the rivers. 

The San Juan River originates in the Sierra Madre Oriental and it joins the Santa Catarina 
River near Cadereyta city. 

The National Water Commission (CNA) makes bimonthly analysis, but only upon 
microbiological, physical, and chemical parameters that do not include heavy metals. 

Vogel et al. (1994) found high concentrations of aluminum, beryllium, iron, antimony, 
and lead in water of the Pesqueria River, the most important tributary of the San Juan River. 

Kramar et al. (1992) found extremely high contaminations of iron, cooper, zinc, lead, 
cadmium, and tin in sediments of the Santa Catarina River in 1987-1988. Nevertheless, there is 
no systematic monitoring program for heavy metals in the waters of the Santa Catarina and the 
San Juan rivers. The water of the San Juan River is also stored in Cuchillo dam, which supplies 
water to Monterrey city for human consumption. · 

The objectives of this study are: a) to identify the different kinds of pollutants in the river, 
b) to determine levels of concentration of pollutants and compare them with Mexican standards, 
c) to analyze the spatial and temporal variations of concentrations of pollutants, and d) to obtain 
mathematical models to predict the behavior of pollutants. 
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Methodology 
A 120 km stretch of the Santa Catarina and the San Juan rivers, between Monterrey and 

El Cuchillo dam, was selected for this study. Along this stretch eight stations were selected for 
sampling. The locations of the stations are shown in Figure 1. 

Figure 1. Geographical map of area of study. 

Stations were sampled once a month for nine months. Sampling began in October 1995. 
The Mexican standards used to compare the results were NOM-127-SSAl-1994 and CE-CCA-
01/89 approved in January of 1996 and December ,of 1989, respectively. 

The microbiological, physical, and chemical parameters analyzed were total coliforrns, 
fecal coliforrns, color, turbidity, temperature, odor, oils, total solids, dissolved oxygen, biological 
oxygen demand, chemical oxygen demand, organic nitrogen, ammoniacal nitrogen, nitrite, 
nitrate, total phosphorus, total hardness, calcium hardness, magnesium hardness, sulfate, 
chloride, alkalinity, and electrical conductivity. 

The heavy metals measured were aluminum, antimony, arsenic, barium, beryllium, boron, 
cadmium, calcium, chromium, cobalt, copper, iron, lead, lithium, magnesium, manganese, 
mercury, molybdenum, nickel, selenium, silicon, silver, tin, and zinc. 

Water samples were taken by the Simple method, in which the inmersion time for the jar 
is the shortest time necessary to take the sample. Polyethylene jars were used for the storage of 
heavy metals, with concentrated nitric acid being used as a preservative. These samples were 
refrigerated until processing. 

A simultaneous plasma emission spectrophotometer (Thermo Jarrel Ash PolyScan 61 E) 
was used to determine aluminum, antimony, barium, beryllium, boron, cadmium, calcium, 
chromium, cobalt, copper, iron, lithium, magnesium, manganese, molybdenum, nickel, silicon, 
silver, tin, and zinc. For the determination of arsenic, mercury and selenium, the atomic 
absorption by the technique of generating hydrates was used, while lead was measured by atomic 
absorption with a graphite furnace. 
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Results 
The sampling stations where the highest concentrations of contaminants were found are 

l, 4, and 8. In station 1, the highest parameters were total alkalinity, calcium hardness, total 
hardness, dissolved oxygen (lower values), nitrate, nitrite, arsenic, barium, boron, chromium, and 
zinc. This station is located in Monterrey city. In station 4, which is located in the San Juan River 
after it joins the Santa Catarina River, the highest parameters were aluminum, copper, iron, 
silicon, color, biological oxygen demand, total phosphorus, total solids, and turbidity. In station 
8, the highest parameters were antimony, cadmium, cobalt, lithium, magnesium, nickel, silver, 
tin, chloride, electrical conductivity, magnesium hardness, pH, total dissolved solids, and sulfate. 
This station is located in the San Juan River after the Pilon River joins it, near the Cuchillo dam. 

Station 2 showed high values of molybdenum, chemistry oxygen demand, organic 
nitrogen, and ammoniacal nitrogen. 

Station 3, which is located near the PEMEX refinery, showed high values of calcium, 
manganese, coliforms, and oils. 

Station 5 is high only in lead. Stations 6 and 7 showed the lowest values for all 
parameters. 

The parameters that exceeded the Mexican standards are shown in Table 1. 
We can see that the most problematic parameters are coliforms, color, total phosphorus, 

nitrogen, total dissolved solids, turbidity, aluminum, barium, cadmium, chromium, iron, and 
nickel. 

Strong correlations were found between cadmium and tin (0.967), cadmium and 
magnesium (0.993), and tin and magnesium (0.98). Total solids were also strongly correlated 
with cadmium (0.926), tin (0.936), and magnesium (0.929). Total hardness was correlated with 
total solids (0.936), tin (0.93), cadmium (0.851), and magnesium (0.869). 

Table 2 shows the correlation coefficients. 
Although there is a sanitation program, a chronic contamination problem persists. Many 

industries release their wastes into the rivers and it is clear that the current sanitation program 
cannot deal adequately with the volume and concentration of wastes. 

These preliminary results are to be augmented by further laboratory analysis, and will be 
subjected to statistical confirmation. 
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Table 1. Percentage of data exceeding Mexican standards. 

*Water for human consumption 
* * Fresh water sources 
* * * Aquatic life criteria 
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Table 2. Correlation coefficients for some metals, total hardness and total solids. 

1 Total Hardness 
2 Total Solids 
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Abstract 

IRRIGATION SYSTEMS EVALUATION IN DESERT FARMING• 
by 

Samir M. Ismail, A. I. Metwally, and M. A. Sabbah 

Scarcity and misuse of fresh water pose a serious and growing threat to sustainable 
development and protection of environment. Egypt and other countries in the region are 
classified among countries close to, or already facing, water-stress conditions. Improving the 
efficiency of on-farm water use, especially in the newly reclaimed areas, is vitally needed for 
sustainable agriculture development. 

Evaluation of the existing irrigation systems was carried out in 101 desert farms 
representing four areas, namely, South Tahrir, El-Bustan, Sadat, and Wadi El-Natron. These 
areas vary in the main source of irrigation water (surface and groundwater), dominant modem 
irrigation systems (sprinkler and drip), and the type of settlers (small holders, old graduates, new 
graduates, and investors). The evaluation of sprinkler irrigation systems included 21 fixed 
systems, 22 hand-move systems, and 9 side-roll systems, in addition to 49 drip irrigation 
systems. 

The sprinkler systems were evaluated in the field by determining the uniformity 
coefficient (UC), distribution uniformity (DU), and the potential application efficiency of the low 
quarter (PELQ), whereas drip irrigation systems were evaluated in the field by determining the 
emission uniformity (EU) and the application efficiency (AE). Results showed that most of the 
sprinkler and drip irrigation systems throughout the study area are performing poorly. Design and 
operational causes for poor performance are discussed and measures to improve desert irrigation 
systems efficiencies are presented. 

Introduction 
Water, more than land, is the major constraint to agricultural expansion in the deserts of 

Egypt. The River Nile is the most important source. It supplies Egypt with almost all of its water 
requirements. Egypt's current share of the Nile water is 55.5 billion cubic meters per year. The 
total net effective rainfall is insignificant, and in the context of the Nile basin, ground-water is 
not an additional resource since it is recharged from the Nile water. With limited quantities of 
water, the agriculture sector will have less water available to it than at present. Therefore, it is 
imperative to use and manage available water resources with maximum efficiency at present 
and in the future. This is particularly true in the new desert areas which are characterized by 
coarse textured soils and where water is often overused and misused. 

Sustainable agriculture requires not only competitive yields but also competitive 
production costs and conservation of limited resources. Thus, constraints to production include 
not only conditions which decrease production, but also those which increase cost or deplete 
resources. Water is a limited resource in irrigated agriculture. The systems, energy, and labor 
required for irrigation are substantial production costs. 

aproject on Desert Irrigation Efficiency (Egypt) sponsored by the International 
Development Research Center (IDRC), Central File: 93-8606. 
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The possible continued degradation of the natural resource base, i.e., the land, water, and 
environment, under intensive crop production systems in which at least two irrigated crops are 
grown in a year, is the main concern with regard to irrigation systems' sustainability. In many 
areas large quantities of water are lost through the irrigated areas. Low irrigation efficiency or the 
non-uniform application of water in many irrigation systems often causes deep percolation in 
excessive quantities. Much of this water reaches and raises the water table. This process disturbs 
the natural hydrological balance in the area. When the water table reaches within about 2 m from 
the soil surface, the upward capillary movement of the groundwater, which often contains 
soluble salts, begins to add salts to the crop root zone, creating potential salinity problems. 
Continuous rise of the water table creates waterlogging and lowers the productivity of the land. 

The objectives of evaluating the irrigation systems in desert farming are: 1) to determine 
the efficiencies of the systems as they are being used; 2) to determine how effectively the 
systems can be operated and whether they can be improved; 3) to obtain information that will 
assist in designing other systems; and 4) to obtain information to compare various methods, 
systems, and operating procedures. 

Methodology 
Evaluation of the existing irrigation systems was carried out in 101 desert farms 

representing four areas, namely, South Tahrir, El-Bustan, Sadat, and Wadi El-Natron. These 
areas vary in the main source of irrigation water (surface and groundwater), dominant modem 
irrigation systems (sprinkler and drip), and the type of settlers (small holders, old graduates, new 
graduates, and investors). The evaluation of sprinkler irrigation systems included 21 fixed 
systems, 22 hand-move systems, and 9 side-roll systems, in addition to 49 drip irrigation 
systems. 

Irrigation uniformity for sprinkler irrigation systems are evaluated by measuring the 
application depths with catch cans. Trickle systems measure the emitter discharge for evaluating 
irrigation uniformity. Field evaluation tests were conducted in accord with: ASAE Standard S 
330.l (ASAE, 1990; Merriam et al., 1983; Merriam and Keller, 1978). 

A common way to evaluate sprinkler uniformity is the Christiansen's Uniformity 
Coefficient (CU), a statistical representation of the catch pattern. ,When expressed as a 
percentage, it is calculated by: 

[ 
Average deviation from mean depth caught] cu= 1 - x 100 

Mean depth caught 

To achieve high values of uniformity, close sprinkler spacing is usually required. In general, the 
closer the sprinkler spacing, the more expensive the system. Griffin (1978) reported that most 
agricultural sprinkler applications require a uniformity coefficient of at least 80 percent for 
market acceptance. Low uniformity coefficient values often indicate an incorrect combination of 
sprinkler size, operating pressure, and spacing. The pattern of drops falling from sprinklers was 
determined by measuring the depths of water caught in small containers. The above definition 
requires that each catch can represent the depth applied to equal areas. The sprinkler flow rate 
was obtained by filling a known volume container in a measured time. A loose fitting section of 
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hose was slipped over the nozzle to deflect the stream into the container. The sprinkler pressure 
was measured using a pressure gauge with a pitot tip, which was placed directly in line with the 
center of the jet flow. 

Distribution uniformity (DU) indicates the 'uniformity of infiltration throughout the field 
and expressed as follows: 

DU= [
Average low quarter depth caught] 

x 100 
Mean depth caught 

The distribution uniformity is often applied to sprinkler and trickle irrigation systems. The 
average low quarter depth of water infiltrated is the lowest one-quarter of the measured values 
where each value represents an equal area. For sprinkler and trickle irrigation, the depth 
infiltrated is presumed equal to the depth applied or caught on the surface if there is no runoff. 
The DU is a useful indicator of the magnitude of distribution problems. A low DU value 
indicates that losses due to deep percolation are excessive if adequate irrigation is applied to all 
areas. Although the concept of a low DU is relative, values less than 67 percent are generally 
considered as unacceptable. 

Potential application efficiency of low-quarter (PELQ) is the efficiency that is obtainable 
when the average low-quarter (LQ) depth of irrigation water infiltrated just equals the desired 
management allowed deficiency (MAD) and is expressed as: 

[
Average low - quarter depth of water caught 

PELQ = . 
Average depth of water applied 

- MAD}100 

The average depth applied was obtained by dividing the sprinkler flow rate over the area served 
by single sprinklers (sprinkler spacing). Low PELQ values indica~ design problems. The water 
that goes to excessive deep percolation, surface runoff, wind drift, and spray evaporation would 
tend to decrease the irrigation application efficiency. 

The PELQ is always a little lower than the DU of a sprinkler irrigation system because 
the average water applied (which is the denominator for PELQ) is larger than the average water 
caught (which is the denominator for DU). The numerator for both PELQ and DU is the average 
low quarter depth of catch. The difference between the average water applied and the water 
caught or received is an approximation of losses due to evaporation and wind drift plus loss of 
water due to some of the areas being ungauged and some evaporation from the gauge cans. 

The emission uniformity of drip systems can be determined in the field by the following 
equation: 

EU= 
minimum rate of discharge per plant 

average rate of discharge per plant 
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Drip irrigation has significant advantages over other techniques in minimizing or preventing 
water loss because leakage from the delivery system is negligible. Evaporation is minor as water 
is not discharged in the air, as with sprinkler irrigation, or left on the soil surface as with surface 
irrigation methods. Only a small fraction of the soil surface is wet. Therefore, the only 
considerable water loss in drip irrigation is deep percolation. With drip irrigation it is always 
very difficult to determine the soil moisture deficit in the field because of the small soil moisture 
variations which occur in the wetted soil before and after irrigation. Therefore, reasonable deep 
percolation will be taken as 10 percent of the amount of water applied. The application efficiency 

(AE) is therefore: AE = 0.9 EU. 
The emission uniformity (distribution uniformity) of new drip irrigation installations may 

be close to 90 percent, but it usually declines appreciably with continued use. A more typical 
value of about 80 percent should be considered. Only the EU can be measured by evaluations so 
the AE (PELQ) must be estimated. Since the SMD cannot be measured, it is estimated. 

Results and Discussion 
The data obtained from the field evaluations of hand-move, side-roll, and fixed sprinkler 

systems for the area under study were analyzed and performance parameters were calculated. 
Figure 1, the frequency distribution of the uniformity coefficient for the sprinkler systems (hand
move, side-roll, and fixed), shows that 15.4 percent of the sprinkler systems were in the 
acceptable limits of CU (about 80 percent CU) and 30.7 percent of the systems showed very poor 
CU (below 60 percent CU). The system with the highest CU's was the side-roll, in which 22.2 
percent of the systems had CU's greater than or equal to 80 percent. Lower uniformity 
coefficients were found for the hard-move system, in which 36.3 percent of the systems had CU's 
less than 60 percent. The maximum frequency of occurrence for the three systems was between 
60 and 70· percent. 

Table 1. Frequency of the distribution uniformity (DU) for sprinkler systems. 

DU% Hand-move Side-roll Fixed Total 

# % # % # % # % 

< 50 9 40.9 1 11.1 7 33.3 17 32.7 

50-60 5 22.7 4 44.4 7 33.3 16 30.8 

60-70 4 18.2 2 22.2 4 19. l 10 19.2 

70-80 3 13.6 2 22.2 3 14.3 8 15.4 

80-90 1 4.5 0 0 0 0 1 1.9 

Total 22 100 9 100 21 100 52 100 
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Table 2. Freque.ncy of distribution of the potential application efficiency of low quarter (PELQ) 
for sprmkler systems. 

PELQ% Hand-move Side-roll Fixed Total 

# % # % # % # % 

< 50 8 38.1 3 42.9 9 42.9 20 40.8 

50-60 7 33.3 2 28.6 5 23.8 14 28.6 

60-70 1 4.8 2 28.6 ·6 28.6 ·9 ·18.4 

70-80 4 19 0 0 1 4.8 5 10.2 

80-90 1 4.8 0 0 0 0 1 2 

Total 21 100 7 100 21 100 49 100 

As shown in Figure 2, the hand-move systems in south Tahrir had the lowest uniformity 
coefficients, in which 22.2 percent of the systems had CU's less than 50 percent, comparing to 
zero percent of the systems in Bostan. 

Hart and Reynolds (1965) gave more useful meaning to the concept of CU. For example, 
if a sprinkler system has a CU of 85%, this implies that for each unit of the average application 
of water received by the crop, 80% of the area would receive 85% of the average application or 
more, and 20% of the area would receive less than 85%. To apply a net application depth of 1.0 
unit of water to at least 80% of the area with a system having a CU of 85%, the average net 
application (after allowing for wind drift and evaporation losses) must be: 1.0/0.85 = 1.18 units 
of water. With a CU of only 70%, an average net application of 1.43 would be required to apply 
a net depth of 1.0 or more units of water to 80% of the irrigated area. It can be seen that the lower 
the CU value, the greater the deep percolation losses. 

Table 1 indicates that 36.5% of the sprinkler systems had DU's equal to or greater than 
60%, while 32.7% of the systems had DU's less than 50%. This means nonuniform water 
application and excessive quantities of deep percolation. Table 2, the frequency distribution of 
the PELQ for sprinkler systems, shows that only 30.6% of the systems had PELQ's equal to or 
greater than 60%, while 40.8% of the systems had PELQ's less than 50%. As presented in Table 
2, the actual average application efficiency of the sprinkler systems ranged between 50 and 60 
percent. This low application efficiency causes excessive quantities bf water losses. The PELQ is 
lower than the DU by the amount of the percent of evaporation and wind drift losses, which lies 
in the range of 1 O percent. The application efficiency of low quarter has a direct effect on the 
amount of water losses. For example, if a PELQ has been improved from 50% to 70%, there 
would be a water saving of 28.6% calculated as follows: 

Percent of water saving = ( 1- PELQl Ix 100 = (1-
500) x 100 = 28.6% 

PELQ2) 7 
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Major factors responsible for low performance of sprinkler systems included: low 
operating pressure, leakage, wide sprinkler spacing in relation to actual wetted diameter, short 
riser pipe, non-perpendicular riser orientation, riser vibration (not rigidly supported), mixed 
sprinklers, worn nozzles, and non-uniform rotation rate of sprinklers. The poor water distribution 
may be improved by using the correct sprinkler nozzle pressure as recommended by the 
manufacturer and limiting the sprinkler spacing to 50 percent of the sprinkler wetted diameter to 
match the prevailing 10 km/hour wind speed. 

Figure 3, the frequency distribution of the emission uniformity for drip irrigation systems, 
shows that 20% of the systems had EU's equal to or greater then 80%. Forty-four percent had 
EU's equal to or less than 60%, while 36% of the systems were between 60 and 80 percent. 
Thirty-six of the drip systems, which was the maximum frequency of occurrence; had EU's less 
than 50%. It can be said that 20% of the drip systems were in the acceptable limits of EU (about 
80% EU) and 44% of the systems showed very poor EU (below 60% EU). 

As shown in Figure 4, drip irrigation systems in Wadi-Natron had the highest EU's 
(> 90%), while those in Sadat had the lowest EU's (< 50%). Sixty-seven percent of the drip 
systems in Sadat area, which was the maximum frequency of occurrence, had EU's less than 
50%. It was also observed that 33.3%, 26.9%, and none of the drip systems in Bostan, Wadi
Natron, and Sadat, respectively, were in the acceptable limits of EU (about 80% EU). 

Major factors responsible for low emission uniformity included: clogging of emitters, 
leakage, low operating pressure, mixed and brokert emitters, inadequate filtration, insufficient 
control valves, and lengthy laterals. The study revealed that poor EU was not only due to 
improper design but also due to inadequate system maintenance with respect to leakage, 
clogging,. insufficient filter capacity, and system cleaning. Prevention, rather than reclamation, 
has been the best solution to reducing or eliminating clogging. Preventive maintenance includes 
water filtration, field inspection, pipeline flushing, and chemical water treatment. 

Summary and Conclusion 
Results showed that most of the sprinkler and drip irrigation systems are performing 

poorly. However, the analysis also showed that uniformity coefficients greater than or equal to 
80% occurred for 15.4% of the sprinkler systems. Emission uniformities equal to or greater than 
80% occurred for 20% of the drip systems. This suggests that high uniformity coefficients and 
high emission uniformities are possible for properly designed and managed sprinkler and drip 
systems. Major factors responsible for low performance of sprinkler systems included: low 
operating pressure, leakage, wide sprinkler spacing in relation to actual wetted diameter, non
perpendicular riser orientation, riser vibration, and mixed sprinklers. The poor water distribution 
may be improved by using the correct sprinkler nozzle pressure and limiting the sprinkler 
spacing to 50% of the sprinkler wetted diameter. Major factors responsible for low emission 
uniformity of drip systems included: clogging of emitters, leakages low operating pressure, 
mixed end broken emitters, and inadequate filtration. The study revealed that poor EU was not 
only due to improper design but also due to inadequate system maintenance. Prevention, rather 
than reclamation, has been the best solution to reducing or eliminating clogging. Preventive 
maintenance includes water filtration, field inspection, pipeline flushing, and chemical water 
treatment. 
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WEATHER MODIFICATION: PRIVATE AND SOCIAL BENEFITS AND COSTS 
by 

James E. Jonish, Rasheed Al-Hmoud, and David Yoskowitz 

Introduction 
Weather modification (WM) activities primarily to enhance precipitation are not new in 

Texas, the United States, or indeed the international scene. A recent source listed some 32 
countries with 118 WM programs in 1990. Israel has continuous experience with WM programs 
since 1960. 

The basic technology for WM activities is available and is not complex. Meteorological 
advances in monitoring and in forecasting weather patterns have increased dramatically in the 
recent past, as have research designs to evaluate the quantitative impacts of cloud seeding 
experiments. 

But issues remain of a technical and economic nature. The purpose of this paper is 
primarily to examine the potential economic impact of WM programs with emphasis on West 
Texas. Specifically: 

1) What are the private and social benefits attributed to WM activities? 
2) What are the private and social costs attributed to WM activities? 
3) If benefits to WM activities exceed costs, how are WM activities to be financed since 

benefits will occur whether one pays a share of WM costs or not? 
The paper provides an identification of the private and social benefits and costs of WM 

activities. Information will come primarily from experiments conducted in the semiarid region of 
West Texas since the early 1970s. Social benefits and costs will be provided in terms of "orders 
of magnitude." Finally, alternative cost recovery or financing methods for WM activities will be 
explored. 

Background 
"Interest in weather modification continues to increase both in this country (i.e. , U.S.) and 

abroad. Realizing the tremendous significance of possible limited control of the weather, 
scientific groups and laymen have continued to investigate this field." The quote is from a paper 
prepared for a 1953 professional meeting and reprinted recently (Henderson, 1991 ). In 1951, 
three bills were introduced into the U.S. Congress to control cloud seeding. In 1996, the Weather 
Modification Association celebrates its 45th anniversary. Thus, WM activities are not new, nor 
are some of the issues that continue to haunt WM as a means of enhancing precipitation, 
increasing reservoir levels, suppressing hail, etc. 

The technology behind WM is well known. For precipitation to form, temperatures inside 
clouds must be less than the freezing point of water. The supercooled moisture in the clouds 
encounter specks of dust, salt, sand, etc. and fonn small ice crystals. Water vapor adheres to the 
crystals; they gain weight and fall as rain or hail (Jensen, 1994). Cloud seeding introduces dry 
ice, silver iodide, liquid propane, or other agents that duplicate the structure of ice and serve as a 
substitute for the crystal formation. 1 Cloud seeding is done by ground generators, airplane 

'In Post, Texas, from 1910-14, balloons and kites would carry dynamite into the air and were 

detonated near "likely" clouds. 
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seeding, or both simultaneously. In randomized experiments, some of the flights result in cloud 
seeding, others do not. 

As clouds do not generally produce rain until some 20-30 minutes after seeding, clouds 
must be seeded upwind of where the target area lies. Precipitation increases in the immediate 
downwind area also results. Meteorological advances in the last 20 years have improved the 
abilities to identify suitable cloud formations and other meteorological information for WM 
activities. 

In the United States since 1971, all non-federal efforts to modify the weather must be 
reported to the U.S. Department of Commerce. Administration of the reporting program was 
given to the National Oceanic and Atmospheric Administration (NOAA). In 1973, all federal 
agencies agreed to report their WM activities to NOAA as well. As an overview, summary data 
for 1992 reveal the following (Blackmore, 1993): 

•Of the 37 separate U.S. programs, water districts sponsored 21 programs, cities and 
states 2 each, universities 3, public utilities 4, with the remaining 5 including airlines, private 
firms, and the federal government (I). 

•Of the 37 separate programs, 28 were conducted and operated by private firms; 
universities and utilities operated 3 each. 

•Of the 3 7 separate programs, 31 were for enhanced precipitation, 3 for hail suppression 
and 3 for fog dispersal. 

•Total seeding materials used in the 37 programs included dry ice (14,000 kg), silver 
iodide (644 kg), and liquid propane (10,600 gal). 

In the United States, WM activities are conducted intensively in Arizona, Utah, Nevada, 
North Dakota, Illinois, and Texas. The climate in each state is different. Therefore, the need, the 
interest, and the design of each state program is different. In Arizona, Utah, and Nevada, WM 
research focuses on increasing wintertime precipitation to obtain more summer runoffs from the 
melt of mountain snow. In North Dakota, Illinois, and Texas, the objective of WM activities is to 
increase summertime precipitation by seeding summer convective clouds (Golden, 1994 ). 

Weather modification activities have also occurred in many other countries, often for long 
periods of time. In Israel, rain enhancement activities started in 1960. Empirical studies show an 
enhancement in rainfall of 15 percent during the period 1961-67, 13 percent during 1970-75, and 
6 percent during 1976-90 (Nirel and Rosenfeld, 1994). Other countries who are actively involved 
in WM activities include Italy, the former Soviet Union, Germany, Bulgaria, Greece, China, etc. 

Private and Social Benefits and Costs of Weather Modification Activities 

Identification of Benefits and Costs 
Weather modification (WM) activities are evaluated on two criteria. On a technical basis, 

do WM activities lead to a demonstrated increase in precipitation, independent of other 
explanatory and stochastic variables and influences? On an economic basis, do the benefits of 
the increased precipitation (if any) outweigh the costs of WM activities? 

While the focus here is on the economic ev,aluation of WM activities, some preliminary 
discussion on the measurement of increased precipitation attributed to WM activities is 
appropriate. With improved research design, recent studies (Rosenfeld and Woodley, 1993; Czys, 
1995; Smith and Johnson, 1992; Colorado River Municipal Water District, 1994) have shown, 
statistically, an increase in precipitation due to WM activities. However, as Czys (1995) points 
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out, the statistical results are not unambiguous and some study results are confounded by other 
influences, often unmeasured. 

If WM activities lead to enhanced precipitation, the focus shifts to the private and social 
benefits and costs of such increased precipitation. Private benefits are those captured by the 
individual decisionmaker in the targeted areas, including private market returns (through 
increased yields) and private opportunity benefits (improved environment, reduced irrigation 
expenditures, etc.). The private costs incurred by the decisionmaker of WM activities include 
capital and maintenance/operations costs. 

Social benefits are received by third parties that may be reflected in the market place 
(regional benefits of WM activities) or not (runoff and reservoir increases). Similarly, there may 
be social costs of WM activities of an environmental or regional nature that impact third parties. 

Table 1 identifies some of the private and social benefits and costs of weather 
modification activities. On the benefit side, enhanced precipitation leads to increased crop yields 
of major commercial crops in the target area, to enhanced livestock production due to forage 
yield increases, and reduced irrigation needs. In m~y instances, the quality of rainfall exceeds 
that ·of irrigation water applied as salinity is less than from underground aquifers. 

There are potential social benefits to WM activities as Table 1 indicates. Runoff 
increases, with consequent increases in reservoir levels. Aquifer depletion is reduced and perhaps 
even additional recharge of aquifer levels occurs. With enhanced rainfall, higher humidity levels 
also result, with a reduction of evaporation rates increasing the effective productivity of water on 
the soil surface. There are measurable social or third party benefits to precipitation or WM 
activities in a target area. One is the regional impact of increased precipitation. Target area direct 
benefits included crop yields, livestock yields, or irrigation cost savings. These enhanced 
revenues or cost savings are traditionally spent in the local and regional economy, usually urban 
areas, with further responding of such retail activities in the region. Such secondary benefits, 
called regional multipliers, magnify the direct effect of WM activities on the region. An 
additional beneficiary of WM activities in the target area are downwind recipients who receive a 
portion of the enhanced precipitation. 

The lower portion of Table 1 focuses on the private and social costs of WM activities. 
The private costs are straightforward and include the capital costs plus labor, maintenance, and 
operations costs of the WM activities. But social costs exist that must be considered in the 
evaluation of WM activities, although some may be nonquantifiable. One such cost includes 
fears or conjectures that WM activities in the target area results in a loss of precipitation in 
downwind areas. Such "theft of rain" concerns appear unfounded and indeed downwind regions 
are beneficiaries of WM activities. 

Nevertheless, such fears require efforts to alleviate or mitigate such concerns. This is 
particularly true if the target/downwind areas cross national borders. 

Another public concern has a religious/ecological basis. WM activities are apposed based 
upon either a religious basis or ecological considerations. Whether justified or not, the issue of 
developing a consensus of public opinion in favor of WM activities involves an additional cost. 
This applies to both target/downwind regions. 
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Table 1. Weather modification private/social benefits and costs. 

Benefits 

Private 

Social 

Crop yield 
Livestock 
Reduced irrigation costs 
Quality of water 

Reservoir increases 
Runoff increases 
Downwind beneficiaries 
Aquifer depletion reduced 
Higher humidity, lower evaporation 
Quality of water 
Secondary benefits (multiplier to region) 

Private 

Social 

Direct costs--capital, operations, maintenance 

"Theft of rain" 
Public opinion 
Silver iodide accumulation 
Local flooding 
Cost recovery--Who pays? 

Additional social costs involve potential environmental damages of the long term 
accumulation of silver iodide in the soil. However, research (Borland, 1982) indicates that silver 
iodide concentration in food/other plants grown in soils containing 3,000 times the ambient 
levels posed no adverse effects on the environment. Finally, additional costs of WM activities · 
may include localized flooding. Early WM experiments for hail suppression activities 
occasionally resulted in local flooding with adverse public reaction to the activities. 

Estimates of Benefits and Costs: West Texas 
As an attempt to quantify some of the benefits and costs of Table 1, data from the West 

Texas precipitation enhancement programs from 1971-1995 will be utilized. The WM program 
has been conducted in the four-county target area of Big Spring, Texas, represented by the 
Colorado River Municipal Water District (CRMWD). Interestingly enough, a basic purpose of 
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the rainfall enhancement program was to restore reservoir levels of Lake Spence and Lake 
Thomas for nonirrigation uses (CRMWD, 1994). Four upwind and four downwind counties have 
been included in the study area as well. 

Mean precipitation comparisons at weather stations both inside and outside the target area 
are presented in Table 2 for various years from May-September. Historical data are utilized, 
comprising periods in which no seeding occurred (1936-1970, 1989 and 1992), versus periods in 
which seeding occurred (1971-1986, 1988, 1990-1991and1994) in both the target and outside 
areas. Within the target area, mean rainfall during years with seeding was 3.67 inches (+34 
percent) more than mean rainfall in years without seeding. In weather station areas without 
seeding, mean rainfall was 1.25 inches ( + 11 percent) more in years with seeding in the target 
areas than years without seeding. Several of the stations outside the target area were downwind 
of the target area and perhaps beneficiaries of the target area seeding. 

Table 2. Mean precipitation comparisons at stations inside and outside target area: May
September (various years). 

Within Target Area 
Years with Seeding 
Years without Seeding 

Difference (+34%) 

Outside Target Area 

Years with Seeding (Target area only) 
Years without Seeding 

Difference ( + 11 % ) 

Mean Rainfall (Inches) 
14.36" 
10.69" 
3.67" 

12.96" 
11.71" 

1.25" 

Source: Adapted from Table 11 in Colorado River Municipal Water District, A Summary of the 
1994 Rain Enhancement and A Review of the Area Rainfall and Primary Crop Yield (Report, 

1995). 

Estimates of private benefits and "orders of magnitude" of the social benefits of cloud 
seeding activities in the CRMWD are presented in Table 3. Some comments are in order. The 
private benefits of WM activities were originally estimated by the Texas Department of Water 
Resources in 1979-1980. Two modifications are undertaken here. First, all output increases or 
water cost savings are valued at 1995 prices. Second, the original study assumed a 10 percent 
increase in precipitation. Yet, Table 2 and the relat,ed discussion indicates the increase in 
precipitation between 21-34 percent. Thus, current value estimates were adjusted (by 2.1) by the 
lower estimate of enhanced rainfall, as opposed to the simulated 10 percent increase in the Texas 

Department of Water Resources study. 
The first column in Table 3 represents direct private benefits to farmers/ranchers of a 21 

percent increase in rainfall. It is the increased crop or forage yield (in animal units) valued at 
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Table 3. Colorado River Municipal Water District estimated private and social benefits.* 

Private 

Yields 
Cotton 
Sorghum 
Wheat 

Livestock 

Reduced Irrigation 

Total 

Reservoir Increase 
Lake Spence (14,000-200,000 AF) 
Lake Thomas (26,000-30,000 AF) 

Runoff Increases 

Downwind Beneficiaries 

Aquifer Depletion Reduced 

Quality of Water Improved 

*Increased output valued at 1995 prices. 

Direct 
(OOO's) 

$1 ,434 
907 
143 

1,691 

1,537 

$5,712 

Regional 
(OOO's) 

$2,352 
1,350 

168 

2,518 

2,289 

$8,677 

$6,696 
144 

Yes 

+ 16% 

Yes 

Yes 

Source: Adapted from Texas Department of Water Resources, The Economic Effects of Weather 
Modification Activities; Parts I-III, 1979. 

1995 market prices. Irrigation savings are the energy, capital, and maintenance costs of reduced 
irrigation demands. In a "typical" year, private direct benefits to the region are nearly $5.7 
million annually. 

Column 2 of Table 3 provides annual estimates of the regional impact of the WM 
activities. This includes the direct (farmer/rancher) plus indirect (depending on region) effects of 
any increase in the value of production. Such multiplier effects are obtained from the Texas 
Input-Output Model and vary by crop and region. Total regional benefits of WM activities in the 
CRMWD are approximately $8.7 million annually. 

The lower portion of Table 3 represents an attempt to identify and, in several instances, 
measure the social benefits of WM activities. To increase reservoir levels was one of the basic 
purposes of cloud seeding activities in the CRMWD. Over the years of cloud seeding, reservoir 
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levels at Lake Spence and Lake Thomas increased by 186,000 and 4,000 acre feet, respectively. 
The energy costs alone of pumping this much underground water to the surface would be 
approximately $6.7 million. Including labor, capital, maintenance, and operations costs would, of 
course, increase the value of this increase in reservoir levels. This is, of course, a "stock" value at 
the end of the period. It does not indicate the flows of water from the two reservoirs during the 
entire period which were replenished from subsequent years' precipitation. 

Other social benefits in the CRMWD have been identified, but are difficult to estimate. 
Aquifer depletion has been reduced and the quality of water from precipitation is greater than the 
more saline underground water available. Downwind benefits exist outside of the target area. 
During cloud seeding years, downwind counties received an average of 16 percent more 
precipitation than in nonseeded years. Similar private direct and indirect benefits to these 
counties could be calculated. 

Unfortunately, neither private nor social costs have been clearly identified by the 
CRMWD. The weather modification program has been supported by Texas and U.S. 
governmental agencies as demonstration and research projects. However, recent annual 
allocations are less than $400,000 per year for the direct costs of WM activities. "Theft of rain" 
issues appear unfounded, both on a legal and empirical basis. Texas law does not recognize a 
property right to potential rainfall or its loss. In addition, downwind areas appear to be 
beneficiaries of WM activities, not losers. Thus, any evaluation of the benefit-cost ratio of WM 
activities in the CRMWD area suggests that it is a profitable activity from a social as well as 
private perspective. 

As a second case illustration in West Texas, the High Plains Underground Water 
Conservation District No. 1 (HPUWCD) is beginning a feasibility study of WM activities in its 
15-county service area. "Orders of magnitude" of the benefits of increased precipitation to the 
region have been undertaken (Wyatt and Carver, 1996). To make the HPUWCD analysis 
comparable to the CRMWD results earlier, adjustments were made to the HPUWCD figures (i.e., 
a 21 % increase in rainfall). Table 4 represents the direct benefits to farmers/ranchers and indirect 
benefits to the region with the same multipliers from the Texas Input-Output model. 

Column 1 represents acreage planted to each crop in the district while column 2 
represents the direct benefits of valuing the additional output at 1995 market prices. The last 
column represents the total regional impact (direct and indirect) of a 21 percent increase in 
precipitation (approximately 2.5 inches). Total direct and regional benefits are impressive, 
representing some $227 million and $350 million, respectively. This does not include the private 
benefits ofreduced irrigation needs, as was included in Table 3. This also ignores the social 
benefits of the WM activities to the district. 

Once again, as was true in the CRMWD experience, costs were not estimated. However, 
direct costs of WM activities are expected to be minor, relative to benefits. A recent analysis 
(Bomar, 1996) evaluated the direct cost of WM activities at 4-6 cents per acre per year. If social 
costs are also minor the benefit-cost ratio of WM activities would clearly support initiation of 

' such activities in the HPUWCD. 

Cost Recovery Issues 
The last issue, rarely covered in the examination of WM activities or the benefits derived 

from such activities, is cost recovery practices. How are WM activities financed and what is the 
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Table 4. Estimates of potential private benefits of weather modification in HPUWCD. 

Benefits 
Regional 

Cotton 1,652,300 $154,903,125 $254,041 , 125 

Sorghum 258,800 10,918,132 16,268,066 

Wheat 592,600 37,035,500 42,704,237 

Com 375,300 24.629.063 36.943.595 

Total $227 ,487 ,820 $349,956,973 

Note: Assumes 21 percent increase in precipitation. 
Source: Adapted from Wyatt and Carver (1996). 

basis for financing? As indicated above, the CRMWD and other area WM activities are generally 
financed through state and federal agencies, usually under a research and demonstration 
umbrella, as well as operational considerations. While acceptable and perhaps desirable to the 
target area recipients, reliance on government funding subjects the WM program to the short 
term focus and political uncertainties of the government budgetary process. 

Reliance on a more stable cost recovery process might be preferable. From a public 
finance standpoint, a cost recovery practice that meets the criteria of horizontal equity and 
vertical equity would be perceived as "fair." Horizontal equity requires that all equally situated 
and benefitted parties (i.e., farmers) be treated the same. Vertical equity requires that 
beneficiaries who differ be treated differently (i.e., urban versus rural residents). 

Recall the estimates of private benefits in Table 3 (and Table 4). Total direct private 
benefits to landowners was $5.7 million which is 66 percent of the total regional benefits ($8.6 
million). Vertical equity would suggest that landowners finance 66 percent of the total costs of 
WM activities and municipal, industrial, and commercial users finance 34 percent of the costs. 
Horizontal equity for landowners would suggest a fixed charge per acre. The 4-6¢ per acre 
mentioned earlier would capture this funding prinqiple. For municipalities, a rate charge 
increment based on water usage by households, industrial, and commercial users would be an 
analogous principle. The resulting cost recovery practice would then avoid the necessity of 
relying on politically determined and uncertain state or federal funding. 

Conclusions 
This paper was an attempt to examine some of the economic issues with respect to WM 

activities. This included identification of the private and social benefits of WM activities and the 
private and social costs. Information from West Texas was used to provide "orders of magnitude" 
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of some of these benefits and costs. Cost recovery principles were also identified. 
Private benefits include enhanced crop yields, livestock production due to forage 

increases, and reduced irrigation costs. Social benefits include enhanced runoff and increased 
reservoir levels, downwind beneficiaries, secondary regional benefits (multiplier impact), 
improved water quality, and reduced aquifer depletion. 

Private costs identified are capital, labor, and maintenance/operations of the WM 
activities, per se. Social costs include adverse public opinion, theft of rain issues, silver iodide 
accumulation, and possible local flooding. 

In the two West Texas areas examined, private and regional benefits appear to outweigh 
any private or social costs of WM activities by a significant multiple (i.e. , Benefit/Cost> 1). 
Thus, WM activities appear to be economically warranted. 

It was argued that cost recovery practices should be related to direct and indirect 
economic beneficiaries. This involves both landowners and urban residents/businesses who are 
regional beneficiaries of the enhanced farm/ranch income. Based on the two case studies 
examined, a cost sharing of 66 percent to landowners and 34 percent to municipal, industrial, and 
commercial water users emerged. 

WM activities will be further supported by regional residents if efforts are made to reduce 
social costs of such activities prior to and during implementation of a WM program. Public 
information and education programs would help alleviate the issues of "theft of rain" and 
religious/ecological concerns. Available, and perhaps enhanced, research on the long term effects 
of silver iodide accumulation on plant and animal life would need to be addressed and provided 
to regional residents as well. 
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Introduction 

URBAN WATER SUPPLY PROBLEMS ON THE 
SEMIARID HIGH PLAINS OF TEXAS 

by 
Otis W. Templer and Lloyd V. Urban 

On the semiarid Texas High Plains, the vast Ogallala aquifer has long supplied ground
water for the region's irrigated agriculture, and until the 1960s the dwindling aquifer also 
provided the urban water supply for virtually all High Plains communities. Though several 
major Texas streams rise on the High Plains, their flows are usually meager, intermittent, and 
adequate to support only limited development. The Canadian River, which rises in northeastern 
New Mexico and flows eastward across the Texas Panhandle, is the single exception. 
Nevertheless, despite the obvious scarcity of renewable surface water sources on the High Plains, 
19 towns and cities, including Lubbock and Amarillo, with a combined population of almost 
500,000 now draw most of their municipal water supply from surface reservoirs. At the same 
time, most of these 19 communities which now depend mainly on surface water, continue to use 
their previously acquired groundwater reserves to supplement the surface supply and to improve 
water quality through blending. 

In this paper, the authors 1) review regional water resources and the efforts of High Plains 
communities to develop renewable surface water sources, thus lessening their dependence on the 
Ogallala aquifer, 2) assess the numerous physical, economic, and legal-political problems they 
have encountered, and 3) discuss actions local municipal water authorities and their member 
cities are taking to conserve water and assure their residents of an adequate, high quality water 
supply. 

High Plains Water Resources 
The semiarid Texas High Plains, a part of the southern Great Plains, occupies a 40,000 

square-mile area of northwest Texas (Figure 1 ). This vast tableland is covered with a thick layer 
of almost undisturbed alluvium comprising the renowned Ogallala Formation. Annual 
precipitation on the High Plains averages from about 15 to 20 inches, and surface runoff in this 
dry environment is usually less than 25 acre-feet per square mile. Most runoff accumulates in 
the thousands of shallow basins of interior drainag~, the playa lakes, which are especially 
numerous south of the Canadian River. These ephemeral lakes are the chief source of recharge 
to the extensive Ogallala aquifer, which remains the region's chief water resource, but most of 
the runoff they collect soon evaporates. Though many High Plains farmers use playa lake water 
to supplement groundwater for irrigation, the playa lakes are too small and fill too irregularly .to 
be of significance for urban consumption (Templer and Urban, 1996). 

External surface drainage patterns on the High Plains are very poorly developed and only 
a few shallow canyons, or draws, cut back beyond the Caprock Escarpment, the Red River's 
spectacular Palo Duro Canyon being a notable exception. Though several major Texas streams 
such as the Red Brazos and Colorado Rivers have their headwaters on the High Plains, their 

' ' upper basins usually provide little streamflow on the High Plains or to the area east of the 
Caprock Escarpment (Figure 1 ). The exception is the Canadian River, which rises in the 
mountains of northeastern New Mexico. It has a greater sustained flow than the streams rising 
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Figure 1. Municipal surface water sources on the Texas High Plains. 

760 



on the High Plains, and its waters were apportioned among New Mexico, Texas, and Oklahoma 
in the early 1950s. In its 180-mile eastward path across the Texas Panhandle, the river has cut a 
broad valley or gorge 400 to 500 feet deep through the alluvium. This valley, often referred to as 
the "Breaks of the Canadian River," has rugged, dissected terrain unsuited to irrigated 
agriculture, and in the 1950s was largely undeveloped. Thus, despite concerns over its irregular 
flow and variable water quality, the Canadian River was clearly the only stream on the Texas 
High Plains capable of sustaining large-scale development (Templer and Urban, 1995a; 1995b ). 

Surface Water Development for Urban Use 
Until the late 1960s, virtually all cities and towns on the Texas High Plains relied solely 

on the dwindling Ogallala aquifer for their urban water supply. However, many communities 
had long been interested in developing renewable surface water sources. Because of its obvious 
advantages, the Canadian River became the focus of the High Plains' largest single urban water 
supply project serving several cities, the Canadian River Project. In addition, Lubbock has 
attempted to independently develop a second surface source. Its long-delayed Justiceburg 
Project on a branch of the Brazos River has recently resulted in completion of a new reservoir, 
Lake.Alan Henry, which is not yet in operation. Finally, Mackenzie Reservoir on a Red River 
tributary and White River Reservoir in the Brazos River watershed each provide surface water 
for four more small towns. This paper focuses pri~arily on the larger and more complex 
Canadian River and Justiceburg projects and the problems associated with their development and 
operation. 

The Canadian River Project 
In 1948, the U .S. Bureau of Reclamation conducted a feasibility study on developing the 

Canadian River of the Texas High Plains for municipal and industrial water use and envisioned 
the large-scale interbasin transfer of water across several High Plains watersheds. This favorable 
study eventually gave rise to the Canadian River Project, which was approved as a federal 
reclamation project. In 1953, the Canadian River Municipal Water Authority (CRMWA) was 
created by the Texas Legislature to distribute water from the project (Brannon, 1973). 

In 1956, the CRMWA applied for and received a state permit to appropriate 103,000 
acre-feet of water from the Canadian River for municipal purposes, and an additional 51,200 
acre-feet for industrial use (Tex. Wat. Dev. Bd., 1966). In 1957, the Authority requested the 
Bureau of Reclamation to begin action toward construction of the project with federal funding. 
As a Bureau of Reclamation project, this one is quite unique because it is confined exclusively to 
providing water for municipal and industrial purposes, not for irrigation. By 1960, the CRMW A 
and its 11 member cities had reached agreement on the amount of water each would receive and 
on the apportionment of costs. Local elections in these cities overwhelmingly approved the 
project (Brannon, 1973). These events were to bring about a major shift by member cities from 
many decades of total reliance on the Ogallala aquifer's groundwater to primary dependence on 
the Canadian River's water for municipal supply. 

The 11 cities served by the Canadian River Project are Amarillo and Lubbock, the largest 
urban centers of the North and South Plains respectively, plus Pampa, Borger, and Plainview in 
the north and Levelland, Brownfield, Slaton, Tahoka, O'Donnell, and Lamesa in the south. In 
1962, the Bureau of Reclamation began work on Sanford Dam to impound Lake Meredith and 
completed the dam in 1965. Construction of a pipeline aqueduct system began in 1963. By 
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1967, the entire Canadian River Project was completed and water deliveries throughout the 
system began in early 1968 (U.S. Dept. oflnterior, 1971). The CRMWA water distribution 
system (Figure 1) consists of 322 miles of pipeline ranging from 96 to 10 inches in diameter, 10 
pumping stations, and several regulating reservoirs. Lubbock and the six smaller towns on the 
South Plains are all served by a single water treatment plant built just north of the city. 

Amarillo and Lubbock, as the largest cities, were each awarded the same original annual 
allocations of 38,171 acre-feet. Borger and Pampa, the only communities wholly in the basin of 
origin, were allocated a little over 13,000 acre-feet per year of the permitted diversion. Amarillo 
straddles the boundary between the Canadian and Red River basins with part of the city lying in 
each basin so it is difficult to determine the size of its water transfer. The allotted diversions to 
Lubbock and the five smaller communities in the Brazos River basin total over 47,000 acre-feet 
per year. About 4,500 acre-feet of water are diverted still farther south to supply Lamesa and 
Brownfield in the Colorado River drainage. This water transfer from the Canadian River serves 
an urban population of over 450,000 people on the High Plains and represents the longest and 
one of the oldest and largest transbasin diversions in Texas (Templer and Urban, 1995b). 

The original purpose of the Canadian River Project was to impound relatively low quality 
river water in Lake Meredith to blend with higher quality Ogallala groundwater to attain a water 
supply appropriate for municipal use and human consumption (Tex. Dept. of Wat. Reso., 1977). 
Thus, member cities have continued to utilize their existing groundwater wells for blending and 
to augment the supply from Lake Meredith during seasonal periods of peak usage. Still, since 
1968, water from Lake Meredith has been the major component of urban supply for member 
cities. The CRMWA system was once viewed as the long-term solution to the municipal water 
supply needs of the 11 High Plains member cities, but it has not proven to be entirely free of 
controversy and obstacles and a number of present and potential problems have arisen (Templer, 
1990; 1991; Templer et al., 1993). 

Low Inflow to Lake Meredith. Under ideal conditions, CRMW A member cities should 
receive their full contract allocations each year, amounting to about 12.5 billion gallons each for 
Lubbock and Amarillo with lesser amounts for the small towns. However, dry years and the 
falling level of Lake Meredith caused the allocations to be cut to 90 percent in 1979, and they 
were further reduced to 80 percent in 1982 and 1983. Since then, allocations have fluctuated 
between 80 and 90 percent and for the last few years have remained at 80 percent. These 
reduced allocations have forced Lubbock and some other member cities to deplete more rapidly 
their nonrenewable Ogallala groundwater reserves and have caused the CRMW A to search for 
additional groundwater rights. 

The CRMW A's enabling legislation forbade it from acquiring or developing groundwater 
supplies, but the law was later amended to remove this restriction. In 1994, the Authority 
developed the Alternate Water Supply Project to acquire 30,720 acres of groundwater rights, 
since increased to almost 43,000 acres, in southwestern Roberts County, located in the Texas 
Panhandle east of Lake Meredith, which would allow the Authority to significantly increase the 
amount of water supplied to member cities. In 1995, all CRMWA member cities agreed to pay 
their share of the estimated $81 million cost of this project which is scheduled for completion in 
1999. Groundwater will be pumped from the Roberts County well field through a 40-mile long 
pipeline to connect with the CRMWA's existing aqueduct. This project is expected to yield an 
additional 30,000 to 65,000 acre-feet of water per year, and Roberts County was chosen over 
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other potential sources because the supply there is expected to last from 35 to 50 years (Kelley, 
1995). 

Canadian River Compact. There has also been considerable controversy over the terms 
of the Canadian River Compact (1952). The compact provides limits on the amount of water that 
the upstream states of New Mexico and Texas can.keep in storage reservoirs rather than 
specifying definite quantities of water for annual delivery by each state (Tex. Wat. Dev. Bd, 
1966). The Compact is one of five interstate water compacts the U.S. Supreme Court has been 
called on to interpret or enforce (McCormick, 1994). In 1986, New Mexico raised the spillway 
level and expanded the storage capacity of Ute Reservoir, some 30 miles west of the Texas 
border. In 1987, Texas and Oklahoma, already concerned about reduced streamflow and 
upstream reservoir storage in New Mexico, sued in the U.S. Supreme Court maintaining that 
these modifications gave New Mexico 35,000 acre-feet more storage capacity than the 200,000 
acre-feet permitted under the Compact (Oklahoma ... , 1991and1993). 

A federal Special Master appointed to hear the case concluded that New Mexico had been 
violating terms of the Canadian River Compact since at least the spring of 1987. In late 1993, 
the Supreme Court ruled that, in coordination with the downstream states and at the call of 
Texas, New Mexico must release sufficient water from Ute Reservoir to result in an aggregate of 
not more than 200,000 acre-feet of conservation storage below Conchas Dam, which is upstream 
from Ute Reservoir. Also, it decreed that New Mexico must operate Ute Reservoir at lower
than-Compact levels through the year 2002 to compensate the downstream states (Templer and 
Urban, 1995a; 1995b ). In the short-term, the resolution of this dispute is expected to result in a 
more dependable water supply for the High Plains cities served by the CRMW A and perhaps 
give them an amount of water closer to their full allocations. 

Increasing Salinity of Lake Meredith. The salinity of Canadian River water has 
become an increasingly severe problem which must be resolved if maximum beneficial use is to 
be made of the CRMWA's Lake Meredith water supply. Since the lake began filling in 1965, it 
has become more saline due to salt cedar infestation, oil field brine, and the high chloride content 
of geologic formations the river channel traverses. A Bureau of Reclamation study discovered 
that an artesian brine aquifer below Ute Reservoir and a short distance west of the New Mexico 
border is responsible for discharging about 70 percent of the chlorides and sulfates into the river. 
Chloride levels as high as 400 mg per liter have been recorded for Lake Meredith water, much 
higher than the Environmental Protection Agency' s recommended level of250 mg per liter 
(Templer et al., 1993). 

Studies indicated that the Lake Meredith salinity problem could be corrected if brine were 
pumped from the aquifer to lower the water table, and then disposed of through deep injection 
wells some distance from the river. This would cost an estimated $3.6 to $9 million, depending 
upon the number of wells needed to correct the problem. Since the mid- l 980s, the CRMW A has 
sought federal funds to combat the salt problem and authorization for the Bureau of Reclamation 
to design and oversee the installation of a Lake Meredith Salinity Control Project (Templer, 
1991). The cost of the project was to be shared equally with the federal government, the state, 
and the CRMW A each contributing one-third. In late 1992, the critical first step of congressional 
authorization of the project was achieved, but since then it has been discovered that an 
impermeable subsurface formation prevents using deep injection wells at this site so that the 
project is presently on hold. Even if the Salinity Control Project is eventually completed, no 
water quality improvement ~s expected for a decade or more because ~f the heavy buildup of 
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chlorides and sulfates in the river bed (Tex. Dept. of Wat. Reso., 1977). Desalination by 
individual member cities would be prohibitively expensive. As difficulties surrounding the 
Salinity Control Project continue, the CRMW A is moving ahead with plans to implement its 
Alternate Water Supply Project. High-quality Roberts County groundwater will be blended with 
lake water in a 30-70 ratio, thus helping reduce salinity in addition to augmenting water supply 
(Kelley, 1995). 

Designation of Endangered Species. A potential problem of great concern to many 
High Plains residents is the possible designation by the U. S. Fish and Wildlife Service 
(USFWS) of the Arkansas River Shiner, a two-inch minnow and a denizen of the Canadian River 
system, as an endangered species. Listing of the Shiner could have a very serious impact on both 
land use and underground and surface water use in the region. The USFWS has contended that 
groundwater withdrawals from the Ogallala aquifer have reduced seepage from the aquifer into 
the Canadian River, and thus decreased streamflow. Limiting pumpage from the Ogallala to 
equal natural recharge might reduce withdrawals to an estimated 20 percent of the current rate of 
extraction. Obviously, this could drastically affect most High Plains counties, devastate the 
region's productive irrigated agriculture and greatly impact the many small towns which still rely 
solely on Ogallala groundwater. In addition, it co~ld seriously affect the CRMW A member 
cities' use of groundwater reserves to augment their municipal water supply or its use for 
blending. It could also spell an end to the CRMWA's Alternate Water Supply Project aimed at 
acquiring groundwater rights to augment water supply and to diminsh the salinity of Lake 
Meredith water (Anonymous, 1994b). 

Of equal concern is the USFWS position that reservoirs in the upper Arkansas River 
watershed, including the Canadian River, have drastically altered and reduced the minnow' s 
habitat. Female Shiner minnows release their eggs only when a large volume of water is 
available~ If a mandated USFWS recovery plan required larger releases from Lake Meredith, this 
could further reduce allocations (already at 80 percent) to member cities and profoundly affect 
their primary water supply. Also, such a plan might terminate the long-awaited Salinity Control 
Project if plans to decrease saline spring flow in New Mexico caused an overall reduction in 
Canadian River streamflow. Finally, recreational activities on Lake Meredith would be 
adversely affected by lower lake levels (Anonymous, 1994). 

For a time it appeared these extremely negative impacts might never come to pass 
because of growing opposition at state and local levels to reauthorization of the federal 
Endangered Species Act in its present form. State political leaders were united in opposing the 
proposed designation, and the Texas Legislature called for a moratorium on listing more 
endangered species until the federal Act is reauthorized. Local authorities argued that there is no 
reliable data that the Shiner population has been reduced or that groundwater pumpage on the 
Texas High Plains significantly affects flow of the Canadian River. Also, the Texas Parks and 
Wildlife Department does not support the proposed designation, and, in fact, informed the 
USFWS that the Canadian River in Texas supports a "healthy population" of Arkansas River 
Shiners (Anonymous, 1994). Nevertheless, the federal moratorium on listing of new species and 
designation of critical habitat, enacted by Congress in 1995, has recently been lifted 
(Anonymous, 1996). 

The Justiceburg Project 

Since the early 1970s, Lubbock has been trying to independently develop a second 
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surface water source. A 1971 study identified the nearby North Fork of the Double Mountain 
Fork of the Brazos River and the South Fork of the Double Mountain Fork, both in Garza 
County, as the most promising potential sources. However, there were many questions about the 
yield potential of these watersheds, a major reason they had not been developed previously. 
Because the White River Municipal Water District held a state permit for construction of a small 
reservoir on. the North Fork, Lubbock concentrated its efforts on a South Fork site near 
Justiceburg. In 1977, Lubbock voters approved $5.25 million in a bond election to be used to 
purchase land and right-of-way. Feasibility and engineering studies were conducted during 
1978-1979, when it was confidently predicted that the Justice burg Project could be completed 
and in operation by the mid-1980s (Templer, 1990). 

Lubbock chose to contract with the Brazos River Authority (BRA), which already 
operates several other reservoirs in the Brazos River basin, for construction, maintenance, and 

·operation of the Justiceburg Project. The reservoir, named Lake Alan Henry (Figure 1), at 
almost 2,900 surface acres, will extend for 11 miles upriver, have a storage capacity of almost 
116,000 acre-feet, and will be the largest reservoir in the Lubbock area. Other parts of the 
project will ultimately involve construction of a 55-mile long pipeline aqueduct, four pumping 
stations to lift the water about 1,000 feet to Lubbock, as well as the construction of a new water 
treatment facilty with terminal storage reservoir and pump station on the south side of the city. 
Lake Alan Henry is expected to provide a firm yield of23.3 mgd, "firm yield" meaning that a 
two-year reserve of water is retained in the reservoir. However, since this is a supplemental 
water source, firm yield levels need not be maintained. Thus, the city could pump the lake dry if 
necessary, and managed in this way the lake should provide as much as 31.2 mgd (Templer et al., 
1993). 

The city has set aside approximately 580 acres for parks and public access, which are 
already open to public use, in the Samuel W. Wahl Recreation Area near the dam site. Easy 
public access assures that the lake will see considerable use for water-based recreation. 
However, because lake levels are expected to fluctuate a great deal, it will obviously be limited 
during low-water periods. A nearby 3,000 acre wildlife mitigation area will eventually be open 
to the public for controlled hunts and non-consumptive uses (Templer et al., 1993). 

The contract for construction of John T. Montford Dam was awarded in early 1991, site 
preparation and actual construction were soon underway, and the dam site was dedicated in April 
of that year. Montford Dam was completed during the summer of 1993, but its closure and the 
filling of the lake, which is expected to take from two to six years, has yet to begin, nor has work 
started on the pipeline aqueduct and water treatment facilities (Templer and Urban, 1994). 
Despite the fact that dam construction took only a little over two years, a number of obstacles 
have arisen since the project's inception which have delayed its completion for two and one-half 
decades and threaten to postpone its ultimate finish until some indeterminate date in the next 
century. 

Physical-Environmental Problems. At the outset, the best potential dam site was 
thought to have been below the juncture of the North and South Forks, several miles downstream 
from Montford Dam. However, thick layers of exposed gypsum there rendered the location 
unsuitable. Though the contributing watershed above the Justiceburg site on the South Fork is 
quite small, only 394 square miles in extent, initially it was thought to be capable of yielding 
approximately 29,900 acre-feet annually (Tex. Dept. of Wat. Reso., 1977). State water agencies 
had long been of the opinion that the High Plains contributed little runoff to the east and 
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inconsistent stream gauge readings made it uncertain how much flow might be available in the 
South Fork. Also, the presence of gypsum and other salts in the geologic materials east of the 
Caprock caused added concern over water quality. , The BRA and the City of Lubbock recently 
completed a watershed pollution abatement study to determine potential pollution sources which 
also assessed water quality in the watershed. Based upon the levels of total dissolved solids, 
including chlorides, the city predicts that the Lake Alan Henry water supply will be of about the 
same quality as that from Lake Meredith and blending it with higher quality groundwater will 
probably be the most practical and cost-effective method of salinity control (Templer and Urban, 
1994). 

Legal-Political Problems. Not surprising, the often time-consuming, difficult, and 
expensive legal processes of acquiring water rights, a permit for dam construction at the 
Justiceburg site, land acquisition, and other required environmental permits and licenses were to 
become major obstacles. In 1979, Lubbock' s application to the Texas Water Commission 
(TWC) for a water rights permit was immediately contested by six area landowners and an oil 
company holding mineral rights on and near the site. A TWC hearings examiner held six months 
of hearings in 1982-1983, the longest ever conducted by the agency, before eventually 
recommending approval of the permit. In 1984, the TWC granted Lubbock a permit for reservoir 
construction and the appropriation of 35,000 acre-feet of water per year. Opponents appealed the 
TWC decision to a state District Court where the case remained for another two years. Finally, 
in 1986, the city reached agreement with the opposing landowners and the case was settled 
(Templer, 1991). The city agreed to purchase 4,751 acres from the landowners of the almost 
6,000 acres needed for the reservoir site. Finalizing these sales required another two years. Most 
of the remaining land to be purchased was in the upper reaches of the project site where it would 
not delay construction of the dam and spillway, and not until 1992 was the last major parcel of 
land acquired. Thus, following the 1986 court settlement, the city could finally proceed with 
developing the dam site and securing other required permits, licenses, and approvals (Templer et 
al., 1993). 

Though a small oil field crossed the reservoir site, the city failed to include mineral 
interests in its land acquisitions and did not begin purchasing these rights from the landowners 
until 1989. In the earlier stages of the project the city, its engineers, and consultants never 
considered the acquisition of the mineral rights in the area to be a major stumbling block. This 
was primarily due to the age of the oil field, because pumpage from the field was thought to have 
been reduced to marginally economic levels, with most wells plugged and abandoned, and 
assumptions that additional drilling could be accomplished from barges or man-made islands in 
the lake. Since then, it has been determined that economic, environmental, and water quality 
concerns virtually rule out the possibility of such practices for the mitigation of both present and 
future working oil wells. The City of Lubbock is still engaged in negotiating the pur_chase of 
outstanding mineral interests, which may add $8 million or more to the total cost of the project 
(Templer and Urban, 1994). 

Lubbock's application for a Corps of Engineers Section 404 permit, required for all dams 
and reservoirs and in cases where other significant' changes are to be made in streamflow, was 
beset by numerous delays and took much longer than originally expected. Coupled with the 
Section 404 permit is the required mitigation for archaeological sites and for displacement of 
wildlife and destruction of their habitat. Over 70 archaeological sites were identified on the site 
in an investigation that took several years and cost almost $3 million. Finally, not until 1990 was 
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the city able to purchase 2,200 acres of land northeast of the dam site to complete a tract of about 
3,000 acres of riparian, canyon, and upland habitat required for wildlife mitigation (Templer et 
al., 1993). 

Economic Problems. Thus far the cost of the Justiceburg Project, including legal fees, 
meeting Section 404 permit requirements, land acquisition, and dam construction has totalled 
about $61 million. Lubbock's water rates have already been increased to cover the debt service 
on this large capital outlay. Justiceburg Project costs are estimated to eventually total about $140 
million (in 1990 dollars), not including the additional cost of purchasing the outstanding mineral 
interests. Critics have suggested that the project should be abandoned, an action not without 
precedent in Texas. Recently, San Antonio abandoned Applewhite Reservoir on the Medina 
River after $40 million had already been spent on partial construction. However, that reservoir 
would have provided less than 10 percent of San Antonio's water needs, whereas eventually 
Lake Alan Henry is expected to supply about half of Lubbock's water. Despite the unexpected 
and rising costs, too much time and money have already been committed. Without another 
readily available potential surface water source, the city would appear to have little choice but to 
see the project through to completion. Though current projections show that Lake Alan Henry's 
water will probably not be critically needed until about the year 2010, it seems certain that it will 
be well after the year 2000 before this water reaches Lubbock residents, assuming that planned 
water transfer and water treatment facilities are built, all current permitting, land acquisition, and 
mineral rights issues can be favorably resolved, and no further unforeseen problems arise 
(Templer and Urban, 1994). 

Mackenzie and White River Reservoirs 
Mackenzie Reservoir is located in a steep canyon at the eastern edge of the Caprock in 

Briscoe County. It impounds the waters ofTule Creek, a small Red River tributary, and serves 
the towns of Silverton and Tulia in the Red River basin and Lockney and Floydada in the Brazos 
River watershed. These four towns, with a combined population of approximately 11 ,500, joined 
to form the Mackenzie Municipal Water Authority which uses a pipeline system to distribute 
water from the reservoir. With financial assistance from the Texas Water Development Board, 
construction on the earthfilled dam began in 1972 and it was completed in August, 1974 (Hughes 
and Willey, 1978). The reservoir has a storage capacity of 46,250 acre-feet and, when filled, it 
has a surface area of about 1, 100 acres. Like Lake Meredith and Lake Alan Henry, water from 
both Mackenzie and White River reservoirs is use4 only for urban purposes and not for 
irrigation. 

Initially, it was anticipated that Mackenzie Reservoir would supply all future water needs 
of the four member towns (Tex. Dept. of Wat. Reso., 1977), but in the past decade a series of dry 
years with reduced inflow has changed this expectation. · When full, the reservoir has a depth of 
115 feet at the dam; inl 996, the water depth there stood at about 75 feet. Water deliveries to 
member towns have already been reduced to only 40 percent of their original allotments. Should 
the water level in Mackenzie Reservoir drop another 15 feet, the Municipal Water Authority will 
suspend all water deliveries to its members, though the towns must continue to pay monthly fees 
for Authority and reservoir operation. These four towns are attempting to supplement their 
dwindling municipal water supply by reactivating existing wells or drilling new ones in city
owned well fields all of which necessitates an increase in water rates (Lee, 1996). The Texas , 
Water Development Board has recently relaxed restrictions concerning the conversion of 
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irrigation wells to municipal use to assist High Plains communities which use groundwater. 
White River Reservoir, another small impoundment which was completed in 1963, is 

located beyond the eastern edge of the Caprock in Crosby County on the Running Water Draw
White River branch of the Brazos River. Compared with Mackenzie Reservoir, the reservoir is 
more shallow and has a larger surface area. The White River Municipal Water District was 
created to serve four small towns, all in the Brazos River basin and with a combined population 
of some 9,500, through its pipeline distribution system (Tex. Dept. of Wat. Reso., 1977). Two of 
the towns, Crosbyton and Ralls, are located on the High Plains and the other two, Post and Spur, 
are at a lower elevation on the Rolling Plains east of the Caprock Escarpment. White River 
Reservoir had an original storage capacity of about 45,000 acre-feet and when full the reservoir 
has a surface area of about 2,000 acres. This reservoir in particular suffers from rapid 
sedimentation. Its storage capacity has been reduced to less than 32,000 acre-feet, a reduction of 
29 percent and the largest of any of the 24 Texas reservoirs which were recently surveyed 
(Jensen, 1996). 

Like Mackenzie Reservoir, White River Reservoir has been adversely affected by a series 
of dry years and reduced runoff. When filled to capacity, the lake should have a depth of over 50 
feet at the dam, but now the water depth there is only about 34 feet. The reservoir now holds 
only 25 percent of its capacity, or about 8,300 acre-feet of water. Considerations other than the 
current drought are thought to be partially responsible for the low levels of Mackenzie and White 
River reservoirs. The facts that irrigation farmers are becoming more adept at using water 
conservation practices and that a significant High Plains acreage is in the Conservation Reserve 
Program are among factors which might be responsible for reducing runoff to the reservoirs (Lee, 
1996). White River Reservoir lies east of the Ogallala aquifer where groundwater supplies are 
limited. The District is currently seeking assistance from the Texas Water Development Board 
in locating and developing groundwater sources near the lake from which water might be 
pumped into its water treatment plant at the dam for distribution to member towns (TWDB 
Personnel ... , 1996). 

Conclusions 
This paper has discussed water availability on the semiarid High Plains of Texas and has 

established the limited occurrence of renewable surface water resources for development. 
Nevertheless, these sparse surface water resources have been developed, often with considerable 
difficulty, by the 19 High Plains towns and cities featured here. The many physical
environmental, legal-political, and economic problems confronting the development and 
operation of the Canadian River, Justiceburg and the two smaller reservoir projects and the 
expansion of urban water supply systems have been examined. 

This paper clearly shows that approval of any new surface water appropriation and 
reservoir construction project in water-short West Texas faces very difficult odds, as illustrated 
by the example of Lubbock's Lake Alan Henry, which will draw on one of the last available 
surface water sources in the area. However, despite the location of High Plains communities in a 
semiarid agricultural region where there is considerable competition for water with agriculture 
and industry, past long-range planning and action has thus far enabled most towns to meet all 
their water needs. Unlike most other areas of Texas, including more humid parts of the state, 
High Plains communities have seldom if ever endured water rationing caused by inadequate 
water supply. The comprehensive "High Plains Ogallala Area Water Management Plan," which 
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is currently being developed, should assure the most efficient and equitable utilization and 
management of all the region's water resources by diverse competing interests (Urban et al. , 
1995). 

In sum, the authors conclude that the Canadian River and Justiceburg projects, the 
smaller Mackenzie and White River developments, and the innovative water supply activities of 
the several local water authorities and districts have resulted in: 1) the beneficial development 
and distribution of the region's scarce unused surface water resources, 2) a diminished drain on 
the nonrenewable Ogallala aquifer as member cities switched from primary reliance on 
groundwater to surface water use, and 3) the assumption by these local water agencies of a 
critically vital role in contributing to the well-being of the almost one-half million urban 
residents they serve. 
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THE WHITE VOLTA BASIN PLANNING PROJECT IN GHANA: 

Abstract 

WATER DEMAND STUDIES 
by 

Ben Y. B. Ampomah 

A study is being developed at the Water Resources Research Institute for comprehensive 
planning of the river basins in Ghana. The White Volta basin, comprising the three savanna 
regions that occupy about a third of the country, has been selected as the pioneer pilot basin for 
the studies. 

The main objective of this project is to develop a comprehensive plan for the efficient and 
orderly allocation of water resources to meet present and projected socio-economic development 
plans of the White Volta basin in Ghana. 

The project was initiated with an inventory of the natural and human resources and socio
economic activities that go on in the basin. In order to maintain and cope with the water 
resources requirements of this socio-economic and physical framework of the basin, the existing 
and changing patterns of water uses must be identified. In this regard, the second phase makes an 
assessment of the current and foreseeable demands for water. This paper focuses on the second 
phase of the project - Water Demand Studies. 

The various demand estimates have been integrated to present the composite distribution 
of current and projected scenarios within the basin. This is specifically to help in the formulation 
of a comprehensive decision support system to assist in the planning of the basin. The approach 
of identifying these water demand variations at the basin scale also provides a very useful 
geographical input to water resources system planning in the country. 

Introduction 
Attempts have been made in times past to develop river basin plans in Ghana. However, 

these plans have either not been comprehensive enough or subjected to uncertainties of 
developmental policies and regional trends in a developing country such as Ghana. 

A study is, therefore, being currently undertaken aimed at developing comprehensive 
plans for the efficient and orderly allocation of water resources to meet present and projected 
socio-economic development plans of river basins in Ghana. 

The White Volta basin was chosen as the pioneer basin for the studies. It has been 
divided into five phases. These are the Socioeconomic Inventory, Water Demand Studies, Water 
Resources Assessment in time and space, Development Diagnostic Studies, and Water Master 
Plan. 

This paper focuses on the second phase of the project, which makes an assessment of the 
current and future demands for water. The main emphasis of this paper is on identified 
consumptive demands which are quantified to guide the use of scarce water resources in the 
basin. The planning horizon has been limited to the year 2000. No attempt has been made to 
project the demand over the long term since that c<;mld be quite unrepresentative of this basin. 

Objectives 
The objectives of this study are to: 
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1) identify the various types of water demand within the basin, both current and 
potential, and 

2) establish current water demand estimates and projections within the foreseeable 
future. 

Methodology 
The basic methodological approaches and techniques used in estimating and forecasting 

the various categories of water demand have been based to a large extent on the United Nations 
procedures and methodologies for projecting water demand, reviewed in 1976. 

In most instances, estimates have been established using quantified local experiences in 
water usage. A requirement which is common to all is an adequate current data base. These 
were obtained through interviews in the field and published data. 

The Project Area 
The White Volta basin in Ghana lies between latitudes 8°30' and 11 °0'N and longitudes 

0 °0' and 2 °30'W. It occupies a catchment area of about 48,000 sq km in the central northern 
portion of the country, made up of three of the ten administrative regions of the country. 

It is broadly divided into two geological formations: the Voltaian and the Barrimian and 
its associated granite rock formation. The drainage is dominated by the White Volta system with 
its principal tributaries of Morago, Red Volta, Kulpawn, Nasia, and Mole. 

According to Dickson and Benneh (1980), the White Volta basin is entirely within the 
Interior Wooded Savanna Ecological zone, dominated by grasses and trees such as baobab, nim, 
and sheanut trees. The prevailing soils are Savannah Ochrosols, Groundwater Laterite and 
Groundwater Laterite-Ochrosols and Acid Gleisols. 

The climate has two distinct seasons. A dry season (November to April) and a wet 
season (May to October, with a peak in August). Mean annual rainfall ranges from 1015 mm to 
1140 mm. Average air temperature is about 27.8 C. The average relative humidity rises to about 
80% in August and lowers to about 20% in January. The population is about 1.4 million and 
generally inhabitants are in rural settlements. 

Components of Demand on Water Resources 
Identification of the actual and potential water uses within the basin is based on that of 

the United Nations (1976) classification of major water demand. 
The first category is consumptive demand. Identified consumptive uses for the basin are 

domestic (human settlements), agricultural practices (irrigation and livestock), and industrial 
activity. 

The second category, which is not the subject of this paper, is the non-consumptive 
demand and includes in-stream uses such as navigation, hydro-electric power, waste water 
disposal, and fishing. On-site uses such as wildlife habitat are also present. 

Domestic Water Demand 
The following domestic water uses characterize the various settlements in the basin: 

residential demand, commercial demand, institutional demand, and small-scale cottage 
industries. The latter are included because they are generally organized more on traditional lines 
in homes and use marginal amounts of water. 
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A"ricultural Water Demand 

Irrigation 
There are currently three formal surface water irrigation projects in the basin (Tono, Vea, 

and Bontanga). The Ministry of Agriculture, Ghana (1990) states that there are nine irrigation 
projects in the basin that the government is seeking funding to invest in. These are Nakong, 
Logri, Pwalugu, Tamne, Mpaha, Nasia, Bakuli, Ladur, and Bimbini. 

However, the current focus is on the development of small and micro-scale irrigation 
schemes. 

Livestock 
The animals mainly reared are cattle, sheep, goat, pig, and poultry. Livestock is very 

important, with more than 63% of all farm families keeping ruminants. Increases in livestock 
populations ( overconcentrations around existing water sources) and dry season conditions lead to 
frequent water deficiencies and overgrazing within the basin. 

Industrial Activity 
There are basically two types of industries: agro-based, e.g., meat processing, and land 

resources based, e.g., quarrying and mining. 
Currently, industrial water use is concentrated in two medium scale agro-based industries. 

Due to the low level of development, the industrial policy focus is on the development of small 
scale industries which rely on local resources. 

Estimation of Current Demand Components 

Current Domestic Water Demand 
The population in the basin is patterned into urban and rural. Rural populations are 

grouped into the eighteen districts that are located in the basin. 
Population assessment is constrained by the lack of accurate up-to-date data on migration. 

Hence, in estimating the current population, the population growth rate of the type 

P1 = P0 (l+r)t was used where: 
P 1 = estimated population 
P 0 = previous population 
r = population growth rate 
t =period. 

A water consumption design criterion for various community sizes was also used (Tahal, 
1981 ). These per capita consumption levels were revised based on additional information 
obtained on water demand trends, especially in rural communities in Ghana (Table 1 ). 

The per capita water consumption figures are assumed to represent a peak day demand. 
Annual demand is taken as 300 days of peak demand, allowing for a seasonal variation factor of 
1.2. 
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Table 1. Water consumption design criteria for various community sizes (in liters per capita per 
day). 

Community 
Size 

<2000 

2000-5000 

5000-10000 

>10000 

1980 

22.5 

50 

60 

70 

1990 2000 2010 

22.5 30 30 

55 60 65 

65 70 80 

80 85 90 

Estimated water demand was arrived at using the estimated population, per capita 
consumption, and 300 days peak demand. 

Current domestic urban water demand is about 5.59 million m3/yr, while the current 
domestic rural water demand is about 24.0 million-m3/yr. A configuration of current urban and 
rural domestic water demand of the basin is shown in Figure 1. 

Current Aericulture Water Demand 

Irrigation Water Demand 
The current water demand for the three formal irrigation schemes is 52.4 million m3/yr 

(Table 2). The total potential irrigable area of these schemes is about 4,000 ha, while the actual 
area being irrigated is about 2,400 ha. These estimates were arrived at from data obtained from 
the irrigation project sites over a four-year average. 

Livestock Water Demand 
The approach at estimating livestock water demand was by the use of their population 

figures and estimated unit water requirements. The unit water requirement and voluntary water 
intake for the various livestock are given in Table 3. 

During the wet season, forage contains much water and for that reason the voluntary 
waterrequirement (VWR) of livestock is about 50% less than during the dry season (WRRI, 
1989). 

Livestock Water Demand (L WD) is calculated as: 

L WD =Sum{ (estimated population)* (VWR for season)* (no. of days/month)} 
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Table 2. Irrigation areas and water demand in the White Volta Basin. 

Project Potential Area (ha) Current Water Demand (Mm3
) 

Tono 2500 37.0 

Vea 1000 7.4 

Bontanga 500 8.0 

Table 3. Livestock water requirement and voluntary water intake in wet and dry season 
(litres/day/head). 

Seasonal 
Requirements 

Voluntary 
WaterReq. 
(Wet season) 

Voluntary 
WaterReq. 
(Dry season) 

Cattle Sheep 

10 2 

27 5 

Goat Pig Poultry 

2 6 0.10 

5 15 0.25 

The current livestock water demand is estimated at 6.7 million m3/yr. About 89% of 
this amount is consumed in the dry season alone. 

Industrial Water Demand 
There are two major industrial units (medium scale) which are analyzed case by case. 

The demand for water is based on the production· process, demand for the product, the state of 
machines being used, and 280 working days/yr. 

The Pwalugu Tomato factory has the capacity to produce 4 tons/hr of tomato crush. It 
produces 30% of this and operates for 12hrs/day. It uses 2,200 litres of water/ton of crush. Its 
estimated water demand is 8.89 thousand m3/yr. 
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Figure 1. Current district domestic water demand in the White Volta Basin. 
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The Zuarungu meat factory slaughters and dresses I 00 cattle per day. About 50% of this 
amount is sold as fresh meat. It uses 90,000 litres/day of water for its operations. Its estimated 
water demand is 25.2 thousand m3/yr. 

Integrated Configuration of Current Water Demand 
The integrated configuration of the current water demand delineates the overall demand 

situation in the basin. 
Current total water demand is estimated at about 88.73 million m3/yr. Agriculture 

(irrigation and livestock) takes 66.5% while domestic demand constitutes 33.4% of this total. 
The industrial sector, which is currently not well developed, contributes only 0.1 % of the current 
total water demand. 

Projections of Future Water Demand 

Projected Domestic Water Demand 
Projected water demand for domestic use is based on the estimated population for both 

urban and rural communities and the water consumption design criteria for the various 
community sizes as presented in Table I. 

It is projected that urban domestic water demand in the basin would be 11.3 million m3/yr 
in the year 2000. That of rural water demand is expected to be 38.7 million m3/yr. 

Projected Aericultural Water Demand 

Irrigation Water Demand 
Projections of water demand for irrigation purposes are based on the existing and 

proposed irrigation schemes in the basin (MOA, 1990). 
Preliminary studies (Nathan Consortium, 1980) show that the nine proposed projects 

would demand about 2,323.6 million m3/yr. Together with the estimated total for the three 
existing schemes, irrigation water demand would be approximately 2,376 million m3/yr by the 
year 2000. The potential irrigated area, for the same period, is anticipated to be about 144,033 
hectares. Figure 2 shows the projected irrigation area and water demand in the basin by 2000. 

Projected Livestock Water Demand 
It is assumed that the traditional ruminants in the basin would not change. The projected 

population and the voluntary water requirement for the various livestock are used to project the 
livestock water demand. 

It is estimated that livestock water demand would be 10.7 million m3/yr in the year 2000. 

Projected Industrial Water Demand 
Projections are based on forecast national economic growth rates. Due to the absence of 

any major rehabilitation program, it is not expected that these industries would expand 
drastically in the future. Hence, they are not likely to attain anything more than the anticipated 
national economic growth rates. 

A figure of either 3% or 5% is considered realistic in keeping with the maximum 5% 

annual growth projected for the economy. 
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Total projected industrial water demand based on a 3% growth would be 45.82 thousand 
m3/yr in 2000. If a 5% annual growth rate is assumed, the total industrial water demand in the 
basin is projected to be 55.53 thousand m3/yr in 2000. 

It is not anticipated that any major industrial investment would be undertaken in the 
medium term in the area, hence only the two major existing industries have been considered in 
the projections. Future industrial zones are envisaged at prominent towns such as Bawku, 
Bolgatanga, Savelugu, and Walewale. 

Integrated Configuration of Projected Water Demand 
Integrated water demand for the year 2000 shows that a projected amount of about 2,436 

million m3/yr would be demanded in the basin. The phenomenal increase is attributed to 
increased irrigation, which represents about 97.5% of the total water demand. 

Conclusions 
The consumptive water demand which occurs in the White Volta basin are domestic, 

agriculture (irrigation and livestock), and industrial. 
Domestic water demand: Currently, it is estimated at 38.6 million m3/yr. Demand is 

projected to be 50.0 million m3/yr in 2000. Domestic rural water demand takes about 78% of this 
amount. 

Agricultural water demand: Current estimate is 59.l million m3/yr. Livestock use is 6.7 
million m3/yr. Irrigation water demand by the year 2000 is expected to be 2,376 million m3/yr, 
while livestock demand would be 10.7 million m3/yr. 

Industrial water demand: Current estimate is 34.09 thousand m3/yr. Projections based on 
either 3% or 5% annual economic growth rates means industrial water demand would be either 
45.82 or 55.53 thousand m3/yr by 2000. · 
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PROBLEMS OF EV ALU A TI ON AND EXPLOITATION OF UNRENEW ABLE 
GROUNDWATER RESOURCES IN EASTERN SAHARA 

AS BASIS FOR LAND RECLAMATION 
by 

I. H. Himida 

Abstract 
Countries of eastern Sahara, especially Egypt, Libya, and Sudan, are suffering from 

severe aridity and active desertification problems. 
Surface water resources in eastern Sahara a.re limited and almost completely utilized. 

However, the increasing population in these countries necessitates planning of additional land 
.reclamation programs. Such programs would raise enormously the future water resources 
demands. 

To meet the expected future water resources demands, it is necessary to study and 
evaluate the exploitable resource of the huge groundwater artesian basin that extends in Eastern 
Sahara and contains mainly unrenewable groundwater. 

The present paper discusses the problems of evaluation and exploitation of the 
unrenewable groundwater resources in eastern Sahara and its possible role for supporting land 
reclamation programs in this area of the world. 

Introduction 
Arab countries in North Africa are included within the highly arid belt that extends from 

the Atlantic Ocean through North Africa and the Arabian Peninsula towards Middle Asia. These 
regions are suffering considerably from excessive aridity and desertification, especially, during 
the last decades due to the following factors: 

1) Deteriorating climatic conditions, especially with respect to rainfall. 
2) Excessive pressure on land resources, including water resources and plant cover, due 

to the critical increase of population from one side and the rise in oil price from the other side. 
3) Mismanagement of water resources. Tqis includes irrational water resources 

exploitation, distribution, and utilization. Irrational water resources utilization, in certain 
instances, leads to drainage problems that may cause serious salinization of soils. 

Within most of the territories of North African countries, no perennial water resources are 
present with exception of the River Nile and its tributaries that cut across limited areas of Egypt 
and Sudan. On the other hand, the rainfall amounts on most of the area are very low, seasonal, 
and restricted to the narrow coastal zone. Consequently, agricultural activities and land 
development in most of the region depend mainly on groundwater resources. 

Irrational population increases in the area under the condition of low agricultural 
production promoted the concerned governments to prepare necessary plans for agricultural land 
expansion. The main constraint against land reclamation within the region is the scarcity of 
renewable water resources. 
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Present and Expected Water Resources Demands in North 
Africa With Emphasis on Countries of Eastern Sahara 

Generally, water scarcity and degradation are growing concerns for most countries around 
the world. According to FAO records, global demand for fresh water is doubling every 21 years. 
According to estimates of the World Bank, renewable water resources per capita in the world are 
roughly half what they were in 1960. This figure is expected to drop by half again by the year 
2025. Obviously the water problems within the Sahara region are expected to be much more 
pronounced. 

Statistical reports indicate that the total population of Arab countries in North Africa 
amounted to 124.79 million in 1985. According to the present natural rate of population 
increase, it is expected to jump to 225.63 million in year 2000, 255.42 million in year 2010, and 
452.1 million in year 2030 (ACSAD, 1988). 

According to the present time rate of population increase of the Arab countries in North 
Africa, the total water resources demands by year 2030 are expected to be 473.67 x 109 m3 

annually, while the total available renewable water resources amount to 13 7 .13 x 109 m3
• 

Generally, more than 85% of these resources are used to cover irrigation demands. 
For countries of eastern Sahara, statistical reports indicate that the population in Egypt, 

Libya, and Sudan for the year 1985 amounted to 46.92, 3.67 and 20.21 million, respectively, and 
the total population of the three countries amounted to 70.8 million at this time. On the other 
hand, the future estimation of the projected population in the three countries for the year 2030 are 
146.13, 23.2 and 80.37 million, respectively. The total projected population is expected to be 
249.7 million. This means that the total population of the three countries in the year 2030 will be 
3 .5 times the total population in the year 1985. 

According to the above-mentioned estimations and if the renewable water resources 
remain constant without considerable increase, the amount of renewable water resources per 
capita in eastern Sahara countries by the year 2030 is expected to drop to the limits of 15%-30% 
of its value in the year 1985. The expected population and renewable water resources per capita 
in these countries in the years 1985, 2000, 2010 arid 2030 are given in Table 1. 

Considering the natural increase of population in eastern Sahara countries, the expected 
water demands for different purposes for the period between 1985 and 2030 will be as shown in 
Table 2. From this table it is obvious that the total water demand for 2030 is expected to jump 
between 2 to 4 times its amount during 1985 year. 

Taking the rate of population increase into consideration, the projected annual 
requirements of water in the year 2000, according to the master plan prepared by the Ministry of 
Irrigation of Egypt, will reach 75 billion cubic meters in Egypt and 28 billion cubic meters in 
Sudan. This means that at least an additional 20 billion cubic meters are required in Egypt and 
15 billion cubic meters in Sudan by the year 2000. In Libya at least an additional 1 O billion cubic 
meters are required. 

These amounts of water cannot be provided by surface water resources only even after 
execution of Upper Nile projects and improvement of surface water management and execution 
of water reuse plans. 

The difference between available renewable water resources and the expected water 
resources demands until the year 2030 by any means is catastrophic and necessitates taking 
instant and serious measures on different lines, among which are: 
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Table l. Expected population and renewable water resources per capita for Egypt, Libya and Sudan through 1985-2030. 

Ground w11ter Tot;al 
Expected population and renewable water resource per capita 

Surface w;atcr resources renwable 
Resources (XIO' m') water 

reM>Urces 

Country (XIO' ml/y) Stor;agc Annual 
rcch;arge 

(XIO' m') 1985 2000 20!0 

Expected Renew a hie Expected Renew;ahle Expected Renew;ahlc Expected 
11opul;i1ion w;aler 11upul;i1ion water population w;ater popul;alion 
(million) resources (million) resources (million) resources (million) 

(ml per (m3 per capil•) (m3 per upil;a) 
Cll(lila) 

Egypt 55.5 6000 4.5 60 46.923 1278.6 69.67 861 .2 119. 18 672.8 146.13 

Libya 0.2 4000 2.5 2.7 3.669 736.7 6.75 400.0 111.19 265.0 23.2 

Sud;an 60.65 .t2 u 62.05 20.21 3070 30.0 206.8 44.5 1394.4 80.37 

Total 116.35 10042 8.4 124.79 70.802 5085.3 106.H 3329.2 143.87 2332.2 249. 7 

2030 

Renew;ahle 
water 

resources 
(m3 per capila) 

4!0.6 

116.4 

772.U 

1299 
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Table 2. Water demands for Egypt, Libya and Sudan through the period from 1985 to 2030 (109m3/y). 

Year EGYPT LIBYA SUDAN 
Domestic Industry lrrig. Other Total Domestic Industry lrri2. Total Domestic Industry lrri2. 

1985 3.3 2.458 49.7 4.0 59.5 0.292 0.073 l.75 2.115 0.387 0.078 13.500 

2000 6.357 4.067 57.6 4.0 72.4 0.616 0.149 3.60 4.365 0.829 0.166 20.500 

2010 8.851 5.696 - 4.0 - 1.023 0.316 - - 1.024 0.406 -

2030 16.001 10.667 82.l 4.0 112.8 2.54 0.889 5.1 8.529 3.520 l.467 77.500 

Total 

13.965 

21.495 

-

32.487 



1) Minimizing water losses during storage, transportation and distribution. 
2) Optimum water use, especially for irrigation. This necessitates upgrading of irrigation 

systems and irrigation techniques used in some localities and reconsideration of crop patterns. 
3) Thorough investigation of water reuse possibilities. 
4) Intensive exploration, evaluation, and good management of groundwater resources, 

especially those contained in the major groundwater basins. 

Major Groundwater Basins in North Africa 
The North African Zone is characterized by the occurrence of a series of groundwater 

basins of different aerial extent and varying hydrogeological conditions (Table 3 and Figure 1 ). 
With the exception of the Nile Delta Groundwater Basin, which is included here for the 

purpose of comparison, the main water-bearing formations constituting most of the above 
mentioned groundwater basins are of continental origin and the bulk of groundwater storage is 
due to old previous recharge. At the present time, groundwater recharge is very weak and most 
of the groundwater basins may be practically unrenewable. However, due to the enormous 
capacity of these groundwater basins, its limited recharge at the present time cannot obscure its 
role as an important water resource under the prevailing arid condition. 

In the present paper, emphasis is given to the major groundwater basin occupying the 
eastern part of the Sahara, as it represents one of the most extensive groundwater basins in the 
world. 

Potentiality of the Major Groundwater Basin in Eastern 
Sahara and Problems of Its Evaluation and Management 

Extension and Hydro~eolo~ic Conditions of the Artesian Basin 
Artesian groundwater was exploited, historically, from limited desert areas in northeast 

Africa, especially, within the oases regions and depressions in Egypt, Libya, and north Sudan. 
Regional hydrological studies conducted at different intervals of time (some of which were 
conducted by the present writer) proved that the water-bearing formations in the different oases 
of the Western Desert of Egypt, western part of Libya, and northern part of Sudan, in fact, 
constitute small portions of a huge multilayered complex artesian basin that occupies most of 
Egypt's territory, the eastern part of Libya, northern part of Sudan, and northeastern portion of 
Chad (Figure 2). 

The artesian basin comprises two main water-bearing hydrogeological complexes 
overlying each other (Figure 3). 

The main water-bearing complex and the most extensive one is represented by the Nubian 
Sandstone Series that overlie directly the basement crystalline complex and consist of 
intercalations of sandstone and clays. This complex contains the main groundwater storage of 
good quality and is characterized by high hydrostatic pressures that caused natural flow of wells, 
especially, within the oases areas which are naturally located in low depressions. At the same 
time, these high hydrostatic pressures stimulated recharge of the overlying water-bearing 
formations through upward leakage of groundwater of the Nubian Sandstone aquifers. 

Groundwater in the Nubian Sandstone Series is exploited directly by deep and shallow 
wells in Kharga Oasis, Dakhla Oasis, and Bahariya Oasis and in East Oweinat area and by deep 
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Table 3. Major groundwater basins in North Africa. 

~ 
Nile Delta Basin Nubian Artesian 

Basin 

Spec1ficahon 

Location and Extension Nile Delta region Egypt, Sudan, 
(Egypt) Libya & Chad. 

Area km2 About 20 000 More than 2000 000 
Groundwater level (m) I - IS Up to 4SO m 

Total Storage, XlO' mJ 300 60 000 
Annual Rechar2e X 106 ml 2600 + 2000 losses ISOO 
Percentage of recharge to total O.OIS 0.000 02S 
stora2e 
Period of complete water llS 40 000 
replacement of the basin (year) 

Fezzan 
(Murzuq) Basin 

South Western 
Part of Libya 

3SO 000 
400 - 600 m 

400 
60 
o.0001s -

6666.6 

Tanzruft Basin 
Great Eastern Great 

Erg Basin 
Western 

(Ghadames) 
Erg Basin 

To the south of the To the east of the South of 
Great Western Erg Great Western Atlas 
Basin, Algeria Erg Basin in mountain 

contact with range 
Tunisia and Algeril (Algeria) 
boundaries 

240 000 27S 000 330 000 
ISO - 200 m 400m at North 700 m at 

I OOm at South North 200 m 
at South 

400 1700 ISOO 
20 600 400 
o.oooos 0.0003S 0.00026 

-

20 000 2833 37SO 
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Figure I . Hydrogeological map of the main groundwater basins in North Africa. 
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Figure 2. Regional hydrogeological cross-sections within Nubian Artesian Basin. 
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Figure 3. Hydrogeological map of Nubian Artesian Basin. 
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wells, only, in Farafra and Siwa oases in Egypt and Kufra Oasis in Libya and some areas of north 
Sudan. 

The other water-bearing complex of the artesian basin includes a group of water-bearing 
formations overlying the Nubian Sandstone Series (Post-Nubian water-bearing formations). 
They are recharged mainly on account of upward leakage of groundwater of the Nubian 
Sandstone Series under the influence of its high hydrostatic pressure. 

Post-Nubian water-bearing formations are exploited using shallow and deep wells in 
Farafra and Siwa Oasis in Egypt, Al-Sarir area in Libya, and some areas in north Sudan. 

Since the principal component of the artesian basin is the Nubian Sandstone series, the 
artesian basin was given the name "Nubian Artesian Basin" in a paper presented by the present 
writer to the International Symposium on Representative Basins held in New Zealand. 

Nubian Artesian Basin is considered one of the most extensive artesian basins in the 
world, as it covers an approximate area of 2.25 million square kilometers. On the basis of 
topographic and surface geologic information, the eastern boundaries of the artesian basin may 
be delineated by the outcrops of the crystalline basement rocks in the Eastern Desert of Egypt; 
the southern boundaries are also delineated by the outcrops of these rocks in northern Sudan. 
The western boundaries of the artesian basin cannot be defined accurately, however, it can be 
tentatively traced along the group of highlands of Ennedi, Eridi, and Tibesti on the basis of 
topographic, surface, and subsurface geologic information. The basin is bounded at its northern 
side by the Mediterranean Sea 

From the structural geological point of view, the Nubian Artesian Basin is formed of a 
huge monocline that occupies the area of northeast Africa where the basement rocks and older 
formations outcrop at the southern regions of the basin and incline and increase in thickness 
towards the north. Thickness of the Nubian series ranges from few tens of meters in northern 
Sudan and southern regions of Egypt to some hundreds of meters in East Oweinat area, to about 
1000 m at the north of Kharga Oasis and about 1400 m in Dakhla Oasis and 1800 m in Bahariya 
Oasis, to more than 2000 m to the west ofFarafra Oasis and about 2500 m beneath Siwa Oasis 
located in the northern part of the Western Desert of Egypt. Towards the north, the lithologic 
characteristics of the Nubian Sandstone Series change laterally where it mainly consists of shales 
and limestones of marine origin (Figure 3). 

The Nubian Artesian Basin contains, in most of its extension, fresh and highly fresh 
groundwater that is suitable, almost, for all applications, especially, in the water-bearing 
formations of the Nubian Sandstone Series. However, the groundwater quality decreases towards 
the north until it becomes bounded by saline and highly saline groundwater horizons at the 
coastal zone of the Mediterranean Sea (Figure 3). The total area, including fresh groundwater, is 
estimated to be 1.8 million square kilometers approximately. 

Groundwater Abstraction and Water Level Decline 
In spite of the huge extension of the Nubian Artesian Basin, the areas of groundwater 

abstraction are very limited and restricted to some oases localities and some accessible areas. 
The localization of the abstraction points within such limited areas resulted in stopping the 
natural flow of wells in some localities and serious drops in pressures and water levels in other 
localities. 

The total estimated withdrawal of groundwater from the Nubian Artesian Basin in 
Eastern Sahara countries at present time is in the order of 2. 7 x 109 m3 /y, of which 718 x 106 m3 
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is withdrawn in Egypt, 540 x 106 m3/y in Sudan, and 1425 x 106 m3/y in Libya. 

Ori2in and Formation of Groundwater 
The contradictions about the origin and formation of the Nubian Artesian Basin 

groundwater formed serious obstacles for groundwater development and management throughout 
the last decades. 

During the last four decades, three main hypotheses concerning the origin and formation 
of the groundwater in the Western Desert of Egypt were postulated: 

1) The hypothesis of regional flow of groundwater was mainly introduced and supported 
by Ball (1927) and Sandford (1935). According to this hypothesis, groundwater of the Nubian 
Sandstone Basin is mainly formed on account of rainfall infiltration in some highlands located at 
the southwestern borders of the groundwater basin (Tibesti, Ennedi and Eridi highlands). The 
main evidence supporting this hypothesis is the constructed piezometric maps showing a regional 
groundwater flow from southwestern regions in a northeastern direction. This is in addition to 
the recognized salinity and groundwater chemical zonation that takes place in the same trend. On 
the other hand, the main point against this hypothesis is that very rare and insignificant amount of 
precipitation can be recorded at present time on the mentioned highlands and, generally, over the 
vast area of the groundwater basin. 

2) Groundwater of Western Desert of Egypt, especially that in Kharga Oasis, is formed 
on account of seepage of Nile water from upstream intervals where the river cuts through the 
Nubian Sandstone Formation (Mitwally, 1953). Low groundwater salinity and some tests of 
correlating water level fluctuation in the River Nile and corresponding fluctuation of 
groundwater levels and discharges in Kharga Oasis are given as the main evidence supporting 
this hypothesis. However, the geological structure of the basement rocks between the River Nile 
and K.harga Oasis depression is not in favor of this hypothesis. Moreover, groundwater chemical 
zonation also does not support this hypothesis. 

3) Groundwater of the Nubian Sandstone Basin is mainly formed on account oflocal 
rainfall that took place from 10,000 to more than 40,000 years from present time. This 
hypothesis supporting the idea of "not flowing groundwater" or "fossil water" depends mainly on 
the isotopic analysis of groundwater (mainly C-14 analysis). Moreover, the remains of a large 
number of shallow wells, palaeochannels, remains of human activities, and huge temples within 
some oases of the Western Desert of Egypt are in favor of this hypothesis. 

The present author denies the occurrence of what is called "fossil water" as a large 
number of observations indicate the movement of groundwater in the water-bearing beds 
although at a very low rate. Instead he prefers the term "unrenewable" or "weakly renewable" 
_groundwater. Generally, in the case of such a huge and extremely extensive Nubian Sandstone 
Basin, with its very long history of development, it is impossible to discuss the origin and 
formation of its groundwater on the basis of one and the same hypothesis for all regions of the 
basin and for all time intervals during which the basin was developed. 

Under such conditions the study of the palaeohydrogeological reconstruction of the whole 
artesian basin would be very useful. A trial for palaeohydrogeological reconstruction of the 
Nubian Artesian Basin was conducted by the present author. 

On the basis of regional hydro geological conditions and palaeohydrogeological 
reconstruction, the present author claims that all the above-mentioned three hypotheses are 
partially responsible for the formation of the groundwater of the basin. However, some of these 
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processes were more effective at certain localities than others and some more effective during 
certain geological historical time intervals than others. 

Problems of Groundwater Exploration. Evaluation, and Mana2ement 
Intensive exploration for groundwater of the Nubian series, accompanied by drilling of 

deep exploratory wells, were conducted only within some limited accessible areas of the oases 
depressions beginning from 1959 in Egypt. However, different types of regional geological and 
geophysical surveying were conducted for considerable areas in the Western Desert of Egypt and 
some other areas of north Sudan and Libya. 

Since the early stages of intensive groundwater exploitation in the oases of Western 
Desert of Egypt, it was realized that successful and reliable groundwater evaluation and 
management should be based on the development of adequate simulation models. 

Different types of groundwater simulation models for different purposes were produced 
by a number of authors. A series of simulation models was produced to cover a number of 
sub-basins within the regional basin. Some other models have a regional scope and cover most 
of the area of the artesian basin. 

The early versions of simulation models were mostly analog models (e.g., Salem, 1962; 
Borelli, 1968; Ezzat et al., 1977). Later a series of mathematical models was produced for some 
areas in Egypt, Libya, and Sudan and for the whole basin area (e.g., Amer et al., 1980; 
Euroconsult/Pacer, 1983; Bonifica Geoexport, 1987; Eddib, 1973; Ahmed, 1975). 

As far as the boundary conditions for the various models are different and due to the 
different assumption of hydrologic parameters adopted by different authors due to data scarcity, 
the outputs of the different models show wide range contradictions. 

Constraints Confrontin2 Evaluation and Development of the 
Nubian Artesian Basin, Su22estions and Recommendations 

The main constraints confronting the evaluation and management of the Nubian Artesian 
Basin, as well as most of the major groundwater basins in North Africa, are the scarcity of 
reliable data and gaps of information required to construct adequate simulation models for 
groundwater development. The main gaps of data and suggested recommendations may be 
summarized in the following: 

1) Incomplete mapping of the Nubian Artesian Basin area. This includes incomplete 
topographic, geologic, and hydrologic mapping. 

2) Exploration wells are restricted only to limited groundwater exploitation localities. 
An adequate number of exploratory wells are to be drilled within some important gap areas to 
enhance the information about the subsurface geological and hydrogeological setting. 

3) A good number of pumping tests should be conducted for the above-mentioned 
exploratory wells to obtain reliable values of aquifer parameters. 

4) Boundary conditions of the whole regional artesian basin as well as the included 
sub-basins are unknown. 

5) The various previously-conducted modeling techniques should be carefully revised 
and updated. 

6) Since the water withdrawal localities are situated in depressional and mostly closed 
basins, drainage problems constitute major constraints for land reclamation plans. This problem 
should be carefully studied. 
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7) A regional data base should be constructed for the whole area of the Nubian Artesian 
Basin. 

8) At the present time, very expensive stainless steel material is commonly used for well 
casing and screens due to the corrosive action of groundwater. Other types of less expensive 
material (PVC, fiberglass, etc.) should be tested. 

9) All the above-mentioned efforts require close cooperation between the countries 
sharing the area of the Nubian Artesian Basin. Cobperation of international organizations is 
required. 
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SURVEY OF NON SEEDING APPROACHES TO RAINFALL AUGMENTATION 
by 

Solomon S. Fineblum 

Introduction 
Rainfall augmentation by seeding of clouds by materials to enhance the condensation 

process is well known. However, seeding is considered by some to be merely able to increase the 
probability of rainfall somewhat rather than to directly cause such rainfall. Further, there are 
some studies which suggest that seeding will probably succeed only under conditions in which 
such rainfall is likely to occur spontaneously (Science News Letters, 194 7; Cowen, 1982). Cloud 
seeding, if successful, may rob downwind communities of their rightful rain. 

In addition, some observers consider many seeding materials, especially when injected on 
a large scale, to be pollutants. It is my feeling that adding chemicals to our atmosphere to 
encourage rainfall is like drugging someone to get them to act for our benefit. 

This paper will first survey some propos~ls based on the idea that thunder and lightning 
cause, rather than result from, rain cloud formation and rain. The natural process of rain 
formation will then be reviewed. Several proposals for non-seeding methods of rainfall 
enhancement based on, and consistent with, the processes of natural rainfall generation will be 
described. 

Earlier Attempts at Non Seeding Rainmaking 
Efforts to encourage rainfall have been common to many cultures in arid and semiarid 

regions. Until about fifty years ago, these efforts were based on erroneous or incomplete 
understanding of the physical nature ofrainfall. Unscientific or pseudo-scientific "experiments" 
were performed in modern industrial countries. 

Although the history of pre-scientific "rainmaking" is rich and charming, it can only be 
briefly noted here. These early attempts to induce rain were often based on a reversed 
understanding of the cause-effect system of rainfall. 

Thunder and lightning are dramatic observables of heavy rainfall. So it is not surprising 
that the association would be considered causal. Attempts to induce rainfall by the simulation of 
thunder and lightning were prevalent among primitive and not-so-primitive people. Cannon were 
aimed at clouds, explosives were set off atop towers and drums were beaten on hilltops as 
attempts to simulate thunder and, so, to cause rain to fall. 

Patented Proposals to Induce Rain By Loud No~ses 
Many not-so-primitive people sought and obtained United States patents for the acoustic 

approach to rainmaking. One of the earliest such patents was granted for a method of 
rainmaking by hoisting explosives in balloons into clouds in order to " ... condense rain-clouds 
by concussion force or the power of explosion within such region, thereby precipitating rain to 
sustain vegetation, prevent drought and also purify and renovate the atmosphere . .. ". This 
concept, patented by Daniel Roagles (1880) is illustrated in Figure 1. 

A mechanism for automatically transporting explosives to a remote hill or up a tower to 
permit the safe handling and discharge of rain-inducing explosive bombs safely was granted a 
U.S. patent in 1892. The inventor, Laurice Brown, described his invention as " . . . an automatic 
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Transporter and Exploder for Explosives for Aiding Rainfall." 
Two other thunder-simulating inventions, 73 years apart, describe similar cannon-like 

devices to direct the energy of explosions upward. The more modem version by Fred and Gerald 
Ollivier of France (1974) has the ability to generate a series of explosions, while an earlier one 
could only generate explosions individually "for the purpose of producing rain at will." 

Patented Proposals to Induce Rain By Electricity 
The well-known electrical nature of lightning has inspired many to propose the 

production of rain by the introduction of electrical charges into the atmosphere. 
An electrical circuit specifically designed to generate high voltages was patented (1905) 

by Oliver Lodge with an object of "electrifying of clouds to produce rain by causing the mist 
particles to coalesce." 

Another early proposal used an improved balloon-supported airship that had, as one of its 
objects, "the utilization of electricity in the production of rain." The invention by Thaddeus 
Lowe ( 1913) provided for a cable extended from the airship to a spark gap, " ... whereby sparks 
or electrical discharges of high tension may be produced in a cloud or a stratum of considerable 
humidity for producing precipitation." 

Patents for proposals to carry electrical conducting devices into the clouds by balloons by 
John Potts ( 1913) and John Balsillie (1918) were typical. These were to attract lightning and, 
thus, cause rain. A proposal to stimulate rain by injecting an electrical charge into the 
atmosphere was patented by Ronald Blackwell (1969) who used an airplane (Figure 2). 

The Rain Cycle 
The rain cycle is a distillation process which takes place within the larger environment. 

Water, wherever it is found on earth, is evaporated. Water vapor is carried by the winds until 
elevated and cooled below the dew point. Then condensation and coalescence produce drops of 
rain which fall upon the cities, plazas, pastures, and picnic grounds below. 

The rain cycle consists of a sequence of evaporation, vapor transport, elevation, cooling, 
condensation, rainfall, and runoff. It has been shown that in moist environments most of the rain 
originated from the ocean rather than from over land. (Benton et al. , 1950). Thus, the rain cycle 
itself is a huge atmospheric distillation process (Figure 3). For comparison, a solar still performs 
the same function as the natural rain cycle. 

The pressure and temperature of air drop with elevation. The reduction of pressure with 
altitude causes a drop in temperature without heat being removed from the air. Such adiabatic 
cooling is responsible for most of the world's precipitation (Critchfield, 1983). The rate of this 
adiabatic cooling is approximately 10 C per kilometer of altitude for dry air (Riley and Spolton, 
1981). 

The ascent of air results from one or more of three basic mechanisms (Critchfield, 1983). 
Natural convection tends to generate vertical chimneys of warm rising air. The momentum 
generated by such rapid ascent is often sufficient to form towering cumulonimbus clouds with 
resulting showers. Secondly, the upward deflection of air flow by the windward slopes of 
highlands causes cooling of moist air and what is identified as orographic precipitation 
(Critchfield, 1983; Holroyd, 1982). Rainfall on the windward slopes of the Western Ghats of 
India, which results from the elevation of the moist air flowing in over the Indian Ocean, is 
typical. Highlands all over the world act to deflect the sea breezes upward and, as a result, 
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receive frequent rain. The third most prevalent mechanism for causing air masses to rise, to 
become cool and to release rainfall, is the effect of atmospheric fronts. Warm masses advancing 
relative to cooler air or a cold front advancing toward warm air causes upward deflection of the 
warmer air. Thus, fronts generate elevation and rain usually attains only a limited degree of 
supersaturation (Langlois, 1973). Thus, almost all the vapor content above the saturation level 
condenses. 

The condensation of vapor and the growth of raindrops with the ascent of damp air has 
been analyzed (Takahashi, 1984; Fuelberg, 1973). Let the local density of vapor Pv vary with 
height. The total vapor per unit area in the volume between two heights is 

(1) 

Change of atmosphere pressure with height is a function of gravity: 

dp/dz = - pgdz = - pg 

Also, dz= - dp/pg 

Substitution in Equation (1) results in an expression for total vapor in a column. 

P1 
pVdz = - l /g Lq dp 

P2 
where, q is specific humidity, pj p. This has been shown to be equivalent to 

P1 
W = 0.01 Lqdp 

P, 

(2} 

(3) 

(4) 

where W is the column ~ater content in mm, q is gm/m3
, and pressure is measured in mb 

(Wiesner, 1970). Thus, if the variations of humidity and pressure with height were known, it 
would be possible to estimate the surplus of precipitable water between two levels. As air 
climbs, the surplus vapor condenses. 

The growth of drops in a cloud is a positive function of the difference between ambient 
and saturation vapor density (Merkulovich and Stepanov, 1973; Houghton, 1985). In simplified 

form 

d M/dt = KD (Pv - Ps) (5) 

where M is the mass growth rate of the drop, K is a coefficient which includes the effect of the 
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