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ABSTRACT 

Hoffman, G.J., Oster, J.D., Maas, E.V., Rhoades, J.D. and Van Schilfgaarde, J., 1984. 
Minimizing salt in drain water by irrigation management --  Arizona field studies with 
citrus. Agric. Water Manage., 9: 61--78. 

A field experiment was conducted for 5 years in the Wellton-Mohawk Irrigation and 
Drainage District of southwest Arizona to investigate the potential for reducing the salt 
load in irrigation return flow by decreased leaching in citrus. Leaching treatments of 5, 
10, and 20%, replicated nine times, were established on mature Valencia orange trees 
(Citrus sinensis L.) and compared with conventional flood irrigation management. 

The annual evapotranspiration was found to be about 1470 mm. The leaching frac- 
tions, determined indirectly by several techniques, were close to those intended. The 
leaching fraction for the flood check was 0.47. During the first 4 years, the leaching 
treatments had no observable influence on fruit yield or quality or on tree growth. During 
the last year of the study, however, the yield of the 5% leaching treatment was signifi- 
cantly lower than the other treatments. Thus, with some uncertainty, the leaching re- 
quirement for Valencia orange irrigated with Colorado River water exceeds 5% but is less 
than 20%. 

Results verify that water applications could be reduced substantially below typical 
commercial practice without loss of crop yield. At the conclusion of the experiment re- 
ducing the leaching fraction to 0.20 for the 3000 ha of citrus in the District would reduce 
the salt load in the irrigation return flow by 127000 Mg annually. After steady state con- 
ditions are reached at 20% leaching the annual reduction would be 42500 Mg. 

INTRODUCTION 

Hoffman et al. (1977) presented a progress report  on two field experi- 
ments directed towards establishing the potential  for minimizing the salt 
load in the return flow from an irrigation project  in Arizona. Here, the final 
results are reported for the experiment on Valencia orange (Citrus sinensis 
L.). 

Both experiments were located in the Wellton-Mohawk Irrigation and 
Drainage District, an area with 26 000 ha of  land irrigated with water from 
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the Colorado River. They were part of a government-wide effort  to resolve, 
to the satisfaction of all parties, the problems associated with increasing 
salinity of Colorado River water reaching Mexico (Van Schilfgaarde, 1982). 
In brief, the objective of these experiments was to determine to what extent  
the salt ouput  in drainage water could be reduced by irrigation management 
while maintaining crop yield. 

The initial experimental procedures were detailed in the earlier paper. 
They are repeated here only in much abbreviated form, stressing changes in 
procedures since the last writing or items not  covered previously. Similarly, 
only limited data are shown to supplement the earlier information and to 
illustrate the findings. The final report  to the Environmental Protection 
Agency (USSL Staff, 1981) provides additonal detail. 

EXPERIMENTAL PROCEDURE 

The experiment consisted of nearly 2 ha of Valencia orange trees centered 
within a 4-ha block planted in the fall of 1963. Initiated in December 1973, 
the experiment  continued through fruit harvest in the spring of 1979. The 
randomized block design consisted of 5, 10, and 20% leaching treatments 
replicated nine times by using 3- by 3-tree plots. Tree spacing was 4.9 m by 
6.7 m. 

The soil was Dateland fine sandy loam (Typic Haplargid, coarse-loamy, 
mixed, hyperthermic) and was calcareous throughout,  well drained, and 
moderately permeable. Soil samples were taken during December 1973 and 
again in March 1979 to characterize the initial and final soil chemistry condi- 
tions. The irrigation water, diverted from the Colorado River, had a typical 
concentrat ion of analytically determined total dissolved salts of  936 g m -3 
and a mean electrical conductivity of 1.35 dS m -1. The major ionic consti- 
tuents and their concentrations were Ca, 2.2; Mg, 1.4; Na, 6.4; HCO3, 2.9; 
SO4, 3.6; C1, 3.7; and NOa, 0.2 mol m -a. The sodium-adsorption ratio was 3.6 
(mol m-3) 0-5. 

Each of the 243 experimental trees was irrigated at a rate of 30 ml s -1 with 
a 35-m long spiral of  dual-chamber, drip-irrigation tubing with outlets every 
30 cm along its length; this was equivalent to 1.7 mm in 30 min. Some of the 
trees bordering the experiment were irrigated by bubblers filling small basins 
formed under  each tree. The water delivery rate of each bubbler was con- 
trolled at 60 ml s -1. Border trees along the east side of the experiment were 
irrigated with capillary tubes (1.7-mm ID)inser ted inside polyethylene pipe. 
Flow control  valves in each pipeline were set for an average delivery of 30 ml 
s -~ to each tree. 

The timing of the irrigations was controlled in two steps. Programmable 
time clocks controlled the pump that  pressurzed the system; electric valves 
at each plot, or section of  border  trees, controlled whether  each unit  was irr- 
gated when the pump was running. From the beginning of the experiment  
until January 1977 each plot was irrigated automatically based on the 
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readings of  four tensiometers installed at the 30-cm soil depth, 60 degrees 
apart, and 1.5 m radially out  from the trunk of  the center tree of  each plot. 
At  least two of  the four  tensiometers had to call for water before an elec- 
trical signal opened the valve. Irrigation frequency was controlled by select- 
ing the "set  point" ,  i.e., the tensiometer reading that  triggered an irrigation. 
The number  of  irrigations varied from 2 to 7 per day. The borders received 
the same amount  of  water per tree as did the 20% leaching plots. After 
January 1977, the automatic control with tensiometers was replaced by 
manual control based on pan evaporation measured within the grove. Pan 
evaporation was monitored with a standard Class A Weather Bureau type 
pan located about  0.5 km north of the experiment within the Valencia 
orange grove where a tree had been removed. A second pan was located at 
the Mesa Experiment  Station of  the University of  Arizona near Yuma, about  
70 km west of  the experiment. 

Prior to the experiment the trees were irrigated by border flooding; a 
border was composed of  six rows of  35 trees each. A typical border irriga- 
tion consisted of  a 15-cm deep application. Such a border {flood check) was 
selected for comparison in the 4-ha block of  trees immediately north of  the 
experiment. Total water applications were determined by measuring flow 
rate with a concrete, critical-flow flume (Replogle, 1977) installed in the irri- 
gation lateral and irrigation period with elapsed-time devices installed on the 
irrigation outlets. Another  border of  f lood irrigated trees just east of the 
experiment was fertilized by foliar application like the experimental trees 
{fertilizer check); it was used for yield comparisons. 

Salinity sensors (Richards, 1966) and tensiometers in two spatial distribu- 
tions along a radial line from the trunk were installed beneath the center tree 
of  each plot. Tensiometers and salinity sensors were installed at depths of  
15, 30, and 45 cm in December 1973; sensors at depths of  60- and 90-cm 
were installed in June 1974. Initially, the salinity sensors were installed at 
relatively shallow soil depths because of  the expected time lag in salinity 
buildup with depth and the need for responsive salinity feedback to control 
irrigation. During the fall of 1974, soil salinity at a depth of 90 cm began to 
increase. Because the leaching fraction and soil salinity at the bo t tom of  the 
root  zone were of  primary interest, sensors buried at a depth of  15 cm were 
reinstalled at depths of  either 120 or 150 cm in March 1975. The salinity 
sensors and tensiometers were read twice weekly. 

Soil samples were taken at various times to determine the chloride distri- 
butions with depth and distance from the tree. Soil chloride concentrat ion 
was determined on extracts and expressed as mol m -3 at field water content.  
The chloride data from these samples were used to assess water uptake distri- 
bution and soil salinity patterns with depth. 

The spatial distribution of  root  length as a function of  leaching was de- 
termined from soil samples taken in April 1979 from five replicates of  each 
leaching t reatment  and the flood check. Samples were taken along three 
traverses from the center tree in each plot at distances of  1.5, 2.1, and 
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2.7 m from the trunk and, in the flood check, 3.3 m. For  the 5 and 20% 
leaching treatments,  additional root  data were obtained from the soil sam- 
ples taken to characterize the final soil chemistry conditions at distances 
beyond  3 m from the tree trunk. Roots  were separated from the bulk of  the 
soil in the field by  wet  sieving. The roots and remaining material were kept  
in cold storage until final separation by flotation. The length of  large roots 
(> 3 mm in diameter) was measured directly, bu t  that  of smaller roots was 
calculated from their dry weight (oven-dried at 60°C) and an experimentally 
determined relationship between root  mass (M) in g and root  length (D) in 
km. This relationship, D = 3.1M established by measuring D using the line- 
intersect method (Newman, 1966) on 10% of the samples, had a r 2 = 0.86. 

Fruit  from all experimental trees, two rows of border trees on both  the 
east and west sides of the experimental plots, and three rows of trees from 
both  f lood and fertilizer check plots were harvested by individual trees in 
April of  each year and weighed. The number of  fruit per tree was determined 
by counting and weighing approximately 100 oranges from each tree and 
calculating the total number  from the average weight per fruit. Just  before 
harvest, four fruit were picked from each experimental tree for quality 
analysis. Three samples of  12 fruit each were also picked from the borders 
and the flood and fertilizer check plots. Although the trees were over 
10 years old, they were not  fully mature, and trunk circumference was mea- 
sured in September  1973, July 1974, August 1975, July 1976, July 1977, 
July 1978, and March 1979. 

Leaves were analyzed for nutritional status, fertilizer recommendations,  
and detect ion of possible toxic levels of individual elements beginning in 
March 1974 and annually thereafter. Because leaf analysis standards are 
based on 4- to 10-month-old leaves sampled in the fall, all subsequent  sam- 
ples were taken in September  or October.  Leaf samples were cleaned and 
prepared for analysis according to established procedures (Chapman, 1967). 
Leaves were analyzed for nitrogen by the micro-Kjeldahl method;  for P by 
molydovanadate colorimetry;  for Ca, Mg, Na, Fe, Mn, Zn, and Cu by atomic 
absorption spectroscopy; for K by flame emission spectroscopy; for C1 by 
amperometric-coulometric titration; for S gravimetrically by precipitation of 
BaSO4; and for B by carmine colorimetry. 

Except  for fertilization, all crop management operations such as frost pro- 
tection, pruning, and insect and weed control were performed by the rancher 
to match those given the surrounding groves. The experimental trees were 
fertilized with foliar sprays to provide uniform applications to each tree 
while differential water applications were made, to minimize nitrate dis- 
charge in the leachate and to avoid further salt additions to the irrigation 
water. Nitrogen as low-biuret urea was applied to each tree six times each 
spring at a rate of  115 g N per tree per application. Chelates of  iron, zinc, 
and manganese were applied with some nitrogen applications at rates of  1.0, 
1.0, and 0.5 g per tree per year, respectively. 
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RESULTS AND DISCUSSION 

Water management 

The average daffy water application for the three leaching treatments is 
given in Fig. 1 by months for the period of February 1974 to December 
1978. For the flood check the time interval is from January 1975 to Decem- 
ber 1978. These water applications were the sum of irrigation and rainfall 
and were calculated for the total area allocated each tree, 32.7 m 2. The 
average volume in liters applied daffy to each tree is 32.7 times the depth 
given in Fig. 1. 
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Fig. 1. Average daily water application by month for the three leaching treatments and 
the flood check for citrus. 

The annual water applications for the three leaching treatments are given 
in Table I, along with those for the two borders and the flood check plot. As 
planned, the two borders received about the same amount  of water as the 
20% leaching treatment.  The flood check, irrigated by the rancher, annually 
received about 900 mm more than the 20% leaching treatment.  The mean 
annual rainfall was 116 mm, more or less evenly distributed among the 
months except for a lack of rainfall in May and June. Water was withheld 
initially to increase soil salinity to the projected levels for the three leaching 
treatments; thus the total applied in 1974 is below the mean. In contrast, in 
the summer of 1976, a series of high water applications took place inadver- 
tently. 

The annual rate of  evaporation from a pan within the grove was 1670 mm 
while the annual rate for pan evaporation for the Mesa Station near Yuma 
was 2 520 mm. The average daily pan evaporation rate in the grove was about 
70% of the open area pan at the Mesa Station except in the winter months 
when it dropped to as low as 20%. 
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T A B L E  I 

Water  da ta  for  citrus leaching experiment in southwest Ar izona  f rom 1974  to  1978  

Year  To ta l  app l i ca t i on  a ( i r r iga t ion + ra infal l )  ( m m )  Rainfa l l  
( m m )  

Leach ing  t r e a t m e n t  Border  trees F lood  
check  

5% 10% 20% Bubb le r  Drip 

Pan  evap- 
o ra t ionb  
( ram)  

1974  c 1400  1450  1680  1650  1820  - -  105 2540 
1975  1500  1560  1800  1940  1910  2650  85 2520  
1976  1730  1830  2090  2200  1910  2990 118 2530 
1977 1570  1650  1850  1880  1700  2750  147 2520 
1978  1640  1730  1940  1930  1990  2690  126 2510  

MEAN 1570  1640  1870  1920  1870  2770  116 2520  

aAl l  values e x c e p t  rainfal l  are r o u n d e d  to  the  neares t  cm. 
b p a n  evapo ra t i on  da ta  f rom the  Y u m a  Mesa E x p e r i m e n t  S t a t i on  (R.L. R o t h ,  personal  

c o m m u n i c a t i o n ) .  
c I r r iga t ion  data  for  J a n u a r y  1974  assumed equal  to  t he  m e a n  of  t he  o t h e r  4 years. 

Annual evapotranspiration for this grove was determined to be 1470 mm 
or about 50 m 3 per tree (Hoffman et al., 1982). The daily rate of ET, aver- 
aged by month,  ranged from a low of 0.8 mm in December to 7.5 mm in 
August. These values are a consensus of estimates from several predictive 
equations and the difference between water application and drainage. 
Drainage was estimated from various techniques of calculating leaching frac- 
tions based on the ratios of total salt and chloride concentrations. 

Trends in soil matrix potential during the experiment are illustrated in 
Fig. 2. The tensiometer readings at a given soil depth in each leaching treat- 
ment  were averaged for a 3-month period each winter and a 3-month period 
each summer. The matric potential was lower (more negative) at all depths 
during the winter than during the summer, and consistently decreased with 
depth both winter and summer to a depth of 60 cm (Fig. 2). The lower 
matric potential during winter was the consequence of the lower water flux 
through the soil profile necessary to meet a constant leaching fraction when 
the crop water requirement was reduced. The decreasing matric potential 
with depth simply reflected the fact that  the flux was reduced with depth as 
water was removed by the tree roots. The flux below a depth of 60 cm was 
too low to show a consistent downward potential gradient. 

The variation of matric potential with time is also illustrated in Fig. 2 for 
the 10% leaching treatment.  During periods when reduced irrigation caused 
the upper soil profile to dry out, the matrix potential gradient at the lower 
depths was upward, indicating water was flowing upward from storage at the 
lower depths to meet the deficit. Readings for the 20% leaching treatment  
indicated few periods when upward gradients occurred. Soil matrix potential 
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Fig. 2. Soil matric potential profiles as a function of leaching fraction in both summer 
and winter (left) and the fluctuation of matric potential with time for the 10% leaching 
treatment (right). 

was generally lower  than  - 2 0  J kg -1 when  the  gradients were upward  or  zero;  
at  these values the  hydraul ic  conduc t iv i ty  was less t han  1.0 m m  day  -1 and 
wate r  m o v e m e n t  - -  e i ther  d o w n w a r d  or  upward  --  was small. 

The  drainage volumes  in te rcep ted  by  vacuum ex t rac to r s  (Duke and Haise, 
1973)  were well below those  expec t ed  on  the  basis of  leaching t r ea tmen t .  
Reins ta l la t ion  o f  m a n y  o f  the  ex t rac to r s  failed to  improve their  pe r fo rmance  
suff ic ient ly .  As samplers of  the  soil solut ion,  however ,  the  vacuum ex t rac tors  
seemed to  pe r fo rm  bet ter .  Based on  chlor ide  concen t r a t i on  f rom the  vacuum 
ext rac tors ,  the  average leaching f ract ions  by  t r e a t m e n t  were 13, 19, and 25% 
for  the  5, 10 and 20% t rea tments ,  respect ively.  The  large vo lume  o f  soil 
wi thin  the  ex t rac to r ,  however ,  cons t i tu t ed  a dead  vo lume  tha t  i n t roduced  a 
t ime lag in the  sampling. This is par t icular ly  serious, as was the  case here,  
where  the  e x t r a c t o r  did no t  remove  a representa t ive  vo lume  o f  d o w n w a r d  
f lowing water.  

Soil salinity 

At the  beginning o f  the  exper iment ,  soil salinity,  as indica ted  by  the  elec- 
trical conduc t iv i ty  o f  the  sa tura t ion  ex t r ac t  (Oe), was low and the  ion com- 



68 

position was consistent with that  expected following prolonged irrigation 
with Colorado River water at a high leaching fraction. Average values of Oe 
increased from 1.2 dS m -1 near the soil surface to 1.9 at a depth of I m. The 
sodium adsorption ratio, R N a  , of the river water and that of  the soil water 
above a depth of 30 cm was near 3.5 (mol m-3) °.5. At a depth of  1 m, RNa 
averaged 5.2 which corresponds to that expected with a leaching fraction of 
0.65. The initial chloride concentration of 5.3 mol m -3 at the I m depth 
corresponds to a leaching fraction of  0.40. 

Insufficient time elapsed between 1974 and 1979 to achieve steady state 
soil solution composit ions at the reduced irrigation rates. The quanti ty of 
sodium added to the soil in the irrigation water during the experiment rela- 
tive to that  required to achieve steady state was estimated to be 1.6, 0.9, and 
0.5 for the 20, 10, and 5% leaching treatments, respectively. The correspond- 
ing values for magnesium are 0.5, 0.3, and 0.2. Figure 3 shows the initial and 
final R N a  distributions with soil depth along with the distributions predicted 
at steady state. The projected and measured R N a  distributions for the 20% 
leaching t reatment  were in agreement. Agreement for the 5% and 10% leach- 
ing treatments occurred only in the shallow portion of  the soil profile be- 
cause equilibrium was not  attained below 30 cm. Similar analyses for cal- 
cium and magnesium were unsuccessful because the results were confounded 
by exchange reactions and lime dissolution. The average magnesium concen- 
trations in the drainage water for the 5 and 10% leaching treatments were 
only 28 and 46% of the expected steady state values. 

The time course of soil salinity measured with salinity sensors for the 
three leaching treatments is given in Fig. 4. Not  unexpectedly,  soil salinity 
was never steady. The frequency of  oscillation, or the time required to 
undergo one cycle of increasing and decreasing salinity, during 1975 and 
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Fig. 3. ]Distribution of the sodium-adsorption-ratio (RNa) wi th soil depth at the init iat ion 
of t he  e x p e r i m e n t  and  at  its conc lus ion  for  the  th ree  leaching t r e a t m e n t s .  Also s h o w n  are 
t he  p ro jec t ed  d i s t r ibu t ions  at  s t eady  s ta te  which  are based  o n  the  wa te r  u p t a k e  dis t r ibu-  
t i on  measu red  b e n e a t h  the  t ree  c a n o p y  cond i t i ons  where  one -d imens iona l  f lux was as- 
sured.  
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1976 (7--10 months) was shorter than that during 1977 and 1978 (17 
months). The reduced frequency of  oscillation resulted from changing irri- 
gation control from tensiometers to manual control  to maintain cumulative 
water application as close as possible to a preset fraction of  pan evaporation. 
The time-averaged soil salinity distributions by year during the experiment 
are given in Fig. 5. 
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Soil chloride concentration distributions presented in Fig. 6 reflect treat- 
ment differences in water application as well as periods of under- and over- 
irrigation which occurred during the course of the experiment. As expected, 
chloride concentrations are highest in the 5% leaching treatment and lowest 
in the 20% treatment. Under-irrigation occurred in both 1974 and 1977. As 
a result, the chloride distributions for these years peaked at a depth of about 
90 cm, and with the exceptionof the 20% treatment in 1974, the concentra- 
tions exceeded those measured at other times. The experiment was over- 
irrigated during the summer of 1976, and as a consequence, the chloride con- 
centrations measured between October and December of 1976 were low. 
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Fig. 5. Time-averaged, soil salinity distributions by year during the citrus experiment. 

Fig. 6. The concentration of  chloride in the soil water beneath the tree canopy during the 
citrus experiment as a function of  soil depth. 

Tree response 

The average yields per tree for the three leaching treatments are presented 
in Table II, along with the average yield for the border and check plot trees. 
Analysis of variance showed no significant differences in yield among leach- 
ing treatments until the last year (1979 harvest). Bingham et al. {1974) also 
reported that differences did not occur in an irrigation water quality trial on 
orange trees until the fourth year of their study. Yields from the borders and 
check plots were not significantly different from the experimental trees al- 
though they were more variable. Yields were consistently larger from the 
fertilized check plot and for some years from the drip irrigated border. His- 
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Average a n n u a l  Valencia  o range  yield and number of  f rui t  harvested 
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Year  Leaching t r e a t m e n t  LSD a Border  trees 

5% 10% 20% Bubb le r  Drip 

Check  p lo t s  

F lood  Fer t i l izer  

Yield ( k g p e r t r e e )  
1974 b 116 126 126 12 123 113 b b 
1975  143 148 147 15 141 165 121 179 
1976  74 70 71 15 77 88 98 105 
1977  167 177 173 10 174 169 131 174  
1978  143 138 142 17 139 159 126 197 
1979  86**  1 0 6 "  118 15 100 68 139 134 

6-year  
m e a n  122 128 129 126 127 123 158 

Numberof~uit(pertree) 
1974 b 520 558 559 77 550 478  
1975  787 799  781 80 706 872  
1976 330 300 309 70 316 350 
1977 863  910  884 63 842  851 
1978  746 684 666 90 697 847 
1979  534**  632* 718 88 634  446  

6-year  
m e a n  630 647 653 624 641 

b b 
518 939 
426  407 
706 899  
564 959  
841 725 

611 786  

a Least  s igni f icant  d i f fe rence  at  the  10% level of  p robab i l i t y ;  * 
d i f ferences  f rom the  20% leaching t r e a t m e n t  values at  the  
dence ,  respect ively.  

bTrees  were no t  harves ted  individual ly  in 1974.  

and ** indicate significant 
10 and 5% levels of confi- 

torically, the east side of  the grove, where the fertilizer check plot and drip 
irrigated border are located, had a higher yield than the west side. The aver- 
age yields from the flood irrigated plots indicated that leaching in excess of 
20% does not  increase yield. 

The 25% reduction in yield during 1979 for 5% compared to the 20% 
leaching t reatment  indicates that the leaching fraction required to maintain 
full production,  the leaching requirement (Lr) , is in excess of  0.05 when 
Colorado River water is applied. The low yield at 10% compared to 20% 
leaching in 1979 (significantly different at the 10% confidence level) in- 
dicates a L r between 10 and 20%. Based on the model of  Hoffman and Van 
Genuchten (1983), the L r is 14%. According to the model  of  Rhoades 
(1982), it is 13%. 

The average number of fruit harvested per tree is also summarized in 
Table II. The number  of  fruit harvested was proportional to the weight of 
fruit harvested. As for yield, the number of  fruit was significantly lower for 
5% leaching (5% level) and for 10% leaching (10% level) than for 20% leach- 
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ing in 1979. Average fruit size as a function of  the leaching treatments and 
the borders and check plots is summarized in Table III. Although fruit size 
(measured by  ring size and fruit mass, length, and width) changed in direct 
proport ion to changes in yield from year to year, fruit size was not  influ- 
enced significantly by  the leaching treatment,  even in 1979. The yield reduc- 
tion in 1979 was, therefore, caused primarily by a reduction in the number 
of fruit harvested. Yield reductions caused by  a reduction in fruit number 
with increasing soil salinity have been reported for both  Valencia orange 
{Francois and Clark, 1980) and grapefruit (Bielorai et al., 1978). 

T A B L E  III  

Average qua l i ty  pa rame te r s  of  Valenc ia  orange  f rui t  and  juice for  1974 t h r o u g h  1979  

Pa rame te r  Leaching  t r e a t m e n t  Border  t rees  Check  p lo ts  

5% 10% 20% Bubb le r  Drip F l o o d  Fertilize1 

Fruit quality 
Mass (g) 196 202 202 205 202 208 207 
Leng th  ( m m )  79 80 80 81 80 82 79 
Width  ( ram)  72 73 73 74 74 74 73 
Ring size a 78 76 78 76 76 75 75 
Rind  color  b 10.2 10.2 10.2 10.3 10.2 10.3 10.2 
R ind  t e x t u r e  c 3.7 3.7 3.7 3.9 3.7 3.9 3.9 

Juice quality 
Tota l  dissolved solids (%)d 10.1 10.0 9.9 10.2 9.8 1 0 . 3  9.7 
Tota l  acid (%)e 0 .96 0 .95 0 .94 0.96 0.92 1.02 0.94 
Rat io ,  T D S / T A  10.6 10.6 10.6 10.7 10.7 10.2 10.5 
Percen t  juice f 43 .4  43.1 42.9  41.2 43.9  39.4 44.1 

a Ring size is equ iva len t  to  the  average n u m b e r  of  f rui t  in a s t anda rd  size sh ipp ing  car ton .  
b R i n d  color  is d e n o t e d  by  a numer ica l  scale f rom 3 (dark  green)  to  13 (orange-red) .  
c R ind  t ex tu r e  is evaluated  on  a numer ica l  scale f rom 1 ( s m o o t h )  to  6 (very rough) .  
dTo ta l  dissolved solids are d e t e r m i n e d  wi th  a Brix h y d r o m e t e r  or r e f r ac tome te r .  
e Tota l  acid refers to  t i t r a t ab le  acidi ty  and  is d e t e r m i n e d  vo lumet r ica l ly  by  the  a m o u n t  

of  s t anda rd  alkali  necessary  to  neut ra l ize  the  juice acid. 
f Pe rcen t  juice is the  pe rcen t  of  the  to ta l  f rui t  mass t h a t  is juice. 

The average annual values of fruit and juice quality are presented in 
Table III. Neither rind color nor texture differed significantly among the 
leaching treatments in any given year. On the average, the rind texture for 
the f lood checks and bubbler  border was slightly rougher than for the leach- 
ing treatments. 

Results of  the annual juice analyses {Table III) indicated that  the ratio of 
the total dissolved solids in the juice (TDS) to total acids (TA) changed from 
year to year depending upon the weather and the harvest date. As orange 
fruit ripens, the TDS/TA ratio increases because TDS decreases slower than 



73 

does TA. The legal minimum ratio for the sale of oranges is eight. Juice qua- 
lity did not  differ significantly among leaching treatments in any year. In 
general, fruit  from the flood checks were not  as ripe as from the other treat- 
ments, as is evident from a lower TDS/TA ratio. The fraction of  the fruit 
that  was juice, reported as percent juice in Table III, was also lower for the 
flood check than for the leaching treatments -- a further indication that  the 
fruit from the flood check were not as ripe as those from the leaching treat- 
ments. 

The mineral composition of leaves sampled in September 1978 is shown in 
Table IV. The data are reported as means for the three leaching treatments, 
two border, and two check plots. On the basis of leaf analysis standards 
(Embleton et al., 1976), the nutritional status of the trees was reasonably 
uniform among all plots throughout  the study and within reasonable limits 
although P and Mn concentrations tended to decrease after 1976. Generally, 
t reatment  effects on leaf composition were insignificant; however, in 1978 P, 
Fe, and Mn concentxations increased significantly with decreased leaching. 
Boron concentrations were consistently high every year but  there was no 
evidence of any toxicity. The source of boron was never identified. Both the 
soil and irrigation water were low in boron. Likewise, no source of boron 
was found in the laboratory analysis procedure. Leaf C1 concentrations in- 
creased throughout  the experiment and were significantly higher in the low 
leaching treatments; however, they remained within acceptable levels. The 
trend toward increasing C1 accumulation indicates that  C1 could eventually 
become a problem with continued low leaching. 

There were no significant differences in trunk circumferences among 

TABLE IV 

Mineral composition of Valencia orange leaves sampled in September 1978 

Element Unit Optimum Leaching treatments Border trees Check plots 
range a 

5% 10% 20% Bubbler Drip Flood Fertilizer 

N (g/kg) 24--26 28 30 29 32 32 25 33 
P (mmol/kg) 38--52 32 30 28 31 32 32 34 
K (mmol/kg) 180--280 300 300 300 320 290 380 300 
Ca (mmol/kg) 750--1375 995 990 1015 1010 900 1035 965 
Mg (mmol/kg) 105--250 105 105 100 105 85 95 90 
Na (mmol/kg) <70 17 17 17 16 20 7 16 
Cl (mmol/kg) <80 71 56 35 37 48 9 10 
S (mmol/kg) 60--95 100 100 100 80 90 110 90 
B (mg/kg) 31--100 207 210 206 162 187 197 209 
Fe (mg/kg) 60--120 64 53 48 69 61 42 51 
Mn (mg/kg) 25--200 27 22 18 30 30 22 22 
Zn (mg/kg) 25--100 29 29 29 31 33 18 27 
Cu (mg/kg) 5--16 9 9 9 9 7 9 7 

a Optimum range based on standards by Embleton et al. (1976). 
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leaching treatments. Analysis of variance showed, however, that  the mean 
trunk circumferences for all three leaching treatments enlarged significant- 
ly each year with the exception of the 5% leaching t reatment  during the 
initial year. The mean trunk circumference of  the experimental trees in- 
creased from 4 to 6% annually except  the first year when it increased only 
2%. Although less consistent than the experimental trees, the border trees 
made similar growth. Measurements were not  taken every year on the check 
plot  trees; they seemed to be growing as rapidly as the experimental trees, 
although they are smaller and more variable in size. 

Leaching treatment,  irrigation method,  and distance from the tree af- 
fected total root  length. All t reatment  averages were significantly different. 
Average root  lengths for the trickle irrigated treatments were about  twice 
those for the f lood check (Fig. 7). For the latter, distance from tree had no 
effect  on root  length, whereas the root  density decreased drastically in the 
trickle irrigated treatments beyond  the wetted radius of  about  2 m. The 
length of  roots for the flood irrigated t reatment  was relatively constant with 
depth, but  for the trickle irrigated trees root  length within the wet ted area 
decreased rapidly with depth;  at 2.7 m from the trunk, it remained more 
nearly constant. 
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Fig. 7. Leng th  of  roo t s  measu red  in April  1979  for  the  5% leaching t r e a t m e n t  and  the  
f lood check  as a f u n c t i o n  of  radial  d is tance  f rom t h e  t ree  t runk .  

Roo t  density data, as well as chloride distribution and direct soil water 
measurements (Dirksen et al., 1979) were used to assess the water uptake 
distribution with depth. The three-dimensional nature of the rooting and 
wetting pattern makes such data difficult to intrepret, but  all three methods 
indicated a shallow pattern of  uptake. Chloride data suggested that  90% of 
the water was taken up above 60 cm, soil water content  data indicated 74%, 



75 

while root  distribution data yielded 75%. The latter two do not  deviate 
greatly from the frequently assumed 40-30-20-10 pattern (40% uptake in the 
top  quarter, 30% in the second, etc., of  the rootzone),  but  the chloride data 
indicated substantially more activity in the upper part of  a 1.2-m rootzone. 

IMPLICATIONS 

The expectation was that, in situations such as found in southwest  Ari- 
zona, the amount  of  salt in the irrigation return flow (drainage water) could 
be reduced substantially be reducing the amount  of  irrigation water used, 
wi thout  adverse effect  on crop yield; and that we could estimate the amount  
of  decrease that  was possible. To this end, it is necessary to evaluate the data 
obtained in terms of  the components  of  the water and salt balances. Here we 
present some estimates, based on the data, that  delimit the range in ET and 
leaching fraction (L) obtained and interpret these limits in terms of  the salt 
balance. 

A direct measure of  the water balance would have been available if the 
vacuum extractors had worked as planned. Alternatively, the amount  of  
water applied was partit ioned into ET and deep percolation by: (1) assuming 
the desired leaching fractions were in fact obtained; (2) calculating ET from 
a variety of equations; and (3) estimating a pan factor from the data. Such 
calculations led to the conclusion that the leaching fractions obtained were 
very close to those planned. 

The chemical data also were used in various ways to estimate the leaching 
fractions. From Cl samples, we estimated an upper limit for L assuming ver- 
tically downward flow after carefully but  arbitrarily choosing a period of  
record that  seemed near steady state. Recognizing that there was radial flow, 
we next  assumed that the flux in each direction was proportional to the 
cross-sectional area of  the annulus intercepted; the resulting L was con- 
sidered a lower limit. A parallel set of  calculations was made from salt sensor 
data. Finally, the C1 concentration of the liquid collected in the extractors 
gave an additional estimate. 

All these estimates are summarized in Table V. The conclusion reached is 
that, notwithstanding substantial uncertainty in the data, the leaching frac- 
tions obtained on the average over the period of the experiment probably 
did not  differ much from the planned levels. 

The data on tree response and fruit yield warrant the conclusion that the 
leaching requirement for this crop and with this water source at this loca- 
tion, does not  exceed 0.20. Our experience and that of  others indicate that 
managing citrus for a 20% leaching fraction is a viable and readily attainable 
option. 

What, then, is the impact of decreased irrigation water applications? The 
answer is, of course, site specific. In the given circumstance, there were 3 000 
ha of  oranges in the District at the time the experiment was started. The 
average annual water application was 3.2 m and evapotranspiration was 
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TABLE V 

Compar i son  of  es t imates  of  leaching f ract ions  achieved 

Es t imate  Leaching t r e a t m e n t  

5% 10% 20% 

One-dimensional  a, 
Cl sampling 0.12 - -  0.27 

Three-dimensional  b , 
C1 sampling 0.05 - -  0.11 

One-dimensional  a, 
soil salinity - -  0.16 0.25 

Three-dimensional  b, 
soil salinity - -  0.05 0.08 

Ex t rac to r  C1 0.11 0.14 0.22 
Water balance 0.05 0.09 0.20 

a Upper  limits. 
bLow er  limits. 

1.47 m. Thus the annual reduction in volume (AV) diverted into (and 
drained out  of) the District by changing management on citrus so that  L = 
0.20 would have been 

AV = 3000 [3.20 -- 1 .47/(1-0.20)]  X 104 
= 4.09 X 107 m 3 year-' 

and the ultimate (steady state) reduction in salt leaving the root  zone (AS) 
would have been, for irrigation water with 936 g m -3, 

AS = 936 AV g year-' 
= 38300  Mg year- ' .  

This calculation does not  account  for dissolution at high leaching, or precipi- 
tation at low leaching, of  CaCO3. Making the appropriate calculations by 
means of  a model  similar to that  of  Oster and Rhoades (1975), using an ion 
activity product  of 8.00 for lime and a partial pressure of  CO2 below the 
rootzone of  30 Pa, there results AS = 56 300 Mg year-'.  The figure reflects an 
increase in the salt load of  the drainage water at high leaching of  about  16% 
because of  dissolution and a decrease of  7% at low leaching from precipita- 
tion. (These comparisons only consider the drainage out  of  the root  zone; 
they do not  deal with water and salt balances in the river.) 

The actual effect  on the salt discharged from the District would depend 
on the rate at which the drainage pumps were operated and the quality of  
the groundwater pumped.  In 1978, a good estimate of  the quality of  ground- 
water  pumped was 3100 g m-a; thus, the short-run effect  from the 3000 ha 
of  citrus would have been 
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a S  = (3100 g m -3) X (4.09 X 107 m 3 year -1) 
= 127000 Mg year -1 

This compares with about 250 X 106 m 3 year -1 of actual drainage containing 
775000 Mg yea r - lo f  salt at that  time from the 26000 ha of irrigated land. 

Since that  time, most of  the citrus has been removed and that  land has 
been taken out  of  production. Thus the numbers are obsolete. The message, 
however, is not. Changes in irrigation management, in the proper circum- 
stances, can have highly significant effects on basin salt and water balances. 
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