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3. Executive Summary 

Surface irrigation is the most widely used imgation method in the world. In Kyrgyzstan, out of 1 

million hectare of irrigated land, 85% is under furrow and surface irrigation. However, surface 

irrigation systems are relatively inefficient and only -60% of the applied water reaches the root 

zone immediately after irrigation. The overall aim of the current project is to improve the 

technology and managerial practices regarding the use of polyacrylamide ( P h i  and surge type 

furrow irrigation. Intake rate (IR) and rill erosion (RE) studies under controlled laboratory 

conditions (using mini-flumes) allowed to study the effects of interrupted flow (simulation for 

surge type imgation), PAM application and soil type. Results showed that: (i) interrupted flow 

led to the consolidation of the soil surface and to a decrease in IR; this decrease in IR was greater 

for less stable soils than for stable ones, (ii) interrupted flow resulted in decreased RE 

irrespective of soil type, (iii) application of PAM to the imgation water led to a substantial 

reduction in RE, (iv) PAM addition reduced IR only in in a weakly structured soil, (v) irrigation 

with sediment-containing water decreased IR irrespective of irrigation method (continuous vs. 

interrupted flow). The main conclusions of our studies were that main benefits of using 

intenupted flow as a means for improving surface imgation and controlling RE will be gained in 

weakly structured soils. Addition of polymer to the imgation water may enhance the effects of 

interrupted flow in these soils. However, when the imgation water contain sediments (i.e., 

tailwater), interrupted flow has no advantage over continuous flow in improving irrigation 

efficiency. Another laboratory experiment has shown that use of salin-sodic water also 

diminishes the efficiency of interrupted flow in decreasing the hydraulic conductivity of the soil 

surface. Field experiments were conducted in Kyrgyzstan where the effects of flow type 

(continuous and interrupted), inflow rate and PAM application on fiu~ow erosion, water 

infiltration and yield were tested. Results showed the following general trends: (i) surge 

imgation was effective in reducing furrow intake rate (IR), especially in the short (I50 m) rather 

than the long (200 m) furrows, (ii) surge irrigation improved moisture uniformity over the entire 

field, (iii) PAM was effective increasing furrow intake rate and in reducing furrow erosion, and 

(iv) combined application of PAM with surge irrigation was not more effective than each 

treatment alone. With respect to yield, results were not conclusive and varied with the crop 

studied. 

The studies preformed within the framework of this project indicated that surge Q e  

flow, PAM application and water quality have complex effects on IR and RE, which depended 



on soil type. Further studies are necessary to incorporate the knowledge gained in the laboratory 

with that obtained in the field in order to develop guidelines for proper management of b o w  

irrigation that will be suitable for a large array of soil types and field conditions. 

4. Research objectives: 

The overall aim of the current project is to improve the technology and managerial practices 

regarding the use of polyacrylamide (PAM), surge type furrow irrigation and water quality; all in 

order to better control furrow erosion and improve water infiltration and tailwater quality under 

surface irrigation. 

More specifically, the research work will focus on studying the effects of (i) imgation type 

(continuous vs. surge); (ii) addition of small amounts of PAM to imgation water; (iii) soil properties 

(mainly texture composition of exchangeable cations (Na, Ca and Mg); and (iv) imgation water 

quality, namely level of salinity and sediment concentration. 

Surface irrigation is the most widely used irrigation method in the world. InKyrgyzstan, out 

of 1 million hectare of irrigated land, 85% are under furrow and surface irrigation. Farmers in 

Kyrgyzstan often experience poor and uneven water penetration in their land which leads to low 

yields and large amounts of eroded soil being removed from the field. The latter, causes a 

deterioration in the quality of the furrow discharge (tailwater), which frequently is reused for 

irrigation. Development of an irrigation management suitable for conditions in Kyrgyzstan, that will 

reduce furrow erosion and improve water penetration, is essential for increasing field productivity, 

and maintaining soil fertility and irrigation water quality. Better understanding of the combined 

effects of soil properties, soil amendments, and type of surface irrigation on the erosivity and 

permeability of soils under furrow imgation will enable the development of irrigation management 

suited for individual farmers in Kyrgyzstan. 

5. Methods and Results 

5.1. Israel 

Research activities included laboratory studies, which were summarized in four manuscripts. Three 

have already beenpublished, and one is prepared for publication (see section 7). The topics of these 

studies were: 

I. Polyacrylamide, sediments and interrupted flow effects on rill erosion and intake rate. 

11. Flow interruptions effects on intake rate and rill erosion in two soils. 



III. Water quality and sodicity effects on soil bulk density and conductivity in interrupted flow. 

IV. Sodicity and water quality effects on intake rate and rill erosion in interrupted flow. 

Abstracts of these manuscripts are presented herein. The full manuscripts are enclosed in 

appendices 1 , 2 , 3  and 4. 

I. Polyacrylamide, Sediments and Interrupted Flow Effects 

on Rill Erosion and Intake Rate 

D. Sirjacobs, I. Shainberg, I. Rapp, and G.J. Levy. 

Abstract 

The reduction in the intake rate (IR) during interrupted irrigation is difficult to predict. 

Sediments in imgation water decrease the effect of intermpted irrigation o n R  Polyarrylamide 

(PAM) reduces rill erosion, but its effect on I '  is controversial. The effects ofwater quality 

(tap water, tap water containing sediments, and 10 g mJ PAM solution) and interrupted flow 

on IR and rill erosion in an Alfisol (Calcic Haploxeralo and a Vertisol (Typic Chromoxerert), 

were studied using laboratory miniflumes. Rill erosion in both soils was eliminated by the PAM 

treatment in both continuous and interrupted flow. P A M  application reduced IR in the Misol, 

and increased it in the Vertisol. In the Alfisol, interrupted flow reduced IR of PAM solution by 

37% compared with only 18% for tap water. In the Vertisol, intermpted flow reduced IR only 

slightly and the decrease was not affected by the polymer. When the water contained sediments, 

cumulative infiltration was reduced by 22% for the Vertisol and 59% for the Allisol, in 

comparison with tap water. These reductions were attributed to depositional seal formation. The 

IR of the Alfisol was more susceptible to depositional seal formation than the Vertisol. The 

presence of sediments in water was effective in reducing rill erosion. The effects of interrupted 

flow with PAM on reducing IR, were explained by partial blocking of the conducting pores 

leading to greater suction and compaction of the soil surface. For sediment-laden irrigation 

water, interrupted flow had no advantage over continuous flow in reducing IR, because of 

depositional seal formation associated with the sediments in the water. 

11. Flow Interruption Effects on Intake Rate and Rill Erosion in Two Soils 

D. Sirjacobs, I. Shainberg, I. Rapp, and G.J. Levy 

Abstract 

The efficiency of surface imgation is low because of poor field uniformity, resulting from high 



intake at the upstream end and low intake at the end of the field. Surge imgation, the intermittent 

supply of water to furrows, generally reduces soil intake rate (R) and improves moisture 

uniformity over the entire field. However, IR reduction varies from one imgation scheme to 

another, it depends on soil and water properties and is difficult to predict. Thus a laboratory 

study, using miniflumes, was designed to investigate the effect of interrupted flow on IR and soil 

loss from short rills. Two soils differing in their textures: a silty loam loess and a clay soil were 

studied. Intake rate in the clay soil was higher than that in the loess. Therefore, different inflow 

rates were applied to the two soils, in order for the runoff flow rate to be similar. The results 

showed that: (i) flow interruption reduced infiltration by 19% and 6% in the loess and the clay 

soil, respectively, compared with continuous flow, and (ii) interrupted flow reduced cumulative 

soil loss by 84% in the clay soil and had only a small effect on soil loss from the loess. 

Consolidation of the wet soiI with the unstable structure (loess) during the flow interruption was 

suggested as the explanation for the effects of flow intermption on intake rate. Consolidation of 

the soil surface and the formation of cohesive forces between soil particles, was offered to 

explain the large effect of interrupted flow on soil detachment in the clay soil. The results 

obtained with miniflumes indicated that flow intermption could reduce JR in soils with an 

unstable structure (loess) and reduce rill erosion in a clay soil. However, these results need to be 

verified in field experiments. 

111. Water quality and sodicity effects on soil bulk density and conductivity in 

interrupted flow 

G.J. Levy, N. Sharshekeev and G.L. Zhurvskaya 

Abstract 

Interruption of flow during furrow irrigation (e.g., use of surge technique), consolidates soil near 

the furrow surface, causing reorientation and rearrangement of soil particles, and leads to 

increased surface bulk density (BD), and reduced hydraulic conductivity (HC) of this surface 

layer. We hypothesized that soil consolidation could be affected by imgation water quality and 

soil sodicity. We studied in the laboratory changes in the BD and HC of an alfisol (Calcic 

HaploxeralfJ and two vertisols (Chromic Haploxerert) having different exchangeable sodium 

percentage (ESP) levels, that were subjected to 5 cycles of leaching and draining under matric 

potential of up to -5 J kg-'. Four different water qualities (electrical conductivity (EC) of 0.01, 

0.95,2.0 and 4.0 dS m") were tested. Final BD was significantly greater than the initial value 



when matric potential was applied. Conversely, for continuous leaching (i.e., no application of 

matric potential), differences between h a 1  and initial BD were insignificant. Water quality and 

sodicity did not affect BD, suggesting that for a given soil exposed to a low level of matric 

potential, soil consolidation was not affected by water quality or ESP. Final HC values were 

always lower than initial ones, with the decrease in HC after application ofmatric potential being 

by far greater than that observed when continuous leaching was used. The decrease in HC 

relative to initial HC depended on both water quality and soil sodicity, was seater 6 t h  the 

decrease in water EC and an increase in ESP. Adverse effects of low EC and high ESP on HC 

were less pronounced in matric potential application than in continuous leaching. Our results 

suggest that the quality of water available for inigation and soil sodicity should be taken into 

account in cases where interrupted flow is considered for improving furrow irrigation efficiency 

via reducing soil infiltration rate. 

IV. Sodicity and water quality effects on intake rate and rill erosion in interrupted flow 

N. Sharshekeev, G.L. Zhuravskaya and G.J. Levy 

Abstract 

The efficiency of surface irrigation is low because of poor field uniformity, higher intake at 

upstream end and slow intake at the end of the field. Surge irrigation, the intermittent supply of 

water to fiirrows, generally reduces soil intake rate (IR) and improves moisture uniformity over 

the entire field. However, IR varies from one irrigation scheme to another, it depends on soil and 

water properties and is difficult to predict. The effect of water quality and soil sodicity on IR and 

soil loss 60x11 short rills was studied in an alfisol and a vertisol using miniflumes under 

interrupted and continuous flow. The infiltration rate was more sensitive to the sodicity of the 

soil than to the electrolyte concentration. The results showed that: (i) interrupted flow reduced 

soil loss in the vertisol and had small effect on soil loss fiom the alfisol, (ii) intecpted flow 

reduced IR in both soils compared with that obtained in continuous flow; this reduction in IR\vas 

more effective in the alfisol than in the vertisol, and (iii) the effect of interrupted flow in reducing 

the IR depended on application of water quality mainly in the vertisol soil. 

5.2. Kyrgyzstan 

Research activities included laboratory and field studies, which were summarized in tsvo reports. 

The topics of these studies were: 



V. Soil sodicity, water quality and interrupted flow effects on rill erosion and intake rate (a 

laboratory study). 

VI. Effects of polyacrylamide and surge type irrigation on intake rate, rill erosion and yield (a 

long term field study) 

Abstracts of these reports are presented herein. The full reports are enclosed in 

appendices 5 and 6. For the long term field experiment due to space considerations, only the 

complete report for the last season is provided in appendix 6. 

V. Soil sodicity, Water quality and Interrupted Flow Effects on Rill Erosion 

and Intake Rate in Soils from Kyrgyzstan 

N. Sharshekeev and G.L. Zhuravskaya 

Abstract 

The effect of interaction between water flow characteristics, soil sodicity and water quality on the 

rill erosion and intake rate was studied in the laboratory. Specific objectives ofthese study were 

to evaluate: (i) the use interrupted flow for reducing soil erosion and intake rate, (ii) the effect of 

soil sodicity (exchangeable sodium percentage [ESP]) and water quality (0.01,0.95,2.0 and 4.0 

dS rn-') on the soil erosion and intake rate. Rill erosion in two ESP levels under the surge 

irrigation decreased soil loss for all water qualities compared with continuous flow. Decreasing 

soil loss was more effective in ESP 0.39%. The IR was more sensitive to the sodicity and water 

quality, but the surge irrigation reduced IR only slightly in ESP 5.67% and had no effect in ESP 

0.39%. 

VI. Effects of polyacrylamide and surge type irrigation on intake rate, rill erosion 

and yield (a long term field study) 

G.L. Zhuravskaya and N. Sharshekeev 

Abstarct 

Furrow erosion, soil intake rate and crop yield were studied for 5 growing seasons (1998, 1999, 

2000,2001 and 2002) in the field. Each growing season the experiments consisted of two stages, 



a preparatory stage and the main part. Preparatory stage included: (1) choosing the area for 

conducting of field experiments, (2) leveling of the area with the and determining the surface 

slope in the direction of the irrigation, (3) determination of soil permeability, (4) determination 

of the chemical and mechanical composition of the soil, and (5) testing the irrigation with the 

aim of determining the flow rate of the irrigation stream. In the main stage of the experiment 

crop was grown in all but the first season. The study consisted of the determination of furrow 

erosion and water losses to infiltration of the flow rates len,&ways of 150-200 m fkows.  The 

treatments studied were (1) continuous flow with one inflow rate [ql], (2) continuous flow with 

high inflow rate at the advancement stage [ql] and a lower inflow rate at the rest of the irrigation 

[q2], (3) surge flow with inflow rates ql  and q2, (4) continuous flow as in treatment 2 with the 

addition of polyacrylamide (PAM) at a concentration of 10 mglL to the irrigation water at the 

advancement stage of the first irrigation, and (5) surge flow with the addition of PAM. The study 

consisted of determination of sediment concentration in the irrigation water and water losses 

to infiltration in the lengthways of the furrow for each individual irrigation, as well as crop 

parameters (e.g., yield, green material etc.) at the end of the growing season. Resultswith respect 

to furrow erosion and water intake rate showed the following general trends: (i) surge irrigation 

was effective in reducing furrow intake rate (IR), especially in the short (150 m) rather than the 

long (200 m) furrows, (ii) surge irrigation improved moisture uniformity over the entire field, 

(iii) PAM was effective increasing furrow intake rate and in reducing h o w  erosion, and (iv) 

combined application of PAM with surge irrigation was not more effective than each treatment 

alone. With respect to yield, results varied over the years. In 1999, PAM application gave the 

best root and green yield of sugar beet, irrespective of the irrigation method (continuous vs. 

surge). In 2000, 

the highest yield of sugar beet was obtained in surge irrigation treatment. In 2001 and 2002 the 

crop studied was maize and no treatment had a significant effect on yield. 

6. Impact, Relevance and Technology Transfer 

The principal investigator (PI) kom Kyrgyzstan visited Israel every year during the project. The 

visits were used to summarize the past experiments and plan future ones. These visits were also 

used to transfer methodologies used in Israel, to the laboratory of the PI in Ky~gyzstan, for 

laboratory determinations of soil hydraulic conductivity, rill erosion, furrow intake rate, use of 

soil amendments, use of intempted flow as well as determination of various chemical soil 



properties. Participation in the project enabled the Kyrgyzian PI to purchase both standard 

equipment for a soil science laboratory and specific equipment pertinent for conducting research 

on rill erosion, and infiltration rate. 

The ability of soil conditioners, namely synthetic organic polymers, to successfully control 

rill erosion, improve water permeability and increase yield was recognized by the Kyrgyzian 

investigators. It is hoped that this concept, whereby soil amendments rather than engineerically 

based solutions, together with the use of surge type furrow inigation can be used to improve 

furrow irrigation efficiency, will influence the design of new experiments for further 

improvement of this commonly used imgation method in Kyrgyzstan. 

7. Project ActivitieslOutputs 

The Israeli principal investigator visited Kyrgyzstan at the beginning of the first year of the 

project. The visit was dedicated for a detailed planning of the field experiments. The visit helped 

the Israeli investigator to better understand the problems and difficulties involved in h o w  

imgation in Kyrgyzian. The visit also helped the Israeli PI to adapt the experiments in his 

laboratory in Israel to the needs of Kyrgyzstan. 

The Kyrgzian PI visited Israel four times. The visits were used for analyses and summary 

of data obtained in previous studied, and design of future experiments. In Addition, another 

collaborator from Kyrgyzstan, N. Sharshekeev, spent a 10 month in Israel (from October 1999 to 

August 2000) for training in various laboratory techniques and analyses pertinent for proper 

execution of the project. The studies of Mr. Sharshekeev in Israel and Kyrgyzstan, will serve as 

part of his PhD thesis. 

The out put of the project. was summarized in three papers that have been published, a 

paper that is currently being prepared and two reports: 

I. Sijacobs, D., I. Shainberg, I. Rapp and G.J. Levy. 2000. Polyacrylamide, sediments and 

interrupted flow effects on rill erosion and intake rate. Soil Sci. Soc. Am. J. 64:1487-1495. 

11. Sirjacobs, D., I. Shainberg, I. Rapp and G.J. Levy. 2001. Flow interruptions effects on intake 

rate and rill erosion in two soils. Soil Sci. Soc. Am. J. 655328-834. 

Ill. Levy, G.J., N. Sharshekeev and G.L. Zhuravskaya. 2002. Water quality and sodicity effects on 

soil bulk density and conductivity in interrupted flow. Soil Sci. 167: 692-700 

1V. Sharshekeev, N., G.L. Zhuravskaya and G.J. Levy. 2003. Sodicity and water quality effects 

on intake rate and rill erosion in interrupted flow. (in preparation). 



V. Sharshekeev, N. and G.L. Zhuravskaya (2003). The hydraulic conductivity (column studies) 

and rill erodibility (mini-flume experiments) of four soils from important cultivated regions 

(report of laboratory studies). 

VI. Zhuravskaya, G.L. and N. Sharshekeev. (2003). The effect of flow rate, slope, irrigation 

method and soil amendments (amount and mode of application) on furrow erosion, water 

infiltration and crop yield (report of a long term field experiment) 

8. Project productivity 

The project made a contribution towards its goals and objectives. It is believed that furrow 

irrigation efficiency in Kya"yzstan can be improved by applying the management developed in 

the project. 

9. Future work 

A new proposal entitled: 'Improving water use efficiency and decreasing erosion in fields 

inigated with poor quality water using surge irrigation' has been submitted by the Israeli and 

Kyrgyzian PIS to the US-Israel CAR program. The proposal was developed based on the results 

obtained in the current project, and is currently under evaluation. 

10. Literature cited 

List of relevant literature is given at the end of each manuscriptlreport appearing in the 

Appendices. 
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Polyacrylamide, Sediments, and Interrupted Flow Effects on Rill Erosion 
and Intake Rate 

D. Siacobs, I. Shainbe~ 

ABSTRAm 
The reduction in tbe intake n t e  (IR) duriog intempted im'ptioo 

is d i i 6 d t  to prcdih Sediments kt im'ptioo water decrease the effect 
of ~ n t e ~ ~ t e d  im'gafion on IR ~ o l ~ ~ a ~ l - d e  (PAII) reduces riU 
erosion, but its effed on IR is eonkoversial. The effect5 a t  water 
quality (tap water, tap water mntainingsediments, and 10 g m-'PAM 
solution) and intempted now om IR and rill erosion in am ALCaol 
(Calcic Haploxeralfl m d  a Vertisol (Typic Chromoxerert) were m d -  
ied tsing laboratory minitlumes Rill erosion in both soils war etimi- 
mted by the PAMtreahnent in both continuour and intempted flow. 
The PAM application reduced IR in the Al6sol and in-ed it in 
the V e h L  in the Alfisol, intempted now reduced IR afthe PAM 
solution by 37% mmvared with only 18% for tap water. In the Verii- 
sol, inteMpted ~ o w ~ d u d  IR o i l  slightly &d the d e c r e a  war 
not Plleded by the polymer. When the water mntaiaioed sediments, 
cumulative ikltmti'n war reduced by 22% tor the V e h l  and 59% 
for the A1Ssol in cornparisan with tap water. These reductiom were 
attributed to depositional seal formation The IR or the AL6sal war 
mare rureptible to depositional seal formation than the Ve&L 
The presence of redimen6 in water w effective in reducing rill 
erosion. me eEe& of intempted now with PAIU oo reducing IR 
were erplained by p& bloddng of the conducting pores leadjug 
to greater suction and compaction of the sail surface. For sediment- 
laden irrigation water, h tempted now bad no adrantage over mntin- 
uovs flow in reducingIRbecrw ofdepositi~nalseal I 0 r m a t i o n ~ -  
sled with the sediments in the water. 

URFACE 1RxlCAnoN LS the most used irrigation practice s . : 
worldw~de, but its water use efficiency is low (Wolt- 

en ,  1992). Interrupted irrigation, which is the intermit- 
tent application of irrigation water during the advance- 
ment stage of furrow irrigation (Stringham, 1988), has 
the potential to reduce IR and improve the efficiency 
of surface irrigation by increasing field water application 
uniformity. In spite of much research (Izuno et al., 1985; 
Jalali-Farahani et al., 1993; Kemper et al., 1988; Samani 
et al., 1985; Trout, 1991). the process is still not fully 
undentood and its effects on IR are difficult to predict. 

Two basic phenomena have been identified during 
interruption of flow: (i) moisture redistribution in the 
soil profile and (ii) consolidation of the soil near the 
rill surface. During the interruption of water application, 
water drainage into the underlying dry soil and moisture 
redistribution result in the development of negative 
pressure suction near the soil surface. This negative 
pressure increases the forces that pull water into the 

rg, I. Rapp, and G. I. Levy* 

soil during the next £low period (Samani et al.. 1985). 
and should increase the IR. However, the development 
of negative pressure in the soil surface during £low inter- 
ruptions consolidates the soil near-the rill surface, in- 
creases surface bulk density, and reduces the hydraulic 
conductivity (HC) of this surface layer. Thus, this thin 
layer can have a significant effect of reducing water 
infiltration in succeeding irrigation events (Izuno et al., 
1985; Jalali-Farahaui et al., 1993; Samani et al.. 19s).  

An additional important mechanism controlling IR 
in furrow.irrigation, which is not necessarily related to 
interrupted irrigation, is the formation of a depositional 
seal at the furrow perimeter. The HC of depositional 
seals has been reported to be two to three orden of 
magnitude lower than that of the underlying soil 
(Shainberg and Singer, 1985). Trout (1991) observed a 
50% reduction in idtrat ion in the Portneuf (coarse- 
silty, mixed, superactive, mesic Durinodic Xeric Haplo- 
calcid) silt loam during intempted irrigation, and as- 
cribed it to surface seal formation. The HC of the d e w  
sitional seal depends on the size and mineralogy of the 
sediment particles, and on the electrolyte concentration 
of the water (Shainberg and Siger,  1985). Thus, the 
effect of sediment concentration on the IR varies from 
one irrigation scheme to another. 

Soil erosion can be prevented by amending the soil 
with organic polymers, such as PAM, with high molecu- 
lar weight and moderate negative charge density (e.g., 
Lena et al., 1992, Shainberg et al., 1990, Sojka et al., 
1998a, 1998b). If rill erosion is prevented, no deposi- 
tional seal is fonned and the rill IR increases (Lentz et 
al., 1992, Sojka et al., 1998b). Thus, an indirect effect 
of the PAM treatment is the increase in IR. However, 
Maiik and Letey (1992) and Letey (1996) found that 
the addition of 10 g rn-I of PAM to water decreased 
the HC of fine porous media to 50% of that obtained 
when salt solutions were used. They suggested that the 
effective viscosity of polymer solutions in porous media 
was higher than would be anticipated according to stan- 
dard viscosity measurements, and that the relative vis- 
cosity depended on the pore-size distribution of thesoil. 
The effect of PAM in reducing the HC of porous media 
could also be explained in terms of partial blocking of 
conducting pores by the tails of the macromolecules 
that were adsorbed on soil particles. This partial 
blocking would probably become more pronoun-ced in 

D. Siacobs, I. Shahberg, I. Rapp, and GJ. Le?. Institute of soils, Soils with Pores. L e t e ~  (19%) proposed that in 
Water and Environmental Sciences, ~gticultural Research Organiza- furrow irrigation PAM treatment will reduce IR and 
tion (ARO), the Volcani Center, P.O. Box 6, Bet Dagan 50250. Israel. increase the advancement rate of Water in the furrows. 
Contribution lrom h e  Agriculmral Research Organization, the Val- It is pOSSibie therefore ti,at the effect of P&\.! IR in 
cani Center, P.O. Box 6, Bet Dagan 50250, Israel, no. 629198 series. 
Received 24 Aug. 1999. *Corresponding author ~~~~~~~~i. 
agri.gov.il). 

Abbreviations HC, hydraulic conductivir~; IR. inIake nte: PAbI, 
Published in Sail Sci. Soe. Am. 1.64.1487-1495 (2WO). polyactylamide. 
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Table 1. Some basic physical and chemical properties of the soib used 

Partide-size distribution 

Soil Classiiation Snnd si  m y  CaCO, CECt B P I  EPP5 OM1 

g kg-' cm04 kg-' - 96 - E k-' 

t CEC = Cntiowxfbnnge opacity. 
t. ESP = Exehnngenble sodim percentage 
5 EPP = Exebnngelble potlssium pereeahge. 
I OM = 0-e mnner eontenL 

furrow irrigation depends on soil properties, a topic to 
be clarified in this study. 

The effects of interrupted imgation in reducing IR 
depend on sediment concentration (Trout, 1991). As 
sediment concentration increases, IR decreases and the 
beneficial effect of interrupted irrigation for reducing 
the IR is reduced (Trout, 1991). It could be argued 
therefore, that PAM treatments will magnify interrup- 
tion-induced effects on IR reduction. On the other hand, 
since PAM also stabilizes the structure at the soil surface 
(Sojka et al., 1998b). PAM may prevent the consolida- 
tion of the surface by the interrupted flow and the net 
effect of interru~ted flow on IR in PAM treatments will 
be negligible. ~ e n c e  it is difficult to assess the effects 
of PAM on the IR in interrupted flow. 

Miniflumes have been used to evaluate the interaction 
between flow characteristics, soil properties, and water 
quality on rill erosion in the laboratory (Shainberg et 
al., 1994,1996). The rill erodibility data obtained with 
the miniflumes agreed well with field data (Shainberg et 
al.. 1994). Miniflume studies were also found to simulate 
well thekffect of PAM on rill erosion in the field (Lentz 
et al., 1992; Shainberg et at., 1994). Using miniflumes, 
Shainberg et al. (1996) studied rill erosion in an Alfisol 
and a Vertisol and found that rill erosion decreased with 
aging of several hours and that it depended on water 
content in the soil. These researchers postulated that 
aging and water tension enhanced clay to clay contacts, 
increased the cohesive forces between soil particles, and 
led to reduction in rill erosion. We hypothesized that 
miniflumes may also be used to study the processes that 
operate in interrupted imgation. 

Interrupted flow reduced erosion in irrigated furrows 
(Yonls et al.. 1998). In miniflumes. the same effect has 
been observkd and was attributed to consolidation of 
the soil surface (Sirjacobs, 1999, unpublished data). If 
rill erosion and depositional seal formation are reduced, 
a high IR should be maintained. Interrupted flow may 
therefore have two opposing effects on IR, that is, it 
may reduce IR by consolidating the soil surface or  in- 
crease IR by reducing rill erosion and seal formation. 
The net effect of interrupted flow on IR may be evalu- 
ated either by preventing rill erosion (e.g., by irrigation 
with water containing PAM) or by increasing the sedi- 
ment content of the irrigation water. When rill erosion 
is prevented, no depositional seal is formed and the 
effect of interrupted flow in consolidating the rill surface 
and reducing IR is predominant. Conversely, sediment 
deposition and seal formation may be enhanced by the 
use of sediment-laden water (Shainberg and Singer, 
1985). Applying water containing sediments will, there- 
fore, decrease IR in both continuous and interrupted 

flow applications. However, the relative effects of water 
containing sediments on the IR in continuous and inter- 
mpted flow effect are not clear and will be studied. 

The objective of our study was to investigate the ef- 
fects of PAM- and sediment-containing i d o w  on IR 
and rill erosion under continuous and intermpted flow 
conditions in two soil types. The interaction between 
sediments, PAM, and soil properties on the effect of 
interrupted flow on IR and rill erosion were evaluated 
by comparing the results obtained with clear tap water 
with those obtained with PAM solutions and s e d i e n t -  
laden inflow water. 

MATERIALS AND METHODS 
Two arable soils of differing texture were chosen for this 

study: a silty loam Alfisol (Calcic Haploxeralf) fromNevatim, 
northem Negev, and a clay Vertisol (Typic Chromoxerert) 
from Hafetz-Haim, Pleshet Plains, Israel. Some basic physical 
and chemical properties of the soils are given in Table 1. 

The experiments were carried out with a 0.5-m-long, 0.047- 
m-wide. 0.12-m-dee~ flume. Two 0.2-m-lone "V"-shaoed me- ~~~.~ ~~ 

Ellic rills were conkcted on both of its sideus. The mihumes 
were placed at a 10% slope in order to maintain high flow 
shear force, high soil detachment, and high rill erosion. 

Aiu-dried soils, crushed to pass through a 4.0-mm sieve, 
were slightly compacted in the flume to densities of 1390 kg 
m-' for the Alfisol and 1200 kg m-' for the VertisoI The dry 
volume of the Vertisol was slightly smaller than that of the 
Alfisol. However, upon wetting and subsequent swelling, the 
final volume of the wet Vertisol in the flume was similar to 
that of the Alfisol. A "V"-shaped rill (44 mm wide and 22 
mm deep) with a 90" angle between its sides was formed in 
the soil surface. Water was applied with a peristaltic pump to 
the upstream metallic rill, and the runoff containing sediments 
was collected from the downstream metallic rill in beakers. 

Three water types werestudied in the experiments: (i) labo- 
ratory tap water (electrical conductivity = 0.95 dS m-I; Na 
adsorption ratio = 2.5 [mmol, L-'1"; Ca + Mg = 5 mmol, 
L-'; Na = 4 mmol, L-'; Cl = 6.2 mmol, L-I); (i) tap water 
containing 10 g m-' PAM, and (iii) tap water containing 7.5 g 
L-' of suspended sediments. The PAM solution was prepared 
from a concentrated polymer solution that contained 1 g L-' 
high molecular weight (2 X lo7 Da) anionic PAM with a 
moderate negative charge (20% hydrolysis). Suspensions of 
each soil were prepared by shaking 3M) g of soil with 3 L of 
tap water for 1 h. Aher shaking, the coarse particles were 
allowed to settle out of the suspension for 3 min. Sediment 
content of the suspensions was 7.5 g L-' for each soil. During 
each miniflume run, the suspension was stirred continuously 
in order to ensure its homogeneity. Samples of the suspension 
were taken periodically during the run and the sediment con- 
tent of the suspension was recorded. 

Each individual experiment was divided into two stages. In 
the first stage either continuous (control) or intermpted flow 
was applied, and the three water qualities were used. The 
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control treatment consisted of 4 min of flow: the interruoted combinations tested (two soils. i n t e m t e d  and continuous 
flow treatment consisted of four cycles of 1 'min of flow'and flow, and three rypes o f  irrigation waters). ?be effect of water 
10 mio of intermution. R e l i i n a r v  studies on the effect of m on interruoted flow was anal& smaratetv for the Alfi- 
interruption time bn d l  erosion anh IR indicated that for an 
interruption time of <5 min, changes in interruption time 
affected 1R and rill erosion, but choosing interruption times 
longer than 5 min did not affect the IR and rill erosion. Inflows 
applied to the Vertisol (320 mL min-') and the AL6sol (240 
mL min-') were chosen in order to obtain a measurable out- 
flow during the first minute and to obtain a similar flow rate 
and runoff during the consecutive 3 min. Because the 1R in 
the Vertisol was higher than the IR in the ALfsol, it took 51 s 
for the clear water to wet the soil and reach the end of the 
rill in the Vertisol and 17 s in the ALfil .  However. during 
the second, third, and fourth pulses of flow, the average out- 
flow rates in the two soils were similar (Fig. 3 and 5). Total 
inflow, outflow, and soil loss were recorded-for evejminute  
Of flow. 

The sewod stage of the experiment started immediately a t  
the end of the 4-min flow in the control or after completion 
of the four cycles of intempted flow treatment. At this stage, 
only clear tap water was used and inflow rate was reduced in 
order to allow more precise measurements of IR. and it was 
applied continuously'to simulate Geld conditions. Again, in 
order to maintain similar flow and shear force in the rills, a 
continuous 100 mL min-' inflow was applied to the Vertisol 
and 80 mL min-' was applied to the Atfisol. The second stage 
was terminated when &e moisture content front reached-a 
depth of -100 mm and the soil layer at the bottom of the 
miniflume remained dry (i.e., afte; 10 min for the Vertisoi 
and 20 min for the Atfisol). The dry layer of soil at tbebottom 
of the flume assured the presence of the suction needed to 
consolidate the soil surface. Total inflow. outflow, and soil 
loss were recorded every minute for both soils. 

Three replicates were performed for each of the twelve 

GI and for thk VertisoL For each so& the iffeas of two 
factors (water type and flow type) on rill erosion and IR were 
considered. Our experiments involved three levels of water 
type (tap water, tap water with PAM. and tap water with 
sediment..) and two levels of flow tvw icontinuous and inter- 
rupted flob). For each minute and f6; each variable measured. 
a full factorial analysis of variance, based on the Standard 
Least Squares test (h = O.OS), was applied. When an iotcrac- 
tion between the two factors was found. the different levels 
of water type were compared within each level of flow type 
and vice versa. When no interaction was detected, each factor 
was studied individually, without distinction between the leu- 
els of the other factor. 

RESULTS AND DISCUSSION 
Because the effects of i n t e m p t e d  flow on IR depend 

o n  rill erosion and depositional seal formation (Kemper 
et al., 1988: Trout, 1991). t h e  effects of water type on 
rill erosion in continuous and interrupted flow are dis- 
cussed first. 

Water Type Effects on W Erosion 

Rill erosion in the Vertisol exposed to a continuous 
flow OF tap  water was high (Fig. 1). and that in the 
ALfisol was low (Fig. 2). Application of i n t e m p t e d  flow 
caused a significant reduction in rill erosion only in the 
Vertisol. Most of the rill erosion in the twosoils occurred 
during the first 4 min, when the flow rate was high 
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(320 and 240 mL min-' for the Vertisol and Alfiiol, 
respectively) and the flow shear force was high. In the 
second stage of the experiment, when a continuous low- 
rate flow was used, erosion was low (Fig. 1 and 2). In 
the Vertisol, intraaggregate stability is greater than that 
in the Alfisol (Shainberg et al., 1992). However, interag- 
gregate cohesive forces in the Vertisol are weaker than 
in the Alfisol (Shainberg et al., 1996), thus detachment 
of aggregates by the flowing water could possibly be 
easier in the Vertisol than in the Alfisol. At the same 
time, it is expected that detached particles in the Vertisol 
are larger than those in the Alfkol, because of the better 
aggregation of the Vertisol, and would thus be less avail- 
able for transportation by the flowing water. Our results 
showed more erosion in the Vertisol, suggesting that 
under our experimental conditions the size of the de- 
tached particles in the Vertisol did not affect their trans- 
portability. Therefore, Vertisols, owing to their high clay 
content (Table I), have a stable aggregated structure 
with weak cohesive forces among soil particles, which 
in turn, made them more susceptible to detachment and 
subsequently to transportation than the aggregates of 
the Alfisol. 

Polyacrylamide addition to the inflow water during 
the first stage of the experiment essent~ally eliminated 
r~l l  erosion in both continuous and interrupted flow. 
The effect of PAM on soil loss was already evident 
from the first minute of inflow. Its favorable effect was 
especially impressive in the Vertisol, where with contin- 
uous flow, the PAM treatment reduced cumulative soil 

loss to 1% of the erosion obtained in tap water (Fig. 
1). In the Alfisol, PAM application reduced soil loss 
from 2.7 g per flume to only 0.3 g per flume in continuous 
flow (Fig. 2). The PAM efficacy resulted from the fact 
that the polymer adsorbed on the external surfaces of 
the aggregates (Lentz et al., 1992) cemented the aggre- 
gates together and prevented their detachment. 

In the PAM treatment, erosion in both soils was very 
low under continuous flow, and no further decrease in 
erosion because of interrupted flow was possible (Fig 
1 and 2). As the binding between soil particles in the 
presence of PAM was already strong enough to prevent 
erosion, further strengthening of interparticle cohesive 
forces by aging and compaction during flow intemp- 
tions caused no further reduction of rill erosion. 

Sediments 

In the Vertisol, the use of sediment-loaded water led 
to the formation of a visible and homogeneous seal at 
the rill perimeter. This depositional seal dramatically 
reduced rill erosion compared with inflow of tap water 
(Fig. 1). For continuous flow, the presence of sediments 
in the irrigation water was as effective as the presence 
of PAM in preventing rill erosion. When interrupted 
flow was applied, PAM was more effective than sedi- 
ments in preventing rill erosion (Fig. 1). The difference 
in cumulative erosion between interrupted and continu- 
ous flow appeared from the second minute (Fig. 1). The 
higher erosion under interrupted flow was attributed to 
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lower intake rate in the interrupted flow (see below), 
which resulted in higher flow velocity and greater shear 
force (Kemper et al., 1988). In our study, rill erosion 
was highonly in thesecond minute of inflow. Thereafter, 
hardly any additional difference in soil loss between the 
interrupted and continuous flow treatments was ob- 
served. Apparently, aging and compaction mechanisms 
that acted during the flow interruption created a suffi- 
cient increase in soil cohesive forces that could resist 
the high shear force and thus limit soil loss. 

Unlike the case of the Vertisol, a net deposition of 
sediments was observed in the Alfisol under both inter- 
rupted and continuous flow during the 4 min of applica- 
tion of water containing sediients. This is represented 
in Fig. 2 by the negative values of cumulative soil loss, 
which demonstrate that =20% of the sediments flowing 
into the flume were deposited on the d perimeter. In 
the second stage of the experiment when a continuous 
low flow rate of tap water was used for 20 min (as 
opposed to only 10 min in the Vertisol), a small amount 
of soil erosion was observed in the continuous flow 
treatment. Conversely, in the interrupted flow treat- 
ment, no sediments were measured in the tap water 
runoff and no increase in cumulative erosion was dem- 
onstrated (Fig. 2). 

Deposition of sediments at the soil surface filled the 
pores and created a depositional seal with a smooth 
surface on the rill perimeter. The fine particles within 
the pores acted as a cementing material between soil 
particles, and the sealed rill surface became more resis- 
tant to erosion then the original soil surface. Similar 
findings were reported by Brown et al. (1988), who 
studied the effects of sediment-laden water on IR and 
furrow erosion in the field. These researchers concluded 

that deposition of the fine sediments on the perimeter 
decreased IR and thus increased soil water tension, con- 
sequently leading to an increase in the forces that hold 
the sediments at the perimeter, and to a decrease in 
erosion. The presence of sediments in the inflow water 
was effective in preventing net soil lws erosion in both 
soils. The presence of sediments in the water in continu- 
ous flow was more effective in decreasing rill erosion 
than interrupted flow or the addition of PAM to the 
inflow water. The beneficial effect of sediments in the 
inflow water suggest that sediients in irrigation water 
should not be removed prior to irrigation. This conclu- 
sion corroborates the findings of Brown et al. (1988) 
obtained in short furrows in the field. 

Water Type Effects on Intake Rate 
Polyaaylamide 

In the first stage of the experiment (i.e., hrst 4 min) 
for both flow types in the Verdsol, addition of PAM to 
the inflow water resulted in 1Rs that were higher than, 
or similar to, those for tap water. Considering the effect 
of PAM on advancement time, a similar conclusion is 
derived. Whereas the time needed for the first pulse of 
tap water to reach the end of the 05-m rill was 51 2 
2 s, it took 57 2 3s with the PAM solutions. Prevention 
of rill erosion and depositional seal formation prevented 
the decrease in IR during the first minute, and the ad- 
vance time for the PAM solution was longer than that 
for tap water. Similar findings were reported by Lenu 
at al. (1992) and Lentz and Sojka (1994) who observed. 
in field experiments, that PAM reduced furrow erosion 
and increased funow IR. 

The effects of PAM on the cumulative intake of the 



1492 SOIL SCI. SOC. AM. J.. VOL. M. JULY-AUGUST ZMX) 

Cumulative flow time (rnin) 
Fig. 4 Cumulative intake 'a a b e t i o n  of cumulative flow time for the Vertisol during (a) Stage 1 and (b) Stage 2 of the experimed S g d i a m t  

difiereoces ixtween water types for P given mulat ive  flow time and flow type are indicated by uppercase letters (P C O W .  S i t  
differences between flow types for a given cumulative flow time and water trpe are indicated by lower-ase letters (P < 0.05). lW is lap 
water, PAM is pdyaerylamide-eoniainjng water, and SED is sediment-containing water. (C) and (I) denote conlinuom md intempted 
flow, respectively. 

Vertisol exposed to continuous and interrupted flow are 
presented in Fig. 3. The PAM treatment increased the 
cumulative intakes under both continuous and inter- 
rupted flow by 6%. This increase in IR and cumulative 
intake was contrary to the predictions of Letey (1996) 
and Malik and Letey (1992). who suggested that PAM 
increased the apparent viscosity of the solution within 
the soil pores, and therefore, that soil IR should de- 
crease. The PAM-related IR increase observed in the 
Vertisol was attributed to two possible mechanisms: (i) 
PAM prevented rill erosion and the formation of deposi- 
tional seal (Lentz et al., 1992; Sojka et al., 1998a) and 
(ii) PAM stabilized the soil structure and prevented 
deterioration of the soil surface HC (Shainberg et al., 
1990). The effects of interrupted flow on IR in the PAM 
and the tap water treatments were similar (Fig. 3); inter- 
rupted inflow in the Vertisol decreased both cumulative 
intakes by 6% (Fig. 4). Interrupted flow was as effective 
in decreasing IR in tap water and the accompanying 
high erosion as it was when PAM was used and only a 
small amount of sediments was present in the water. 
The similarity in the decrease in IR for the tap water 
and PAM treatments is suggested to be related to the 
structure of the seal formed. When sediments were de- 
posited from a solution that had an electrolyte concen- 
tration exceeding the flocculation value of the soil clay 
(i.e., tap water), the seal formed had an open structure 
(Shainberg and Singer, 1985) that was susceptible to 
compaction and consolidation when exposed to suction, 
in a way similar to that of an unsealed soil surface. 

The effect of PAM on IR in the Alfisol was the oppo- 

site of that in the Vertisol. In the Alfisol, PAM de- 
creased IR significantly, both in continuous and in inter- 
rupted flow, during the first and the second stages of 
the experiment (Fig. 5). The same conclusion is derived 
from consideration of advancement time. Advancement 
times in the f i s t  minute in the M s o l  were 7 -C 2 s with 
PAM solution and 17 5 3 s with tap water. The high 
advance rate of the PAM solution in the A h 0 1  sug- 
gested that 10 g m-) of PAM in the inflow water reduced 
IR. When rill erosion is low, as was the case in the 
Alfisol, depositional seal effect on IR is minimal, and 
the effect of PAM in reducing the HC (Letey, 1996) 
predominates. The effect of PAM on HC is further 
demonstrated from the consideration of the cumulative 
intake in the Alfisol (Fig. 6). Final cumulative intakes 
obtained in continuous and interrupted flows withPAM 
solution were lower by 37 and 51%, respectively, than 
those obtained with tap water for the respective fJows 
(Fig. 6). Only little erosion and clay deposition took 
place in the Alfisol with either tap water or  PAM solu- 
tion; therefore, the effect of PAM in reducing IR was 
probably because of its effect on the HC of the soil 
(Malik and Letey, 1992, Letey, 1996). Malik and Letey 
(1992) suggested that the effective viscosity of polymer 
solutions in porous media was higher than would be 
anticipated according to standard viscosity measure- 
ments and that the relative viscosity depended on the 
pore-size distribution of the soil. The effect of PAM in 
reducing the HC of porous media could also be ex- 
plained in terms of partial blocking of conducting pores 
by the tails of the maciomolecules that were adsorbed 
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on soil particles. This partial blocking would probably 
become more pronounced in soils with narrow pores. 
Thus, it is to be expected that in the Alfisol, with its 
unstable structure, low HC, and fine conducting pores, 
PAM would be effective in reducing IR, conversely, in 
the Vertisol, with its large conducting pores and high 
HC, the effect of PAM on IR should be small. Our data 
(Fig. H) support this hypothesis. The PAM solutions 
of 10 g m-l had a negligible effect on IR in the Vertisol 
(Fig. 3 and 4) and a marked effect on IR in the Alfisol 
(Fig. 5 and 6). 

It is postulated that the effects of PAM on infiltration 
depend on two opposing mechanisms: (i) enhancement 
of IR by prevention of erosion and seal formation and 
(ii) reduction of IR because of increased apparent vis- 
cosity of the solution, or partial blocking of conducting 
pores by the tails of the macromolecules adsorbed on 
soil particles. The relative weight of each of these two 
opposing mechanisms, which determines the actual ef- 
fect on IR, depends on soil type. Thus, PAM increased 
IR in the Vertisol by preventing seal formation and 
erosion, but decreased IR in the ALfisol by decreasing 
the HC, either by increasing the apparent viscosity of 
the soil solution or by clogging the conducting pores. 

Addition of PAM to the inflow water did not alter the 
interrupted flow effect on IR in the Vertisol. Interrupted 
flow decreased the final cumulative intake by 6% in 
both the PAM and tap water treatments; however, in 
the Alfisol, interrupted flow was more effective in de- 
creasing the IR with PAM than with tap water. In the 
latter case, it reduced cumulative intake by 18% com- 
pared with continuous flow, whereas in the PAM solu- 
tion it reduced cumulative intake by 38% (Fig. 6). The 
beneficial effect of interrupted flow with PAM solutions 
in the Alfisol can be explained as follows: PAM de- 

creased the HC of the soil surface by partial blockiog of 
the conducting pores, thus also reducing air penetration 
into the soil surface. Consequently PAM increased the 
soil water tension that developed during the flow in- 
terruptions (Kemper et al., 1988) and in turn caused 
enhanced compaction and consolidation of the wetted 
perimeter, thus reducing the infiltration rate. It is hy- 
pothesized that a similar phenomenon occur; in surge 
inigation and that the surge effect on irrigation effi- 
ciency is improved in PAM treatments in silty loam soils 
l i e  the Alfiiol. 

Sediments 

The effects of sediments in intlow water on IR in the 
Vertisol and the AEsol are presented in Fig. 3 and 5, 
respectively. In both soils, IR was significantly lower 
from the very first minute of flow with water containing 
sediments than with tap water (Fig. 3 and 5). ?his de- 
crease in IR led to total reductions in cumulative intake 
of 22% in the Venisol (Fig. 4) and 59% in the ALfisol 
(Fig. 6), compared with that obtained when tap water 
was used. The reduction in IR was related to sediment 
deposition and the formation of a seal at the rill petime- 
ter (Trout, 1991). The reduction in IR was more pro- 
nounced in the AIfisol than in the Vertisol because the 
Alfisol was more susceptible to seal formation (Ben- 
Hur et d.. 1985). The Alfisol. with its poor structure. 
was more easily clogged with suspended clay particles 
than the Vertisol, with its developed s m d u r e  and large 
water conducting pores. As a result of the low IR, this 
treatment also increased the advancement rates on both 
soils; the advancement times for irrigation with water 
containing sediments and with tap water were 10 and 
17 s, respectively, on the Alfisol and 36 and 51 s, respec- 
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tively, on the Vertisol. Sediments decreased the ad- 
vancement times in the AEsol by 41 % and in the Verti- 
sol by 29%. The effect of sediments in irrigation water 
in increasing the advance rate in furrow irrigation may 
be included in consideration of the efficiency of sur- 
face irrigation. 

In the Vertisol, the use of interrupted flow caused a 
significant decrease in cumulative intake for both tap 
water and sediment-laden water (Fig. 4). However, the 
use of sediment-laden water did not have agreater bene- 
ficial effect (in relative terms) in decreasing cumulative 
intake than interrupted flow with tap water. Interrupted 
flow decreased the final cumulative intake in the Verti- 
sol by 7% with water containing sediments and by 6% 
with tap water (Fig. 4). In the Alfisol too, the use of 
interrupted flow caused a significant decrease in cumu- 
lative intake for both tap water,and sediment-laden 
water (Fig. 6). However, in the Alfisol a trend was noted 
whereby interrupted flow was more effective in decreas- 
ing cumulative intake with tap water (18%) compared 
with sediment-containing water (15%) (Fig. 6). This 
trend may be explained by the greater IR reduction by 
the formation of a depositional seal in the Alfisol than 
in the Vertisol (Fig. 3 and 5). When a seal with a low 
HC is formed, the seal controls the IR and the effects 
on IR of interrupted flow and the suction that develops 
during the off time are negligible. Similar observations 
were made by Trout (1991). who observed that infiltra- 
tion was reduced by 50% (because of surface seal forma- 
tion) when sediments were present in irrigation water 

and that the interrupted flow effect was less pronounced 
when a depositional seal of low HC was present. 

SUMMARY AND CONCLUSIONS 
The effects of PAM and sediment concentration in 

inflow water on the effect of interrupted flow on intiltra- 
tion rate and rill erosion was studied in a silty loam 
Alfisol and a clay Vertisol, using miniflumes. In  both 
soils, rill erosion was dramatically reduced by the PAM 
treatment. Polyacrylamide increased the IRin theverti- 
sol and decreased IR in the Alfisol. The contradictory 
effect of PAM on rill IR was explained by two opposing 
mechanisms: (i) enhancement of IR by prevention of 
erosion and of a depositional seal formation (Lentz et 
al., 1992; Trout, 1991) and (ii) reduction of IR because 
of increased apparent viscosity of the solution in the 
soil pores or by clogging of the conducting pores by the 
tails of adsorbed polymer molecules (Letey, 1996). The 
second mechanism dominates in the Alfisol with little 
rill erosion and no depositional seal formation. The 
polymer did not influence the interrupted flow effect 
on IR in the Vertisol. In the Alfisol, interrupted flow 
reduced the final cumulative intake by 37% in the PAM 
treatment and by 18% with tap water. The effect of 
interrupted flow with PAM solutions in the Alfisol was 
explained by the partial blocking of the conducting 
pores, which increased the suction and compaction of 
the soil surface, and so reduced the IR. 

When applying sediment-containing water, deposi- 



SIIUACOBS E-T AL: PAM. SEDLWKIS. ANXI INERRLIFTED now EFFECTS ox MAKE RATE 1495 

tionalseal formation markedly decreased the IR of both 
soils. The reduction of final cumulative infiltration was 

~ ~~~ ~ ~- ~~- 

more pronounced in the ~lfiso1(59%) than in the Verti- 
sol (22%). The M s o l ,  with its unstable structure and 
narrow conducting pores, was more easily clogged by 
sediients than the Vertisol, with its stable structure and 
large pores. When the inflows contained sediients, the 
interrupted flow effect on IR was limited. Continuous 
irrigation with water containing sediments increased the 
advancement rate and reduced rill erosion more effec- 
tively than interrupted flow or PAM treatment. This 
effect should be considered when water containing sedi- 
ments is used in surface irrigation. 

Our results indicate that the potential benefits of in- 
terrupted flow as a means of improving sudace irriga- 
tion efficiency and controlling rill erosion will be gained 
mainly in weakly structured soils. Addition of polymer 
to the irrigation water may enhance interrupted flow 
effects in these soils. When irrigation water containsedi- 
ments, interrupted flow has no advantage over continu- 
ous flow. 
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ERRATUM 

Timing Effects of Deep Tillage on Penetration Resistance and Wheat and Soybean Yield 

On p. 999, the division heading is incorrect. It should have read "Division S-6-Soil & Water Management & 
Conservation" (rather than "Division S-&Forest & Range Soils"). 
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Flow Interruption Effects on Intake Rate and Rill Erosion in Two Soils 

D. Syacobs, I. Shainberg, I. Rapp, and G. J. Levy* 

ABSTRACT bution is caused by the unbalanced capillary and gavita- 
E5cieney ofsurface irrigation ironen low becauseofpoor tional forces acting on the water that has infiltrated. 

tion uniformity, resulting from relatively long periods of infiltration The redistribution process results in development of 
at the upstream end andshort periodr ofinfiltration at thedormstream negative capillary pressure below the soil surface and a 
end of the field. Surge irrigation, the intermittent supply of water to oreater hydraulic gradient that increases water infiltra- '? 
lurrowggenedyreducesroilintaLerate(IR)aodimpro*esmoMure tlon during the succeeding water application in swge 
uo i fod ty  over the entize field. However, IR redudion varies from flow irrigation (samani et al., 1985). H ~ ~ ~ ~ ~ ~ ,  ~ ~ ~ d i  et 
one irrigation wheme to another, depends on soil and water proper- al. (1990) demonstrated that this effect is short lived 
ti- =d dif~*t (0 predin A bbornor). shldy using miniflumes and the net effect over a practical period of off was designed to investigate the effect of intempted flow on IR and 
soil lmr from short rills. TWO SO& differing in their te- a silt time is 
loam (Calcie HaploxenlO derived from loesr and 1 day mil ( ~ y p i e  2 Consolidation of the Soil near ihe Furrow Perime- 
Haploxerert), were ~ h d i ~ d .  Iotake rate in the day waJ ter.Devet0pment of negative pressure at thesoil surface 
thanthatinthesiltlonm.~~herefore,diRereotidonnteswereap~tied during flow intemptions leads to consolidation of the 
to the twosoili to achievesimilar m o f f  flow rates from the twoso&. soil near the furrow perimeter. Kemper et al. (1988) 
Cumulative infiltration deueased &om 646 mL in matinuour flow to measured negative pressures of Up to 500 cm HiO in a 
539 mL in intempted flow for the silt loam and from U42 lo 1068 portneuf soil (20% clay and 40% silt). The consolidated 
mLio the day soiL Intempted flow also r e d u d  cumulative mil lors Surface has a greater bu& density, lower porosity, 
by 84% in the day soil but bad O ~ Y  a small effect on soil?mr from and a lower HC; thus, even a consolidated layer the silt loam. However, when now n t e  was inoeared from 80 to 320 
mL min-', intempted flow reduced soil lmr in the silt loam ar mu& can have a significant effect on reducing infiltration 
as in the day soil. Collrolidotion 01 the soil surface and formation of (Samani et 1985). 
cohesive forces between soil partides of the silt l a m  with uprrtlble 3. Surface Seai Formation. Furrow erosion, and parti- 
structure during flow intemption - ~ ~ ~ ~ t e d  as the cle transport, and subsequent deposition and rearrange- 
far the effect of flow intemption on intake n t e  and soil d e t a b e n ~  ment also significantly reduce infiltration by decreasing 
n e s e  results need to he verified in Geld experimenk the permeability of the surface layer (seal formation). 

During surface irrigation, soil aggregates are weakened 
or partially broken by wetting (Kemper and Koch, 

URFACE L R P J G ~ O N  is the most used irrigation practice 1966). Fast wetting disintegrates large awegates into 
worldwtde. However, water application efficiency small aggregates, which then can be detached from the S 

of surface irrigation is low, typically 4 5 %  (Welters, soil bed by the shear force of water and can be easily 
1992). Surge irrigation is the intermittent application of rolled along the bed of a furrow by moving water until 
surface inigation water (Stringham, 1988). It has the deposition (Kemper et a1.. 1988). Trout (1991) observed 
potential to increase id t ra t ion uniformity of surface a 50% reduction of infiltration because of surface seal 
imgation application by (i) increasing the advance rate, formation on the Portneuf silt loam soil. Shainberg and 
which decreases cross-field differences in infiltration op- Singer (1985) observed that depositional crusts (formed 
portunity time, and (ii) decreasing the IR at the up- when turbid water infiltrates into soil) reduced the rate 
stream end of the furrows to compensate for the longer of water penetration by one to two orders of magnitude, 
infiltration oppormnity times at these locations (Kernper and the magnitude of this decrease depended on soil 
et al., 1988). properties and water quality. 

The intiltration decrease caused by surge flow is In addition, other mechanisms related mainly to bed 
highly variable, is not fully understood, and is difficult load have been proposed to explain the effects of surge 
to predict (Izuno et al., 1985; Kemper et al., 1988, Trout, irrigation on furrow IR: (i) tilling of cracks that develop 
1991; Samani et al., 1985). Many studies have been con- during flow interruption with bed load during the fol- 
ducted to determine the mechanisms taking t lace during Lowingsurge (Kemper et al., 1988); (ii) geatersediment 
the intermittent off period of surge flow irrigation. Sev- detachment and movement caused by more rapid ad- 
era1 basic phenomena have been recognized: vance of the surge stream hont (Kemper et al.. 1983, 

1. Moisture Redistribution in the Soil Profile. During Trout, 1991): (i) forced deposition (and consolidation) 
the interruption of water application, moisture redistri- of suspended sediment on the furrow perimeter when 

the water supply is interrupted (Kemper et al.. 19%); 
D. Sijambr, I. Shainberg. I. &pp, and GJ. w. Institute of Soil, and (iv) air entrapment (Seymour. 1990) and its expan- 
Water and Environmental Sciences. Agricultural Research Organim- sion upon rewetting (Jalali-Farahani et al.. 1993). 
lion (ARO).The Volcani Center, P.O. Box 6. Bet Dagan 50250. Israel. 
Contribution from the Agricultural Research Organization,The Val- 

Miniflumes have been used to evaluate the interactive 

cani Center. P.O. Box 6. Bet Dagan 50-250. Israel. no. 62508 series. effects of flow characteristics, soil properties and water 
Received 21 Sept. 1998. 'Conesponding author (wgu,@,o~wni. quality on rill erosion in the laboratory (Shainberg et 
agri.gov.il). 

Published in Soil Sci. Soe. Am. J. 65:82EX34 (2KlI). Abbreviations HC. hydraulic mnductivit~ IR. intake nte. 
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a]., 1994,1996). Rill erodibility data obtained with mini- 
flumes agreed well with field data (Shainberg e t  a]., 
1994). Miniflume studies were also found t o  simulate 
well the effect of polyacrylamide (PAM) on furrow ero- 
sion i n  the field (Lentz e t  al., 1992; Shainberg e t  al., 
1994). Miniflumes were used by Shainberg e t  al. (1996) 
to study rill erosion in a loess and a clay soil; it was 
found that (i) rill erosion decreased with aging of several 
hours, (ii) the decease in erosion was more pronounced 
in the clay soil, and (iii) erosion depended o n  water 
content in the soil. These researchers postulated that 
aging and water tension enhanced clay t o  clay contacts 
and increased cohesive forces between soil particles, 
thus leading to the observed reduction in erosion. Appli- 
cation of these mechanisms to surge irrigation suggests 
that the water tension that builds up during the off 
period of the surge may cause an  enhanced reduction 
in erosion. 

I t  is hypothesized that interrupted flow will affect 
both soil I R  and rill erosion, and that it can be  evaluated 
from laboratory miniflume studies. Thus, the objectives 
of our  study were (i) to study the effects of continuous 
and interrupted-flow on the IR and o n  rill erosion in a 
silt loarn and a clay soil and (ii) to improve the under- 
standing of the mechanisms that cause interrupted flow 
to reduce rill erosion and IR in the two soils. I t  was 
assumed that the erodibilities of the two different soils 
could b e  compared, provided similar runoff rates are  
maintained. 

MATERIALS AND METHODS 
Two calcareous soils were chosen for this study: a silty loam 

(Calcic Haploxeralf) from Nevatim, northern Negev, and a 
clay soil (Typic Chromoxerert) from Hafetz-Haim, the Pleshet 

. plains. Israel. Samples of the cultivated layer (0-250 mm) of 
each soil type were brought to the laboratory, air-dried, and 
crushed to pass through a 4-mm sieve. Selected physical and 
chemical properties of the soils are given in Table 1. Smectite 
was the dominant clay type in the soils (=60%), with kaolinite, 
illite, and calcite also present (Banin and Amiel, 1970). The 
fact that the clay content and cation-exchange capacity in the 
clay soil were twice that in the silt loam indicated that the 
clay mineralogy in the two soils was similar. 

The experiments were carried out with a09-m-long, 0.047- 
m-wide, and 0.12-m-deep flume; two 0.1-m-long V-shaped me- 
tallic rills were connected on both ends of each flume. The 
flume was placed at a 10% slope in order to maintain high 
flow shear force, high soil detachment, and high rill erosion. 
Water used in the experiments was laboratory tap water (elec- 
trical conductivity = 0.95 dS m-'; Na adsorption ratio = 2.5 

(mmol, L-')OJ; Ca + Mg = 5 mmol, L-': Na = 4 mmol, L-'; 
C1 = 6.2 mmol, L-I). 

Air-dried soil was sliehtlv comoacted in the flumes to field ~ ~~ 

densities of 1390 kg m-: fa; the iilt loam and of 1280 kg m-' 
for the clay soil. When dry, the volume of the clay soil was 
intentionally kept smaller than that of the silt loam. However, 
upon wetting and subsequent swelling, the final volume of the 
wet clay soil in the flume was similar to that of the silt loam, 
and the wet bulk density of the silt loarn and clay soil was 
1390 and 1200 kg m-', respectively. A V-shaped rill (44 mm 
wide and 22 mm deep) with a 90" angle between its sides was 
formed in the soil surface. Water was applied with a peristaltic 
pump to the upstream metallic rill, and runoff water containing 
sediment was collected in beakers from the downstream metal- 
lic rill. Runoff volume was measured by weighing the beakers 
and sediment content in the outflow wasdetermined by drying. 
Inflow and outflow rates were continuously recorded and aver- 
age IR for each minute of flow time was calculated from the 
difference. Similarlv rill erosion as a function of flow time 
was calculated. 

Each individual exoeriment was divided into two stages. In 
the flnr ,rage either iont~nuous (control) or interrupt& flow 
w3s dool~ed. The control treatment consated of 4 min of flow: 
the interrupted flow treatment consisted of four cycles of 1 
min of flow and 10 min of interruption. Preliminary studies 
on the effect of off time on rill erosion and IR in the miniflumes 
indicated that most of the changes in IR and erosion were 
obtained in off periods of 1 5  min. Thus it was assumed that 
an off time of 10 min would be sufficient for the changes in rill 
erosion andIR caused by flow interruption to be completed.In 
order to obtain a measurable outflow during the first minute 
and to obtain similar runoff during the consecutive 3 min, the 
inflows applied to the clay soil and the silt loam were 320 and 
240 mL min-'. resoectively. Because the IR in the clay soil 
was higher than that in the silt loam, it took 57 s for the first 
surge to reach the end of the rill in the clay soil, and only 17 s 
in the silt loam. However, during the second, third, and fourth 
surges, the outflow rates were similar in both soils because of 
the higher IR in the clay soil. Thus, the shear stress of flowing 
water on the rill perimeter and stream transport capacity were 
similar for both soils. 

The second stage of the experiment started immediately at 
the end of the 4-min flow in the control or after completion 
of the four cycles of interrupted Row in the interrupted flow 
treatment. At this stage, the inflow was reduced to allow more 
precise measurements of IR and was applied continuously to 
simulate fieldconditions. Acontinuous inflowof 100mLmin-' 
for 10 min was applied to the clay soil, and a continuous inflow 
of 80 mL min-' for 10 min was applied to the silt loam. Total 
inflow, outflow, and soil loss were recorded every minute for 
bothsoils. Thesecond stage was terminated when the moisture 
front reached a depth of =I00 mm, and the soil layer at the 
bottom of the miniflume remained dry. The length of the 

Table 1. Physical and chemical properties of the soils used. 

Pnrtide-size distribution 
Soil Clauification Smd Silt -Y CnC03 CECT ESP* EPPS OM1 

g kg-' g kg" mol. kg-' -%- s kg-' 
Silt loam Caldr 4U 362 225 180 17.7 2.1 9.1 21 

Haploreralf 
Clay soil Typic 438 156 406 107 342 23 2.9 34 

Cbromureren 

? Cation-exchange capacity. 
i Exchangeable Na pereenlage. 
3 Exchangeable K percentage. 
1 Organic maner content. 
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second stage was estimated from preliminary exwrimenfs 
done on the same miniflumes packed with the &me-soils.The 
dry layer of soil at the bottom of the flume assured the ores- 
ence of the suction needed to consolidate the soil surfacer~he 
suction was maintained at the bottom of the soil in the flume 
to simulated the moisture profde prevailing under field con- 
ditions. 

Three replicates were performed for each of the soils and 
the two flow patterns. Each replicate consisted of a miniflume 
packed with a fresh dry soil sample. For each soil, the Honestly 
Significant DifFerence test (Tukey-Kramer, a = 0.05) was 
used to compare the means of the IR and rill erosion between 
the two flow patterns studied. Differences in the LR and rill 
erosion between the two soils could not be statistically ana- 
lyzed because intlow rates differed between the soils. How- 
ever, because the oufflow in the two soils were similar, the 
flow shear force and the stream transport capacity at the down 
stream end of the rill were similar and rill erodibility of the 
two soils could be compared and discussed. 

RESULTS AND DISCUSSION 
Effects of Flow Type on Mtration Rate 

in the Two Soils 
The effects of intenupted flow on IR (obtained £tom 

the difference between the inflow and the outflow rate) 
in the silt loam and the clay soil are presented in Fig. 
1. Intake rate in the clay soil was significantly greater 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 & 1 4  
Curnulal~e fbw time iminl . . 

Fig. I. hbke late ar n fundon of cumulative Bow time for the day 
soil and sill loam at Stage 1 (a) and Stage 2 (b) of the experiment, 
POI a 6ven aunulntive now time, and within n soil. bur  labeled 
by theJame letter (lower rw forthe day sail and "pper rase for 
the silt loam) do not dif£er rignifiomtly at h e  0.05 level. 

than that in the silt loam. The high IR in the clay soil 
(both the initial and the steady state values) was ascribed 
to its aggregatedstructure and stable aggregates. Aggre- 
gate stability of soils from semiarid regions generally 
increases with increasing clay content. since the clay 
acts as a cementing material, enhancing the formation 
and stabilization of awegates (Kemper and Kwh, 
1966). Stable aggregates lead to stable interawegate 
macropores, which are responsible for the high IR (Ren- 
gasamy e t  al., 1984; Kay and Angers. 1999). Conversely. 
in the silt loam the low IR values (Fig. 1) were ascribed 
to its medium clay and high silt content (Table I), which 
resulted in a markedly less aggregated StNCNIe than 
that of the clay soil (Kemper and Kwh, 1966; Ren- 
gasamy e t  al., 1984).Thus, difference in texturebetween 
the two soils was considered as the main reason for the 
large difference in IR between the rwo soils. 

The IR decreased with increasine cumulative flow 
time (Fig. 1). With increasing depth orwater penetration 
in [he soil profile, the hydraulic gradient. which provided 
the main driving force for water movement-into the 
soil, decreased and IR also decreased. Reduction of IR 
between the first and the second minute in the continu- 
ous flow was more pronounced in the clay soil than in 
the silt loam (Fik 1). This was probably due to (i) more 
water penetrating into the clay soil during the fmt mi- 
nute, leading to a lower hydraulic gradient and lower 
inliltration rate of water, and (ii) more clay swelling 
and aggregate breakdown occuning in the clay soil, 
which resulted in a decrease in the size oC the interawe- 
gate macropores (Rengasamy et al.. 19% Kay and 
Angers, 1999). 

In the interrupted flow treatment, the fmt flow inter- 
ruption (i.e., off period) was effective in reducing the 
IR with the effect being similar (in relative terms) in 
both soils (Fig. 1, second minute). The second off period 
was effective only in the silt loam in reducing the 1R 
compared with that of continuous flow. The effect of 
interrupted flow disappeared in the fourth and fifth 
minute measurements (Fig. I). With the introduction 
of continuous low-rate inflow in the second stage of the 
experiment, the effect of interrupted flow in reducing IR 
became evident again (Fig. 1). Four cycles of interrupted 
flow reduced the final cumulative intake of the silt loam 
by 19% and that of the clay soil by 6% (Fig. 1). The 
effect of intenupted flow on intake rate was significant 
in both soils, but its effect was more pronounced in the 
silt loam. 

During the period of flow interruption, compaction 
and consolidation of the soil surface caused by the soil 
water tension most likely occurred, and the hydraulic 
conductivity of the soil surface is thus r e d u d  (Kemper 
et al., 1988; Samani et al., 1985). More surface consolida- 
tion and a decrease in infiltration is expected in soils 
with weakstructuresuch as the silt loam (hfulliins. 1999). 
This conclusion was verified by a complemenrary exper- 
iment similar to the one described by Samani et al. 
(1985). In those experiments disturbed dry soil samples 
(100 g) of the silt loam or the clay soil were placed 
inside a funnel with a fritted disc (M pn pores) in 
the bottom. The internal diameter of the Funnel was 65 
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mm and the thickness of the soil samples was =22 mm. Conversely, when soils are wetted slowly, entrapment 
The funnel was connected to a plastic tube filled with and subsequent explosion of entrapped air is limited, 
water. The soil sample was saturated from the bottom by and soil structure is maintained (Kemper et al., 1985, 
raising the plastic tube. After saturation, the saturated 1988). Fast prewetting predominated in the silt loam, 
hydraulic conductivity of the soil sample was measured where the 0.5-m-long furrow was wetted in 17 s, com- 
by applying water to the top of the soil sample in the pared with 51 s for the clay soil. 
funnel and collectine the outflow from the end of ~last ic 
tube. After measuAg the saturated hydraulic cAnduc- 
tivity, the same soil was drained to a tension of 20 cm 
by lowering the plastic tube. At the end of the draining 
process, the soil sample was saturated again by raising 
the plastic tube and new saturated hydraulic conductiv- 
ity of the soil samples was measured. Finally, a tension 
of 50 cm water was applied, the soil sample was satu- 
rated, and saturated hydraulic conductivity following 
50-cm tension was measured. Under no tenslon the hy- 
draulic conductivities of the silt loam and clay soil were 
11.8 and 55.6 mm h-I, respectively. When a tension of 
20 cm HZO was applied, the hydraulic conductivities of 
the silt loam and the clay soils dropped to 0.69 and 0.94 
of the reference values. When the silt loam and clay 
soils were exposed to 50 cm suction, the hydraulic con- 
ductivity dropped to 0.5 and 0.73 of the values at no 
tension, respectively. The silt loam hydraulic conductiv- 
ity was more susceptible to the effect of water tension 
than the clay soil. 

The low IR (Fig. 1) and low hydraulic conductivity 
of the silt loam suggests that its fraction of water-con- 
ducting pores was small and a higher soil water tension 
could develop before air penetrated the soil surface 
(Kemper et al., 1988). Thus, the more pronounced ef- 
fects of interrupted flow in the silt loam, compared with 
the clay soil, is explained by both a greater consolidation 
of the soil surface and a greater tension that can develop 
during the off period. 

Aggregate disintegration by fast wetting may have 
also contributed to the beneficial effect of interrupted 
flow in the silt loam. Rapid advance of the stream front 
increases aggregate disintegration and seal formation. 

Opposing Effects of htermpted Flow 
Applying flow in surges should have two opposing 

effects on IR: (i) water tension that is developed during 
the off period consolidates the soil surface and reduces 
the IR; and (ii) reduced intake leads to an increase in 
the hydraulic gradient in the soil profile, which in turn 
increases the IR (Izadi et al., 1990; Izuno et al., 1985). 
In our study the effects of interrupted flow on reducing 
the IR decreased with flow time (Fig. 1). Similar obser- 
vations were made by Izuno et al. (1985), who concluded 
from field data that the infiltration decrease with surge 
irrigation occurred in the first cycle only. No further 
reduction in infiltration rate was observed in subsequent 
surges of a given irrigation (Izuno et al., 1985). The 
disappearance of the effect of flow interruption on IR 
with flow time is explained by the fact that less water 
infiltrated during subsequent intempted flow. This is 
demonstrated in Fig. 2, where IR is presented as a func- 
tion of cumulative intake for both continuous and inter- 
rupted flow. Comparing IRs of continuous and inter- 
rupted flow for both soils at identical cumulative intakes 
(e.g., during the second minute of water application; 
Fig. 2) revealed that the intake rate in the interrupted 
flow treatment was smaller than in the continuous flow 
treatment. Conversely, in the third minute of water ap- 
plication, less water penetrated the soil in the inter- 
rupted flow treatment, and the effect of interrupted flow 
on intake rate became less pronounced in both soils 
(Fig. 2). The suction that developed in the interrupted 
flow treatment (due to the smaller cumulative intake) 
was high enough to cause an increase in the IR. Conse- 

a a y ~ l l  --esontmuous flaw 
u m 1 m p l c d  flow 

Stll loam --ceonsnuour flow 
+~-pted flow 

0 
0 ZM1 4W 6W 8W I WO 12W 

Cumulat~ve intake (mL) 
Fig. 2. Intake rate as a function of cumulative intake for the silt loam and day soil. The "I" on each e w e  indicates transition from Stage 1 to 

Stage 2 of the experiment. 
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quently, the IR in the interrupted flow treatment in- 
creased to a level similar to that in the continuous 
flow treatment. 

The favorable effect of interrupted flow in reducing 
the IR reappeared for both soils when flow rate was 
reduced (Fig. 2). During the continuous low flow (80 
and 100 mL min-l for the silt loam and the clay soil, 
respectively), flow was limited to the bottom of the rills 
as predicted by the Manning equation (e.g., Shainberg 
et al., 1994). This part of the rill perimeter was more 
affected by particle deposition and soil consolidation 
caused by the interrupted flow, and had a lower HC 
than the upper part of the wetted perimeter. Thus, con- 
centrating the flow in the bottom of the rill, where the 
effect of interrupted flow is more pronounced, caused 
the reappearance of the interrupted flow effect (Fig. 2). 

Effects of Soil and Flow Type 
on the Erosion Process 

Effects of continuous and intenupted flow on dl 
erosion rate for the silt loam and the clay soil are pre- 
sented in Fig. 3. For both soils, most of the erosion took 
place during the first 4 min (Stage 1 of the experiment). 
when high flow rates (240 and 320 mL min-' for the silt 
loam and clay soils, respectively) exerting high shear 
stresses (Shainberg et al., 1994) were used. In the control 

I 
I I I I I I 1 1 -  

12- 
a b Clay soil - - I I -  l o l n b u D u r h  - 

0 - m *  - 
0. 9 -  - - 
m 8 -  - 
e 7 -  - b - 
" 5 -  2 4 -  

- - 
3 - 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  

Cumulative fhw time (min) 
Fig. 3. Emsion n t e  s~ a h c l i o o  of cumulative Bow time for the day 

soil and silt loam at Stap 1 (a) and Stsgc 2 (b) ollhe experiment 
For a given cumulative flow time, and mthio a soil, b m  lnbeled 
by the same letter (lower care for the d a y  soil and upper care for 
the toes) do not differ sigrrifiatly at the 0.05 level. 

- 
Clay soil 

treatment (i.e.. continuous flow), rill erosion in the clay 
soil was one to two orden of magnitude greater than 
that in the silt loam (Fig. 3). 

The rill erosion in the two s o 5  can be compared, 
despite the difference in inflow rate (240 and 320 mL 
min-I), because runoff flows in the two soils were simi- 
lar. The IRs in the clay soil exposed to continuous flow 
during the second, third, and fourth minute of Stage 1 
were 145,105, and 90 mL min-' (Fig. I), which resulted 
in respective runoff flow of 175,215, and 230 mL min-I. 
Similarly, for the silt loam the IRs were 90, 65, and 55 
mL min-' for the second, third, and fourth minute of 
the first stage (Fig. I), and the correspndiig runoff 
flows were 150, 175, and 185 mL &-I. Runoff in the 
clay soil were only slightly higher than runoff from the 
silt loam, and a comparison between the rill erodibilities 
of the two soils was possible. The fact that under these 
conditions inflow rate and shear stress at the upper end 
of the flume were higher in the clay soil than in the 
silt loam cannot explain the observed differences in rill 
erosion between the two soils. Shainberg et al. (1996) 
used similar inflow rates and observed greater rill ero- 
sion in the clay soil than in the silt loam. 

The differences in runoff between the two soils could 
not explain in full the differences in rill erodibility of 
the two soils (Fig. 3). Thus, the higher erodibility of the 
clay soil was asmibed to the weak cohesive forces that 
existed between the aggregates (Shainberg et al, 19%). 
Aggregate stability increases with increase in clay con- 
tent (Kemper and Koch. 1966). Soils with high clay 
content, such as the one used in our study (Table 1). 
have stable aggregates and high interaggregate macro- 
porosity (Rengasarny et a]., 1984; Kay and Angers, 1999) 
leading to greater distance and fewer contacts between 
adjacent aggregates. The larger distance between azae- 
sates contributes to weak cohesive forces amone the " ., 
aggregates, which in turn makes the aggre, aates more 
susceptible to detachment from the soil surface. This 
may explain the higher erodibility of the clay soil com- 
pared with the silt loam. Our results seem not to agree 
with many observations suggesting that clay soils are 
less erodible than silt loams (e.g.. Lanen et al., 1991; 
Ben-Hur et al.. 1985). Studying the effect of clay content 
on crusting, runoff, and erosion in soils exposed to simu- 
lated rain, Ben-Hur et al. (1985) found that soils with 
20% clay were susceptible to crusting and that soils with 
higher clay content had more stable aggregates and less 
runoff and erosion. The low erosion in clay soils was 
because of low runoff. When soil erosion from two soils 
with similar runoff is compared. as in the conditions of 
this study, erosion from the clay soil may exceed erosion 
from the silt loam. 

The fmt flow interruption of 10 min sipnificantly re- 
duced the erosion rate of the clay soil compared with 
that obtained in continuous flow (second minute. Fig. 
3). This decrease in erodibility of the clay soil during the 
fmt flow interruption became even more pronounced 
during the subsequent surge cycles (Minutes 2-5, Fig. 
3). Four flow interruptions, each of 10 min, had a lasting 
effect on the rill erosion of the clay soil during the 
following 10 rnin of continuous flow (Fig. 3). In the 
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clay soil interrupted flow reduced cumulative erosion 
by 84% (Fig. 3): 

Rill erosion in the silt loam exposed to inflow of 240 
and 80 mL min-' was too small for accurate measure- 
ment, and for evaluation of the effects of interrupted 
flow on erosion (Fig. 3). Thus, a complementary experi- 
ment was performed. Following the continuous and in- 
terrupted flow in Stages 1 and 2, the miniflumes with 
the silt loam were exposed to an additional 3 min of 
continuous inflow of 320 mL min-'. Amount of erosion 
obtained in these last 3 min in the silt loam decreased 
from 42.6 g in the continuous flow to  7.6 g in the inter- 
rupted flow treatment. Evidently, the silt loam was less 
erodible than the clay soil, but when the silt loam was 
exposed to  high flow rate, interrupted flow reduced 
rill erosion to 18% of the erosion in continuous flow. 
Interrupted flow in the silt loam was as effective in 
reducing rill erosion as in the clay soil. 

The observed effects of interrupted flow on rill ero- 
sion can be attributed to two mechanisms that are active 
during flow interruption. First, the suction developed 
at  the soil surface during the off period pulled the soil 
particles closer together and increased the cohesive 
forces between the surface particles and reduced erosion 
rate (Kemper and Roseneau, 1984; Shainberg e t  a]., 
1996). Second, aging (four periods of 10 min) increased 
the cohesive forces between soil particles (Kemper and 
Roseneau, 1984). These authors postulated that slightly 
soluble components diffusing to  and cementing points 
of contact between particles were responsible for the 
bonding mechanism of the cohesive forces. Realizing, 
that net attractive forces acted between clay edges and 
clay surfaces, and also between clay surfaces with high 
charge densities, Shainberg e t  al. (1996) suggested that 
under conditions of high water content supplemented 
by an adequate aging period, clay to  clay contacts occur, 
and clay cementing was responsible for the development 
of a cohesive structure that resisted rill erosion. 

Interrupted flow reduced cumulative erosion in the 
two soils to <20% of the erosion in continuous flow. 
These results suggested that surge irrigation can be con- 
sidered as an effective management tool for the control 
of furrow erosion problems in surface irrigation. 

SUMMARY AND CONCLUSIONS 
Effects of interrupted flow on rill erosion and IR of 

a silt loam and a clay soil were studied. Interrupted 
flow reduced the IR in both soils compared with that 
obtained with continuous flow. This reduction in IR was 
more effective in the silt loam because of its unstable 
structure than in the stable structured clay soil. The  
effect of interrupted flow in reducing the IR decreased 
with increase in the number of flow cycles and depended 
on soil type. Interrupted flow consolidated the soil sur- 
face and reduced the depth of water that infiltrated. 
Eventually, the higher hydraulic gradient created by the 
interruptedflow (due to the reduced depth of infiltrating 
water) compensated for the consolidation of the soil 
surface, and the favorable effect of interrupted flow on 
decreasing IR vanished. 

Rill erosion in the clay soil was higher than rill erosion 

in the silt loam. However, interrupted flow reduced rill 
erosion in both soils and to a similar degree. Flow inter- 
ruption reduced rill erosion to 16 and 18% of the rill 
erosion in continuous flow for the clay soil and silt 
loam, respectively. 

Our results show that, unlike many studies have 
shown for interrill erosion, rill erosion is higher in clay 
soil than in silt loam. However, the results also suggest 
that interruption of flow might be considered as an 
effective management tool in surface irrigation to en- 
hance infiltration uniformity and for the control of fur- 
row erosion in the two soil types. 
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WATER QUALITY AND SODICITY EFFECTS O N  SOIL BULK 
DENSITY AND CONDUCTIVITY IN INTERRUPTED F L O W  

G. J. L g ,  N. ShdrsheLewl, and G. L. Zhuravsbya' 

Interruption of now during furrow irrigation (e.g., use of surge tech- 
nique) consolidates soil near the furrow surface, causing reorientation 
and rearrangement of soil particles, and leads to increased surface bulk 
density (BD) and reduced hydraulic conductivity (HC) of this surface 
layer. We hypothesized tbat soil consolidation could be affected by irri- 
gation water quality and soil sodicity. We studied in cbe laboratory 
changes in rhe BD b d H C  of an &sol (Calcic Haploxeralt) and two ver- 
tisols (Chromic Haploxererr) having different exchangeable sodium per- 
centage (ESP) levels that were subjected to five cycles of leaching and 
draining under rnatric potential of up to -5 J kg-'. Four different water 
qualities (electrical conductivity. (EC) of 0.01, 0.95, 2.0, and 4.0 dS m-') 
were tested. Final BD was significanrly~greater than the initial value when 
rnatric potential was applied. Conversely, for continuous leaching (i.e., 
no application of matric potential), difEerences becween h a l  and initial 
BD were insignificant. Water quality and sodicity did not afiect BD, sug- 
gesting that f o r a  given soil exposed to a low level-of rnamc poten$al,. 
soil consolidation was not affected by water quality orESP.,F*al HC ,d- 
ues were always lower than initial ones, with the decrease &I HC after ap- 
plication of rnatric potential being by far greater than that observed when 
continuous leaching was used. The decrease in HC relative to inidal KC 
depended on both water quality, and soil sodicity, was greater with the 
decrease in water EC and an increase in ESP. Adverse effecu of low EC 
and high ESP on HC were less pronounced in matric potential applica- 
tion than in continuous leaching. Our results suggest tbat the quality of 
water available for irrigation and soil sodicity should be &en into ac- 
count in cases where interrupted flow is considered for improving fur- 
row irrigation e5ciency via reducing soil intiltration rate. (Soil Science 
2002;167:692-700) 

Key words: Interrupted flow, bulk density, hydraulic conductivicy, 
conductivity, sodicity. 

W A C E  irrigadon is che most common uri- rid to reduce i d t n d o n  nte (R) and impmbr 
wnon pncuce worldwide, but irs water use efiiciency ofruriace irrigation by incinsing %Ed so 

efficienq-blow (Woken. 1992). Interrupted ir- water xpplicadon uniiormiry. In spice of much 
rigadon, which is che intermittent applicadon of research (Izuno et d., 1985;JaM-Fr- +c 4.. 
irrigation water during che advancement ruse of 1993: Kernper er d.. 1988; S a n m i  et 2.. 1985; 
h m w  irrigadon (Smngham. 1988). has poten- Trout, 1990). c!e pmccsses inwived in inter- 

rupted Bow ~IX sd not m y  undesrood md irs 
-., hr Ow- m). nc V- eifecrs on IR .ue diEcult to pc=dic: 
C-, & D- 1v.d &. M S i m  5- Three basic phenomena have been idenciEed 

d ~ d .  was ,d ~ m . a m 4  m, V- -. during interrupdon o i  flow: (i) wlre: redkrrlhu- 
PO. ~ o .  6. &I D ~ W  smsa 1~4. b. io* i, <.=,--A, ..b. E.*.L don in che soil pm6le. (i) air tccapmecc. sad 
d . . r r . n a i  (iii) consoL&don oiroil near L!C tixmw s ~ c c t .  
' h t o d r  ud Rocah i n m c  d h a m .  &hh& K(nmum. During interruption oiKter applica5oo. r%rer 
Rxad hd 11. PCOP- a& J L ~  3. m. dniage into underiying dry roil ~^ld mokexe 
W: IO.ICP~IOI . ~ , . ~ ~ ~ ~ s o . ~ u P . P P  cedisuibution mult in che developmem oiceg;- 
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tive pressure (suction) near the soil surface. T h  
negative pressure increases capillary forces that 
pull water into the soil during the next flow pe- 
riod (Samani et al., 1985), and should increase. 
IR. It has also been recognized thac development 
of negative pressure in the soil surface during 
flow interruptions, consolidates soil near the fur- 
row surface, increases surface bulk density, and re- 
duces hydrauhc conductivity (HC) of thir surface 
layer. Furthermore, upon rewetting, signif~cant 
trapping of air may occur in the soil surface layer 
(Jalali-Farahai et al.. 1993). Thus, this thin layer 
can have a significant effect of reducing water in- 
filtration in succeeding irrigation evena (Izuno 
et al.. 1985;Jalali-Farahani et a l . .  1993; Samani et 
al.. 1985). 

Reported changes in H C  due to consolida- 
tion vary. Samani et al. (1985) studied in the lab- 
ontory changes in H C  and bulk densicy (BD) of 
four wetted soils subjected to a series of matric 
potentials. In all solis, H C  decreased and BD in- 
creased with an increase in matric potential. 
Magnitude of changes in H C  and BD resulting 
h m  consolidation of previously wetted soil de- 
pended on matric potential gradient and varied 
among soils (Sarna~ et al., 1985). 

Saleh and Hanks (1989) tested in the field 
surge type flow in three soils, two ofwhich, Nib- 
ley silty clay loam and Milvde silt loam, had been 
also smdied by Samani et al. (1985). Saleh and 
Hanks (1989) reported consolidation and. a sig- 
nificant reduction in H C  following 30 min of 
drainage in the coarse-textured Millville soil, and 
no consolidation and a nonsignificant reduction 
in H C  in the fine texmred Nibley soil.An oppo- 
site phenomenon with regard to consolidation 
and soil CeXNre was found by Jalah-Farahani et al. 
(1993).They noted that consolidation due to ma- 
tric suction was nearly five times greater in the 
tine-textured Greeley soil than in the sandy 
Poudre soil. Jalali-Farahani et al. (1993) concluded 
that consolidation could not be the dominating 
factor reducing I R  in coarse-texmred soils sub- 
jected to wetting and 9aining cycles (i.e.. simula- 
tion for incerrupced.'tlow). Jaldi-Farahani et al. 
(1993) Further suggested that air entrapment dur- 
ing rewetting of drained soils could explain ob- 
served expansion in the Poudre soil and preven- 
tion of its consolidation in the subsequent 
draining evenc. However, effect of soil expansion 
on soil permeability was not clear; permeahhty 
could increase due to the increase in void space, 
or decrease due to entrapped air. 

Soil HC, whether of the soil profile or the 
upper soil layer ( i t .  as in crusted soil), is strongly 

affected by electrolyte concentsation of the soil 
solution and sodicicy of the soil (Shainberg and 
Levy, 1992. and references cited therein). The 
lower the concencntion of the elecmlytes and the 
higher the exchangeable sodium percentage 
(ESP), the lower the HC. Clay swelling and dis- 
persion have been idended as responsible for sod- 
icity and salinity related decreases in H C  (Qui~k 
and Schofield. 1955). These mechanisms reduce 
H C  by narrowing and/or blocking conducting 
pores, and by aggregate destabilization. 

soil consolidation is the heoilapse of pore chan- 
nels by macric forces whch develop in a draining 
soil, followed by reorientation, rearrangement, and 
deformadon of.soil particles. Soil consolidation is 
commonly characterized by an increase in BD and, 
changes (usually a decrease) in HC. We hypothe- 
size chat soil consolidation duringcycles of wetting 
and draining under macric potential could be af- 
fected by the level of elecmlytes in irrigation wa- 
ter and ESP ofthe soil. Effects of water salinity and 
soil sodicicy could also explain some of the varia- 
tion reported in the litenmte,. with regard to ef- 
fecu of macric potential on HC. The objective of 
the current smdy was to investigate effects of elec- 
mlyte concenmtion in irrigation water,and soil 
sodicicy on soil consolidation as represented by 
changes in BD and H C  during cycles of irrigation 
and draining under macric potential in arable soils. 

MATERIALS AND METHODS 

Soilr 

Two soil types were chosen for this <oldy 
aiilsol (Calcic Haploxeralf) from Beer Sheva. 
northern Negev: and two verdsols (Chromic 
Haploxerert), one from Hafetz-Haim a n d  the 
other From Qedma, the northern part of the 
Pleshec Plain. Israel. Samples &om alfisol Beer 
Sheva and vertisol Hafetz-Haim were taken from 
two adjacent fields in each location where field 
crops were grown, one horn a field irrigated with 
fresh water (low ESP) and the other from afield 
irrigated with treated waste water (medium 
ESP). Samples from vertisol Qedma were taken 
from a nin-fed cultivated field having namrdy 
occurring high ESP. Selected physical and chem- 
ical soil pmperties, determined by standard ana- 
lytical methods (Klute, 1986; Page et al., 1986). 
are presented in.Table 1. . . 

Experimental Procedures 
EEeccr oFmatric potential ;hat develops dur- 

ing off-time in interrupted flow on BD and HC 
were determined in the laboratory using a proce- 
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TASLE 1 

Some h i e  ph~iczl  and ch&d prnperc- or =oil% uud' 

Puaclc-iirc dirmbucon 
Sod cypc Ckicadan Locadoo CEC ESP GCO; 0.M 

Cl." Cil. Clnd 

---- g kp-'- csol ,  b-' X X 
Al&ol Cddc H a p l o z d  Bccr S h m  23.' 166 MM 14.9 2.7 18.2 1.2 

215 i65 610 16.4 6.5 :8.r 1.2 

Vemrol Typic kplozcen N e a - H i m  419 131 450 33.2 1.9 11.5 L7 
375 IS0 475 31.0 5.0 9.?2 Zl 

Qcdm 550 200 250 41.6 12.0 13.0 @.% 
MM 188 212 49.4 20.0 12.7 0.97 

'CEC = cadon u c h m g c  capacity; ESP = exchngezblc d u r n  pccccnmgc:OM = o- W r .  . . 

dure similac to that of Samani et al. (1985). Air- 
dried soil samples, crushed to pass through a 1 .O- 
m sieve. were placed in 6 5 - m  i.d. vemcally 
sided funnels 6tted with a &xed disk that had a 
nominal ~~lkdmum pore size of 40 to 60 pm. 
Prior to-placing a sample in the funnel, the disk 
was saturated &om the borrom using a p&isnlti~ 
pump at a wetting rate of 14.5 m h-'.After sat- 
urationof.che disk, the sample (100 g) was gently 
packed and smoothed in the fumel. Initial aver- 
age height of dry samples was 2.6 for the alfisol 
and 2.8 cm for the verdsok (Haferz-Haim and 
Qedma). Saturation of the soil sample war ob- 
tained by wetting it h m  the bottom at a rate of 
30.1 mm h-I. After saturation. initial saturated 
soil height was measured and BD calcuhced. 
Thereafter. the sample was le~ched h m  the top 
of the funnel with a consunt head device. Hy- 
draulic head was maintained at 4.5 J kg-' result- 
ing in hydraulic gradients of 16.7, 15.0, and 13.6. 
for alfisol, vertisol Hafeu Haim, and verrisol 
Qedma, respectively. Leaching lxted for S min, 
durine which drainaee water was collected and - - 
its volume recorded. After determining saturated 
HC, the sample was allowed to dnin until Gee 
water rmched the soil surface. The  soil was then 
further d+&d by applying a macric potential of 
-1 J kg-'. This was obtained by lowering the 
water column connected to the bottom of the 
Funnel so that the menkcus in the pipette (at- 
tached to the &in tube) was 10 cm below the 
surface ofthe sample. Drainage under matric po- 
tential was applied for 6 min. At the end of the 
draining process,sample height was measured and 
BD calculated. Therealter, the soil sample was re- 
saturated by applying water b m  the bottom us- 
ing the same water quaiicy and wetting rate as be- 
fore, and new saturated H C  of the sample was 
measured. These steps were repeated five times, 
and manic potential was increased each time by 

- 1 J kg-' und  it reached -5 J kg-I. The con- 
trol rreacment comisted of leaching &e =p!e 
for 30 min at zero mamc p o t e n d  (i.e., no appti- 
cation of suction). O u d o w  volume and soil %am- 
ple height were recorded every 5 min for decei- 
mination ofBD and HC. 

Four water qualida &fierig in saliricy were 
studied. Elecmcal conductivity (EC) of&e ware: 
used was 0.01. 0.95.2.0, and 4.0 dS rn-I, repre- 
sendng distilled water. u p  ware:, saline water of 
low salinity, and saline w t e r  of high saiiniry. re- 
spectively.Sodium adsorption ratio (SAR) ofeach 
of the water types was adjusted to equal the ESP 
of the soil under study. Sodium chloride (XaCi) 
and calcium chloride dihydnte (CaC17-%0) - - 
were' used to prepare the solutions. 

Each umanent (i.e.. conml or ma&c poten- 
dapphcation X water quahty X soil rlpe X soil 
rodiciry) was duphcar6d. CoeEcient o i  variation 
oiBD or HC &m. benueen replicates was <Im. 

R E S W S  AND DISCUSSION 

Examples ofchanga in BD and MC for the 
conml maanent (i.e.. when no mamc potential 
was applied; herein referred to as continuots 
leaching us. interrupted aow combined wit!! aap 
piication of marric p o t e n d  are ?resented in Fig. 
1 and 2. Chansec in BD and H C  oivexisoi H=>a 
Haim with.ESP 5 subjected to continuous ieach- 
ing with &tilled water showed a slight - ? m e  I .?I 

BD h m  1.02 to 1.04 g cm-'.and a moderate de- 
crease in HC h m  an i n i d  d u e  oiS.70 c, h-' 
to 3.20 cm h-' (Fig. l).When lacbing i- inter- 
rupted by mauic p o u n d  appliation. BD %- 
creased with evev i n m e  k m a & ~  p o t e n d  
(Fig.2).Some swelling war noted upon re-wetting 
at each step, but this re->welling did nor SFng the 
soil back to its previous h e i g h ~  thus S D  it the enO 
of re-saturation was higher chm BD at the previ- 
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Fig. 1. Changes in hydraulic conductivity and buh den- 
sity for continuous leaching (i.e., no matric potential ap- 
plied) with distilled water in venisoi Hafetz Haim with 
ESP 5. Ears indicate 2 SO. 

ous step. Furthermore. application of matric po- 
tential caused also a sharp decrease in H C  to about 
one-quarter of the initial H C  (Fig. 2). Similar 
trends were noted in other sods and aeatments 
(data not presented). 

Resulu of initial and final BD for the various 
veatmenrs are presented in Table 2. Final BD 
data refer to data measured at the end of 30 min 
of continuous leaching or after applied matric 
potential reached -5 J kg-'. Note that for altisol 
with ESP 2.7 data for saline water oflow salinity 
(!5C = 2 dS m-') and of high salinity (EC = 4 
dS m-1) were similar and hence only those for 
the low saliniry are presented. In addition, in ver- 
&sol Qedma, use of distilled water led to a com- 
plete bloclang of the soil column due to sever 
swelling, and no measurement of H C  could be 

made; hence, BD data for this treatment are not 
presented. 

For continuous leaching, diflerences between 
final and initial BD were insigmficant; however, a 
trend was noted whereby final BD was consis- 
tendy higher than initial BD (Table 2). For con- 
tinuous leaciung, BD was assumed to depend on 
two opposing mechanism: clay welling and hy- 
draulic gradient. Clay swelling leads to a decrease 
in BD, especially in the vertisois with high clay 
content (> 40%). Conversely, subjecting clay to 
high hydraulic gradient may cause its compres- 
sion (Kemper et al., 1972) and a subsequent in- 
crease in BD. Moutier et al. (1998) reported chat' 
a hydraulic gradient of 12.7 led to a significant 
compression of a vertisol. In the current study, a 
hydraulic gradient 2 13.6 was maintained. sug- 
gesting that some compression of the soil column 
could have t k e n  place. The fact that no signifi- 
cant changes were noted between initial and final 
BD (Table 2) indicated that the two opposing 
mechanisms (i.e., clay swelling and hydraulic gra- 
dient) had sirmlar effects on BD. thus canceling 
each other out. It could be argued that neither 
mechanism operated. However, the fact that final 
BD was consistently higher than initial BD and 
evidence in the literature as to clay swelling in 
our particular soils (Sijacobs et al., 2001) sup- 
~ o r t e d  our conclusion chat these two mecha- 
nisms dected BD in a similar m a p t u d e  but op- 
posite direction. 

In the matric potential application treatment. 
fmal BD was, as observed in previous studies 
(e.g., Samani et al.. 1985), significantly higher 
than the initial one (Table 2); The significantly 
higher final BD values compared with the initial 
ones clearly demonstrated that application of ma- 
tric of -5 ]kg-' was effective in con- 
solidating the soil and increasing its final BD. T h s  
manic potential was s i d r  to the mattic poten- 
tiai developed under field conditions during 20 
min of flow interruptions (Kemper et al.. 1988; 
Trout. 1990). 

In order to evaluate specific effects of water 
qud ty  and sodiciry on BD under conditions of 
continuous flow or application of matric poten- 
tial, we calculated the ratio of final BD to i b  re- 
spective initial value, termed relative BD. As ex- 
pected, higher relative BD values were noted in 
all soils when matric potential was applied com- 
oared with continuous leachmg (Fim.3 and 4). - .  - 
Simiix relative BD values were obtained for the 

Fig. 2. Changes in hydraulic conductivity and bulk den- alfsol and ver&sol Haim (ditferent soil 
siiy when matricpotential was applied in vertisol Hafetz 
Haim with ESP 5 leached with distilled water. Bars indi- types but with s i d a r  ESP levek). Clay content in 
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TABLE I 
E%ecrr oiroil rypc. radiciq, md wucr q d q  om soli bvlk dcnricy 

Soil qpc ESP Wxcr qurliq . Mmic p o t s n d  apptiunon C ~ n m ~ o w  !ciiCii1L-< 

Inid BD ~ r u l  ao I a i d 3 D  F d 9 D  

dS rn-' 3 cm-J g cm-' 3 0-' 3 - 4  
Alfirol 2.7 0.01 1.19 1.29 1.19 1.23 

0.95 1.17 1.28 1.19 !.?O 
2.0 1-19 1.29 1.!9 1 M  

6.5 0.01 1-15 1.27 1.15 ?.15 
0.95 1.09 1.19 1.11 1.13 
2.0 1.10 1.21 !.I> L.i3 

LSD (0.05)g 0.049 0.031 
v-01 1.9 o.oi 1.01 1.09 1.01 1.02 

Hrfccr-Hm 0.95 0.96 1.05 0.98 l.M 
2.0 1.03 1-05 1.01 1-02 
4.0 0.99 1.04 I M  1.01 

5.0 0.01 1.02 1.11 1.02 I .@ 
0.95 1 .W 1.10 1.01 1.02 
2.0 1 .M 1.12 1.03 1.05 
4.0 1.02 1.11 1.02 1 .03 

Vcrdrol Qedmt 12 0.95 0.91 1.E 0.91 0.93 
2.0 0.92 1.04 0.93 0.9.C. 
4.0 0.93 1.05 0.95 0.96 

,. 20 0.95 0.86 0.96 0.86 0.87 
2.0 0.87 0.99 0.39 0.90 
4.0 O.W 1.01 0.91 0.92 

LSD (0.05) 0.026 0.024 0.023 0.OZS 
LSD (0.05) 0.041 0.029 

tL-c ngnificmr diffcrrnce lor -men= (ESP X M w r  q d r y )  lor a given roil rypypc 
:Lntr tignifiunt lor i n i d  urd b d  HC lor a given soil rypc. 

the alfiuol (Table 1); therefore, based on che resuln 
of Jalali-Farahani et al. (1993) for a soil with a 
simiku texture, verdsol Hafez Haim ex- 
pected to be more vulnerable to consolidation. 
However, the &ol had a considerably higher 
silt-to-clay ntio and half che amount of o w c  
maner content than h e  verdsol Hafeu Haim 
(Table I), thus suggesting a weaker srmcture.Soils 
wich weak structure were considered more sus- 
cepdble to consolidation ban  soils with a suble 
structure (Mullins, 1999). The similar increase in 
BD in rh< alfuol and verdsol H d e u  Haim, and 
thus che similar degree of consolidation, could be 
explvned by the opposite effecn of clay content 
and structural subilicy on soil consolidation. 

In che alfisol, electrolyte concentradon of the 
leaching solution and soil ESP had no egect on 
relative BD, irrespective of whecher mauic po- 
tential was applied or not (Fig. 3). In the verdsol. 
sirmlar to allisol, electrolyte concentndon of the 
soil solution and sodiciry did not affect relative 
BD when condnuous leaching was applied (Fig. 

43). When manic potendal was applied. relative 
BD within a given ESP was similar for h e  &-er- 
ent electrolyte con~enuations used (Fig. Cob]. 
However. a trend was noted whereby relaubx BD 
in the vercisol Qedma with ESP 12 arid 20 y.= 

higher than that in che verdroi Haiicr tOim with 
ESP 1.9 and 5 (Fig. 4b). This obsemtion could 
be ascribed to che fac; h a t  the higher *.e so3 
ESP che weaker in srmcturr; thus che W t e r  in 
tendency to consolidate and yield higher BD. 

Resulo of i n id  and Knal H C  ior rhe bz-iolrr 
crearrnenn ace presented in Table 3. Si& ro 
BD, final H C  &ca refer to &a mearured at &e 
end o i  30 min condnuous 1ac:hing or a&er ap- 
plied matric p o t e n d  reached -5 J 'kg-:. F i d  
HC d u e s  were always lower than in;d cnrr 
(Table 3). The decrrve in H C  in condnuous 
flow was ascribed to clay swelling, while in thc 
mr r i c  p o t e n d  applicxion m c . e n c  t y.as -IS- 

cribed co soil C O N O ~ ~ & ~ O I I  supplcincnted by chy 
swelling. In order to qu&udveiy =as the eEecn 
clay s w e b n ~  and consoii&tion on e.e c : h . ~ s  



Alfisoi was simdar among the various water qualiv and 
EC (as m' i  sodicity levels. Hence, the observed differences 

a) Continuous leaching si:;: among AHC d u e s  could be ascribed to effects 

s eao of water quality and sodicity on clay swelling 
m 4.00 rather than on soil consolidation. 

The ratio of h H C  for matric potential appli- . . z ., 
9 

cation (AH&) Eor a given matmenr to that for 
m 100 
> .- - continuous Leaching (AHCc) of the same treat- 
- menr showed the m a g n i ~ d e  by which the de- ; 0.95 crease in H C  for matric potential application was 

0.90 greater than that for continuous Leaching. The 
2.7 6.5 hipher this ratio. the erearer the effect of consol- ~- D~ -- ~. - 

idation on decreasing HC. The data presented in 
'.'5 1 b) Matric potenrial appricatian Fim. 5 and 6 show that, in general, the ratio of 

> g 3 10 
C 
m 
'J 
g 10s 
3 
D 

: - 1w - - 
2 aas 

a 90 
2 7  

ESP 

AHC,IAHC~ increased wih an increise in the 
EC of the applied water and a decrease -in soil 
ESP. Thus, under conditions where clay swelling 
was limited (i.e., h g h  EC and/or low sodicity), 
the impact of soil consolidation on H C  was 
greater than that for conditions favoring clay 
swelling. These observations could be explained 
as follows. At high salinity and/or low sodicity, 

5.5 

F:q 3. Relauve o ~ t k  cennli? n attisol as d hncuon of ex. 
cnanqemle rooicrn percmtage (ES?) an0 darer qudllw 
for a)  continuous leaching (no rnawic potential applica- Vertisol 
tion), and b) rnatric potential application. Bars indicate 
1 SO. a o . o r  

a 0.95 
R zaa 

From initial to final HC, we expressed this change ~ z g 4 . a o  

in H C  (AHC) as a percentage of initial HC: 

AHC = 100'(1nicial HC-Final HC)/lnitial HC (1) 

Resulu for continuous leaching and the matric 1.9 5 12 20 

potential application treatmenu arc presented in 
Table 3. As expected, and as noted in the exam- 
ple of vercisol Hafetz-Haim (Fia. 1 and 21, AHC - 
In the matrlc potenual apphcanon was by far 
greater than thdc In conunuous leachng (Table 
?\ -,. 

The data in Table 3 also indicate that AHC 
depended on water qpality and sodicity Level not 
only in condnuodleaching (as expected), but 
also in the matric potential application treammc. 
Within a soil type, the level of AHC for matric 
potential applicxion increased with an increase 
in soil ESP and a decrease in che EC of the ap- 
plied water (Table 3). For macric potential appli- 
cadon in a given soil cype, similar BD values were 
noted for the diierent levels of water quality and 
sodicicy (Figs. 3 and 4). It is postulated, therefore, 
chat within a soil type, degree of consolidation 

ESP 

Fig. 4. Reiatlve bulk density in vertisol as a iunction. of. ex- 
changeable sodium percenta3e (ESP) and water quaiit! 
for a) continuous ieaching (no matric potential appiica- 
tion), and b) matric potential appilcation. Bars indicate 
one standard deviation. 



TABLE 3 

Effects of $02 wc. radidv, and wrm q d w  om mil hvdndic mnducjvirv . . . . 

Soil rypc ESP Wzrei 
iLOaic p o r m d  apphucon Coadn~:ous !a* 

¶U&V l a i d  HC Find HC 4HC l a i d  HC FNii'C I%C 
dS m-' cm h-' on h-1 % or. b-' an 5-' SC 

AlEuol 2.7 0.01 1.90 0.50 73.7 2.59 262 "0 
0.95 2.61 1-18 54.8 2.64 2% 1d.G 
2.0 2.48 1.04 58.1 2.48 L18  12: 

6.5 0.01 1.94 0.33 83.0 1.82 1.09 ./-* rO.1 
0.95 3.72 1.69 54.6 3.87 3.04 21.: 
2.0 3.51 1.61 54.1 3.22 2.53 i t 1  
4.0 3.37 1.72 49.0 3.21 2.76 3 . 0  

LSD (0.0S)t 0.581 0.380 0.477 0.227 
LSD (0.05); 0.509 0.099 
Vemral 1.9 0.01 7.88 3.36 57.4 9 3 5  7.03 2e.8 

n+fm-HUm 0.95 ' 8.43 5.56 34.1 8.81 7.85 10.9 
2.0 9.30 6.54 29.7 9.10 8.38 7.9 
4;O 9.04 7.49 17.1 9.09 8-63 5.1 

5.0 0.01 4.75 0.94 80.3 4.69 3.20 31.8 
0.95 7.70 3.94 48.8 7.93 7.02 11.5 
2.0 8.10 4.80 40.7 7.84 6.88 !LZ  
4.0 7.65 4.14 45.9 8.76 7.92 9.6 

Vcmrol Qcdmr 12 0.95 3.97 1.33 66.5 4.41 3.01 31.7 
2.0 4.30 1.54 64.2 4.40 3.44 21.8 
4.0 4.12 1.59 61.5 3.77 2-97 21.3 

20 0.95 1.79 0.42 76.5 1.64 0.95 j0.6 
2.0 2.78 0.78 71.9 2.82 1.92 31.9 
4.0 3.77 1.39 63.1 3.01 2.35 2 . 9  

LSD (0.05) 0.730 0.561 0.785 0.697 
LSD (0.05) 1.290 l.+i3 

tLar  ripnifiunr difiemncc for uoncnrr (ESP X wer q d r y )  for 2 given roil rypc. 
fL- sign&-r difference for inifid md M HC for a given roil cpe. 

AHCM/AHCc &o compared with that ob- 
rained for conditions of high salinity and/or low 
sodicity (Figs. 5 and 6). 

Out observations show &at soil consolidation 
resulted in a si@icanr decrease in HC. These ob- 

AHC in continuous leaching war in most cases 
< 25% (Table 3). suggesting that welling was 
limited. leading m a small reduction in the ssize of 

Fig. 5. The ratio of decrease in hfdraulic condutkiwf~ 
rnatric potential a p p l i c a b n  to me decrease in hl- 
draulic conductivity fw contimxxs leaching :YK j 
AHC,) in alhscl as a W o n  of he elecaical c&um- 
iry of the water used. 

the wdter conducting pores. In manic potenrial ,, 
application, to chanse &om degree that of noted swelling for.continuous was not expected flow, 

,, e. : 
thus welling remained limited. However, because L9: 
of soil comoli&tion, avenge pore size decreased. s6- 
and the e&cu of swelling on hrcher narrowing -. 
water conducting pores and reducing HC war 3 Lo- 
now gteater; consequently, the ratio of 4HC,/ t , 

-ifP27 -;?:, 
AHCc was high ((Fig. 5 and 6). Converseiy, at 

z ' .  /* AHiscl low salinity and/or high sodicity, AHC in con- .,+ . 
dnuous leaching was already high (Table 3). indi- '7 cadng disdnct swelling.The conuibution of con- ,5 . , 

solidation to W e r  reduction of pore size was 001 ass 2 

thus of lesser importance, leadins to a lower 3ec~imaomrtmm: 
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the decrease :in water EC and in ,increas.z!& 
vsnio01 / ESP. Cornoarison ofthedecreasein HCfortna- 

tric potentk  ipplcatio,ri'for a givea:%easerit to 

3.9- the decrease in H C  For iodtinubui q&kmg 
$. 3 .8 -  showed that conditions favoring cby swelliLg 
9. 3.3- o , , (i.e., low EC G d h i g h  ESP) ,., &sl ted  . . .~ .. in ... . c r w e r  , . 
$ Z.O: . ~ l a $ v ! -  dy?~r@ .%C: ~&i?!?%%?A-,?hrr~ 
. 27-  . . ... clay sweLL.g:was~).qte,dS~gE...E$...apd;~o~$SP3. 

/ . /  In surface irrigatio~.,:use.of :&tekupte&l8ow. 
21 A /  ( e .~ . ,  surqe technique), dul'ing. the advabcekent 

4 

0.01 a% 2 1 
. . 

EiecMsal conductivity (ds  m') 

Fig. 6 .  The ratio of decrease in hydraulic conductivivfor 
rnarjc potential application to the decrease in hy- 
drauiic conductivity for continuous leaching (AHCJ 
AHC,) in vertiroi as a lunctlon of the electrical conduc- 
tivity of the water used. 

servations agreed with the results reported by 
Samani et al. (1985) and Jalali-Farahani et ai. 
(1993) for medium- and fme-textured soils. Con- 
venely,ou observation did not agree with those 
of Saleh and Ha& (1'989), who did  not observe 
an effect OF consolidagon on H C  in a fine-cex- 
cured soil. In addition, we also noted that the mag- 
&de of the decrease in H C  depended on .. -tit. . .:. . 

and soit sodiciey. via their effect.on..cIay . . . . . . . . 

sweUing.A leser decrease in H C  was noted under 
conditions favoring clay swelling (i.e.. low E C  
andlor high sodicity). 

SUMMARY AND CONCLUSIONS 

We studied the effe=cs of water quality and 
sodcity on B D  and HC in continuous leaching 
and marric potential application (simulating con- 
ditions leading to so& consolidation in interrupted 
flow). For continuous Leaching, Werences be- 
tween find and intial BD were insignificant. Con- 
versely, final BD was sigruflcantly higher than.he 
initial one when matric potential was applied, in- 
dicating char the soil c o l u m  consolidated upon 
subjecting it to macric potential. Water quality 
and sodicity did not atTec; BD and hence soil 
consolidation. Final SC d u e s  were always lower 
chan initial ones, w':th the decrease i n H C  after 
application oC rnatric potential being by Far 
greater than that observed when continuous 
leaching was used. This observation emphasized 
the significant negative impact of soil consolida- 
tion on KC. Unlike BD,.the decrease in. final H C  
relative to initial H C  depended on  both water 
quality and soil sodicity, tending to increase with 

. - . 
stage oChrrow irrigation;has the:pocentiaL t a  re-- 
duce iddtration n te  andLripm?<irrigation!e5- 
ciency: The reduction id, idifration' rat%-:i9,& 
cribed to soil consolidation a t  the soil &itface 
during Row interruptions. Our resula suggest 
chat the quality of water availablefor irrigation 
and soil sodicity should be taken into account in, 
cases where interrupted Row isconsidered for 
improving furrow irrigation efficiency via reduc- 
ing soil intiltradon rate. 
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Appendix 4: Sodicity and water quality effects on intake rate and rill erosion in 
interrupted flow 

N. Sharshekeev, G.L. Zhuravskaya and G.J. Levy 

ABSTRACT 

The efficiency of surface inigation is low because of poor field uniformity, higher 
intake at upstream end and slow intake at the end of the field. Surge irrigation, the 
intennittent supply of water to furrows, generally reduces soil intake rate (R) and 
improves moisture uniformity over the entire field. However, IR varies from one 
inigation scheme to another, it depends on soil and water properties and is difficult to 
predict. The effect of water quality and soil sodicity on IR and soil loss from short 
rills was studied in an alfisol and a vertisol using miniflumes under intermpted and 
continuous flow. The infiltration 'rate was more sensitive to the sodicity of the soil 
than to the electrolyte concentration. The results showed that: (i) intermpted flow 
reduced soil loss in the vertisol and had small effect on soil loss from the alfisol, (ii) 
intermpted flow reduced IR in both soils compared with that obtained in continuous 
flow; this reduction in IR was more effective in the alfisol than in the vertisol, and 
(iii) the effect of intermpted flow in reducing the IR depended on application of 
water quality mainly in the vertisol soil. 



Introduction 
Interrupted irrigation (also termed surge irrigation), the intermittent 

application of surface irrigation water (Stringham, 1988), has been proposed as a 
potential alternative to overcome low water use efficiency, -45% (Wolters, 1992), 
commonly found in traditional surface imgation. Surge imgation may increase 
uniformity (and thus efficiency) of surface irrigation application by: (i) increasing the 
advance rate, which decreases cross-field differences in infiltration opportunity time; 
and (ii) decreasing intake rate (R) at the upstream end of the furrows to compensate 
for longer infiltration opportunity times at these locations (Kemper et al., 1988). 
Numerous studies were devoted to surge irrigation (e.g., Izuno et al., 1985; Samani et 
al., 1985; Kemper et al., 1988; Trout, 1991), yet the processes involved in interrupted 
imgation are still not fully understood and its effects on IR are thus difficult to 
predict. For instance, a recent laboratory study has shown that effects of interrupted 
flow on decreasing IR depended on soil type, the decrease in E was greater for a silt 
loam than a sandy clay (Sijacobs et al., 2001). Conversely, interrupted flow reduced 
rill erosion in both soils to a similar degree. 

Three basic phenomena have been identified during interruption of flow: (i) 
water redistribution in the soil profile, (ii) air entrapment, and (iii) consolidation of 
soil near the k o w  surface. During interruption of water application, water drainage 
into underlying dry soil and moisture redistribution result in the development of 
negative pressure (suction) near the soil surface. This negative pressure increases 
capillary forces that pull water into the soil during the next flow period (Samani et al., 
1985), and should increase IR. It has also been recognized that development of 
negative pressure in the soil surface during flow interruptions consolidates soil near 
the furrow surface, increases surface bulk density, and reduces the hydraulic 
conductivity and the IR of this surface layer. Furthermore, upon rewetting, significant 
trapping of air may occur in the soil surface layer (Jalali Farahani,et al., 1993). Thus, 
this thm layer can have a significant effect of reducing water infiltration in succeeding 
imgation events (Izuno et al, 1985 Jalali Farahani et al., 1993 Samani et al., 1985). 

An additional important mechanism which may affect IR during flow 
interruption is furrow erosion and subsequent depositional seal formation. Furrow 
erosion, and particle transportation, deposition and rearrangement may significantly 
reduce water IR by decreasing the permeability of the surface layer (depositional seal 
formation). Trout (1991) observed a 50% reduction of infiltration during interrupted 
irrigation because of depositional seal formation in the Portneuf silt loam soil. 
Shainberg and Singer (1985) observed that depositional seals reduced the rate of 
water penetration by 1-2 orders of magnitude. 

The response of soils to saline and sodic conditions has been summarized in 
numerous reviews (e.g. Shainberg and Letey, 1984; Sumner and Naidu 1998; Levy 
1999). These reviews demonstrated that soil properties (e.g., soil texture, clay 
mineralogy, pH, sesquioxide content, lime, and C02 concentration) affect the 
response of soils to saline-sodic conditions. Soils with high clay content, high portion 
of 2:l clay minerals, high pH, and low sesquioxides content were found to be 
susceptible to these conditions. The significant effects of soil sodicity and the 
electrolyte concentration in the irrigation water on water movement in the soil (e.g., 
Shainberg and Letey, 1984), and soil erosion (Levy et al., 1994) have been attributed 
to their effects on clay swelling and dispersion and aggregate destabilization. Water 
flow decreases and soil erosion increases under conditions favoring clay dispersivity 
and aggregates instability, i.e., low concentration of electrolytes andlor high levels of 
exchangeable sodium percentage (ESP). 



Recently, some studies tested the effects of dispersive conditions on some of 
the processes that occur during flow interruption. Shainberg and Singer (1985) 
showed that depositional seals made of flocculated particles had much faster 
permeability than seals made of dispersed clay and silt particles. Even for a soil with 
ESP <1, differences in seal structure and permeability were noted when solutions of 
different salinities were used (Shainberg and Singer, 1985). In addition, Trout (1991) 
observed that with the decrease in IR due to an increase in sediment concentration, the 
beneficial effect of interrupted irrigation on reducing IR decreases. Combining the 
observations of Shainberg and Singer (1985) and those of Trout (1991) suggested that 
conditions favoring formation of a depositional seal of low permeability, i.e. 
dispersive conditions, may limit the efficiency of interrupted flow in reducing IR. 
Levy et al., (2002) who compared the effects of sodicity and water quality on the 
hydraulic conductivity (HC) under consolided and non-consolidated conditions noted 
similar effects to sodicity and salinity. They observed that for a consolidated soil, as 
occurs during intermpted flow, the decrease in hydraulic conductivity following 
consolidation was less pronounced under conditions favoring clay swelling and 
dispersion than under a flocculated soil system. 

The results of the aforementioned studies on the individual processes that take 
place during interrupted flow indicated that soidc and saline conditions have an 
adverse on the efficiency of interrupted flow in reducing DR. We proposed to test 
whether these observations hold true under interrupted flow conditions. Our specific 
objective was to evaluate in a systematic way the effects of soil sodicity and water 
quality on IR and rill erosion under conditions of intermpted flow in two soil types 
using 4 sodicity and 4 water salinity levels. 

MATERIALS AND METHODS 
Soils 

Two soil types were chosen for this study: an alfisol (Calcic Haploxeralf) 
from Beer Sheva, northern Negev, and two vertisols (Chromic Haploxerert) one from 
Hafetz-Haim and the other from Qedma, the northern part of the Pleshet Plain, Israel. 
Samples from alfisol Beer Sheva and vertisol Hafetz-Haim were taken from two 
adjacent fields in each location where field crops were grown, one kom a field 
inigated with fresh water (low ESP) and the other from a field irrigated with m t e d  
waste water (medium ESP). Samples from vertisol Qedma were taken from a rain-fed 
cultivated field having naturally occurring high ESP. Selected physical and chemical 
properties of the soils studied, determined by standard analytical methods (Klute, 
1986; Page et al., 1986), are presented in Table 1. 

Experimental procedure 
The experiments were carried out with a 0.5-m-long, 0.047-m-wide, and 0.12- 

m-deep flume; two 0.1-m-long V-shaped metallic rills were connected on both of its 
sides. The flume was placed at a 10% slope in order to maintain high flow shear force 
, high soil detachment and high rill erosion. 

Samples from the 0 - 250-rnm depth were air-dried, crushed to pass through a 
4-mm sieve, and slightly compacted in the flume to densities of 1.39 Mg rn-' for the 
alfisol and 1.23 Mg m" for the vertisols. The dry volume of the vertisols was slightly 
smaller than that of the alfisol. However, upon wetting and subsequent swelling, the 
final volume of the wet vertisols in the miniflume was similar to that of the alfisol. A 
V-shaped rill (44 mm wide and 22 rnrn deep) with a 90' angle between its sides was 



formed in the soil surface. Water was applied with a peristaltic pump to the upstream 
metallic rill, and sediment containing runoff water was collected &om the downstream 
metallic rill in beakers. For accurate measurement of the applied water, the water 
reservoir was placed on an electronic balance, and the change in weight with time 
was recorded and used for calculation of inflow rate. 

Four different salinity levels were studied. Electrical conductivity (EC) of the 
water used was O.Ol(DW), 0.95(TW), 2.0(SW-L) or 4.0(SW-H) dS m". The sodium 
adsorption ratio (SAR) of each of the water types was adjusted to be equal to the 
exchangeable sodium percentage (ESP) of the soil under study. Sodium chloride 
(NaC1) and calcium chloride dihydrate (CaC12*2HzO) were used to prepare these 
solutions. 

Each individual experiment was divided into two stages. In the first stage 
either continuous (control) or interrupted flow was applied. The control treatment 
consisted of 4 min of flow; the intermpted flow treatment consisted of four cycles of 1 
min of flow and 10 min of interruption. Studies by Sirjacob et al. (2000, 2001) who 
used a similar experimental set up showed that off time of 10 min was sufficient for 
changes in rill erosion and IR, caused by flow interruption, to be completed. In order 
to obtain a measurable outflow during the consecutive 4 min, the inflow applied to the 
vertisol and the alfisol was 320 and 240 mL mid', respectively. Total inflow, outflow, 
and soil loss were recorded for every minute of flow. 

The second stage of the experiment started immediately at the end of the 4 min 
flow in the control or after completion of four cycles of interrupted flow treatment. 
Again, in order to maintain similar flow and shear force in the rills, 6 min of 
continuous flow of 100 mL min-' was maintained in the vertisol and a continuous 
flow of 80 mL min" in the alfisol. Total inflow, outflow and soil loss, were recorded 
every minute for each soil. 

Three replicates were performed for each treatment tested. Effects of 
treatments, soil sodicity, water quality and flow type (continuous and interrupted), 
were analyzed separately for the Alfisol and the Vertisol. 

RESULTS 
Effect of water qualig and gpe of irrigation on rill erosion 

The effects of interrupted flow on rill erosion rate for the alfisol and the 
vertisol are presented in figures 1-6 and tables 2 and 3. For both soils, most of the 
erosion took place during the first 4 min (stage 1 of the experiment) [Fig. 181, when 
high flow rates exerting high shear stresses were used. Application of interrupted flow 
caused a significant reduction in rill erosion only in the vertisol. The high erodibility 
of the vertisol was ascribed to weak inter - aggregates cohesion forces ( Shainberg et 
a1 1996). Vertisol with high clay content (Table 1) has a stable aggregated structure, 
with weak cohesive forces among soil particles, which in turn, made them more 
susceptible to transportability, compared with the aggregates of the alfisol. No 
significant effect of intermpted flow on rill erosion in the alfisol was observed in this 
experiment, although the trends were in the same direction as those noted in the 
vertisol. 

Water quality (O.Ol[DW], 0.95 [TW], 2.O[SW-21 and 4 [SW-41 dS m-I) had 
inconsistent effects on rill erosion under surge and continuous flow. When the ESP 
was high (ESP 20 for vertisoil ) increasing the electrolyte concentration from 0.01 to 
0.95 dS m-I, increased the erodibility; upon further increases in electrolyte 
concentration to 2.0 and 4.0 dS m-' erodibility remained unchanged for the surge and 
the continuous flow (Fig. 6). Conversely, in the vertisol with ESP 12 the effect of the 



electrolyte concentration was opposite, i.e., rill erosion decreased in continuous flow 
when the electrolyte concentration in the water used was increased (Fig. 12). In a 
different instance, the same increase in the electrolyte concentration decreased the rill 
erosion in the vertisol with ESP 5 for continuous flow, and not affected soil erosion in 
the surge flow with the same ESP (Fig. 4). In the alfisol soil (ESP 6.5) rill erosion 
decreased, but decreasing rill erosion stopped at 0.95 dS m" and then remained 
unchanged up to EC of 4.0 dS m-' for the surge and the continuous flow (Fig. 2). 

Soil particles at the rill bed are heid by interparticle cohesive forces (and 
gravity) against the shear stress of the flow. Low electrolyte concentration in the 
solution and high ESP enhance clay swelling and dispersion, leading to an easier 
breakdown of the soil aggregates (Agassi et. al., 1981; Kazman et al. 1983). In sodic 
soils the ability of the clay particles to cement adjacent soil particles (or being 
cemented) is diminished by the presence of exchangeable sodium on the external 
surfaces of quasicrystals and increasing the concentration of the soil solution reduces 
the tendency of the clay particles to disperse and improve the development of 
cohesive forces. Therefore, when dispersive conditions prevailed (ESP? S),  increasing 
the electrolyte concentration of the eroding water decreased the erodibility of the 
soils. It was noted in continuous irrigation for ESP 5 and ESP 12 in the vertisol (Figs. 
4 and 5). However, in the moderate and high ESP levels of the vertisol use of surge 
irrigation led to the development of a negative pressure in the upper layer of the soil 
during the off period, thus ,increasing the electrolyte concentration of the eroding 
water increases the intra-aggregate cohesion forces. Consequently, it increases the -- - - ~ 

relative number and stability of microaggregates, while reducing interaggregate 
cohesion forces and increasing the transportability of soil particles and the erodibility 
of the soil (Figs. 4-6). The results with low ESP soils are explained by the following 
observations. At low ESP levels for continuous and surge irrigation, spontaneous 
dispersion dose not occur (Rengasarny et al, 1984) and, hence, mechanical dispersion 
of clay is the main mechanism. Therefore increasing the electrolyte concentration of 
the eroding water had no effect on preventing rill erodibility for both flow type. 

Effect of sodisity on soil loss 
The effect of ESP on the soil erodibility is presented in Fig. 15. It is evident 

that rill erosion increased with an increase in soil ESP for both flow type. Increasing 
soil ESP increased the repulsion forces between clay particles clay surface (Van 
Olphen, 1977) and decreased cohesion forces between clay particles, thus leading to 
increase in soil particles detachment and increased soil erodibility. Also the size of 
soil particles decreased with increase in soil ESP (Abu-Sharar, 1988) and the 
transportability of the detached microaggregates was higher. 

Effect of water quality andjlow type on intake rate 
The effects of electrolyte concentration (O.Ol[DW], 0.95 [TW], 2.O[SW-21 and 

4 [SW-41 dS rn") on intake rate (IR) under the surge and continuous flow were 
studied. When ESP of the vertisol was high (ESP 12 and 20) increasing the electrolyte 
concentration from 0.01 to 4.0 dS m" increased IR of the soils for both type of 
irrigations, but intempted flow had no effect on IR when electrolyte concentration 
was 0.01 dS m-' (Figs. 11 and 12). In ESP 12 of the vertisol increasing IR stopped 
under 2.0 dS m" (Fig. 11). For intempted flow in the vertisol soil with low ESP, 
increasing the electrolyte concentration to 0.95 dS rn-', had tendency to increase IR, 
which then remained unchanged when electrolyte concentration increased to 3.0 dS 
m-'. The same increase in the electrolyte concentration decreased IR in the continuous 



flow (Fig 9). In the alfisol with low level of ESP the electrolyte concentration had 
small effects on IR. Upon comparing surge and continuous irrigation, interrupted flow 
was more effective in decreasing the intake rate in the alfisol than in the vertisol soil 
(Fig. 7). 

EjJect of sodisity on Intake Rate 
Comparing effects of ESP on the intake rate we observed the following. When 

ESP of the vertisol and the alfisol soils was low their intake rates were high (Figs. 13 
and 14). At the moderate ESP of the alfisol (ESP 6.5) interrupted flow was more 
effective in reducing the IR for all water qualities, but vertisol (ESP 5) lost effect of 
interrupted flow under 4.0 (SW-H) dS m-' (Fig. 9). The IR of the vertisol with ESP 
12 dramatically decreased and decreasing the IR was continued by ESP 20. It is 
proposed that the 1R is sensitive to soil sodisity. 

SUMMARY 
The effect of water quality and soil sodicity on IR and soil loss from short rills 

was studied in a silty loam alfisol and a clay vertisol, using miniflumes and applying 
interrupted and continuous flow. The intake rate was more sensitive to the sodicity 
of the soil and to the electrolyte concentration than rill erosion. The results showed 
that: (i) interrupted flow reduced soil loss in the vertisol and only had small effects on 
soil loss from the alfisol, (ii) intenupted flow reduced JR in both soils compared with 
that obtained in continuous flow; this reduction in IR was more effective in the alfisol 
than in the vertisol, and (iii) the effect of interrupted flow in reducing the IR 
depended on application of water quality mainly in the vertisol soil. 
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Appendix 5: Soil sodicity, Water guality and Interrupted Flow Effects on 
Rill Erosion and Intake Rate in Soils from Kyrgyzstan 

N. Sharshekeev and G.L. Zhuravskaya 

ABCTRACT 
The effect of interaction between water flow characteristics, soil sodicity and 

water quality on the rill erosion and intake rate was studied in the laboratory. Specific 
objectives of these study were to evaluate: (i) the use interrupted flow for reducing 
soil erosion and intake rate, (ii) the effect of soil sodicity (exchangeable sodium 
percentage [ESP]) and water quality (0.01, 0.95, 2.0 and 4.0 dS m") on the soil 
erosion and intake rate. Rill erosion in two ESP levels under the surge irrigation 
decreased soil loss for all water qualities compared with continuous flow. Decreasing 
soil loss was more effective in ESP 0.39%. The IR was more sensitive to the sodicity 
and water quality, but the surge irrigation reduced IR only slightly in ESP 5.67% and 
had no effect in ESP 0.39%. 

INDRODUCTION 
Surfase irrigation is the most used irrigation practice worldwide, but its water 

use efficiency is low (Welters, 1992). Interrupted irrigation, which is the intermittent 
application of irrigation water during the advancement stage of furrow irrigation 
(Stringham, 1988), has potential to reduce IR and improve the efficiency of surface 
irrigation by increasing field water application uniformity. 

Several studies have been conducted to determine the processes acting during 
the interruption of flow (Izuno et.al, 1985; Jalali-Farahani et al, 1993; Kemper et al., 
1988; Samani et al., 1985; Trout, 1991) and basic phenomena have been identified: (i) 
moisture redistribution in the soil profile; and (ii) consolidation of the soil near the 
soil surface. During the interruption application, water drainage into the underlying 
dry soil and moisture redistribution result in the development of negative pressure 
suction near soil surface. This negative pressure increases forses that pull water into 
the soil during the next flow period (Samani et al., 1985), and should increase the IR. 
However, the development of negative pressure in the soil surface during flow 
intermptions, consolidates the soil near the rill surface, increases surface hulk density, 
and reduces the HC of this surface layer. Thus, this thin layer can have a sig-iificant 
effect of reducing water infiltration in succeeding irrigation events (Izuno et al, 1985 
Jalili-Farahani et al. 1993 Samani et al., 1985). 

An additional important mechanism controlling IR in furrow irrigation, which 
is necessarily related to interrupted irrigation, is the formation of depositional seal at 
the furrow perimeter. The HC of depositional seals has been reported to be two-to- 
three orders magnitude Lower than that of the underlying soil (Shainberg and Singer, 
1985). Trout (1991) observed a 50% reduction in infiltration in the Portneuf silt loam 
during interrupted irrigation, and ascribed it to surface seal formation. The hydraulic 
conductivity of the depositional seal depends on the size and mineralogy of the 
sediment particles and on the electrolyte concentration of the water (Shainberg and 
Singer 1985). Thus, the effect of electrolyte concentration on the IR varies &om one 
irrigation scheme to another. The permeability of the soil also depends on the 
exchangeable sodium percentage (ESP) of the soil, tending to decrease with 
increasing ESP and decreasing salt concentration (Agassi, Shainberg, and Morin, 
1985; Quirk and Schofield, 1955; McNeal et al., 1968). 



Miniflumes have been used to evaluate the interaction between flow 
characteristics, soil properties and water quality on rill erosion in the laboratory 
(Shainberg et al, 1994; Shainberg et al, 1996). The rill erodibility data obtained with 
the miniflumes agreed well with field data (Shainberg et al, 1994). Using miniflumes 
Shainberg et a1 (1996) studied rill erosion in an alfisol and a vertisol, and found that 
rill erosion decreased with aging of several hours and that it dependent on water 
content in the soil. These researches postulated that aging and water tension enhanced 
clay to clay contacts, increased the cohesive forces between soil particles and led to 
reduction in rill erosion. It was hypothesized (Sijabobs et al., 1999), that the 
miniflumes would also be used to study the processes that operate in interrupted 
irrigation. 

Soil sodicity and water quality may also influence the sediment transport 
capacity of the h o w  stream. Water quality affected flocculation, which determined 
the size and density of detached soil material (Arora and Coleman, 1979; Goldberg 
and Glaubig, 1987). Gerard (1965) found that increasing Na saturation of the 
exchange complex of a fine sandy loam from 1.2 to 13.5% increased the tensile 
strength of the soil by 50%. Dowby and Larson (1971) and Warkentin and Yong 
(1962) showed that shear strength of Na montrnorillonite was greater greater than 
comparable Ca-saturated cores. 

Sj'acobs et a1 (1999) found that significant reduce rill erosion by 
consolidating the soil surface. When depositional seal is formed and effect of 
interrupted flow in consolidating the rill surface and reducing IR is predominant. 

The objective of the present study was to investigate the effect of water quality 
and ESP on IR and rill erosion, in continuous and interrupted flow. 

MATERIALS AND WETHODS 
SOILS 

A soil Serozem-meadow &om northern part and Kastanosem from southern 
part of Chuy valley Kyrgyz Republic were chosen for this study. The levels of 
exchangeable sodium percentage of the kastanosems soil was 0.39%. The ESP values 
of the serosem soil sample was 5.67%. Some basic physical and chemical properties 
of the soils are given in Table. 1 

Table 1 
ties of the soils used. 

Rill infiltration and erosion- laboratory Nliniflurne study. 
The experiments were carried out with a 0.5-m-long, 0.047-m-wide, and 0.12- 

m-deep flume; two 0.1-m-long V-shaped metallic rills were connected on both its 
sides. The flume was placed at a 10% slope in order to maintain high flow shear force. 

Samples from the 0 - 250-mm depth were air-dried, crushed to pass through a 
4-mm sieve, and slightly compacted in the flume to densities of 1.3 1 Mg mmJ. A V- 
shaped rill (44 rnnl wide and 22 mm deep) with a 90' angle between its sides was 
formed in the soil surface. Water was applied with a Mario bottle to the upstream 
metallic rill, and sediments containing runoff water was collected kom the 



downstream metallic rill in beakers. For more exact measurement of the applied 
water, the using Mario bottle with water solution reserve was placed on an electronic 
balance, and the change in weight with time were recorded. 

Four different levels of water salinity were studied. The electrical conductivity 
(EC) of the waters was used 0.01 @W), 0.95 (TW), 2.0 (SW-L) and 4.O(SW-H) dS m' 
'. The sodium adsorption ratio (SAR) of each of the water types was adjusted to be 
equal to exchangeable sodium percentage (ESP) of the soils under study. Sodium 
chloride (NaC1) and calcium chloride (CaC12) were used to prepare these water 
solutions. 

Each individual experiment was divided into two stages. In the first stage 
either continuos (control) or interrupted flow was applied. The control treatment 
consisted of 4 rnin of flow; the interrupted flow treatment consisted of four cycles 1 
min of flow; and 10 min of off time. Preliminary studies on the effect of off time on 
rill erosion and IR indicated that during <5 min, changes in IR and rill erosion were 
obtained but in off periods longer than 5 min the IR and rill erosion have been 
stabilized. In order to obtain a measurable outflow during the consecutive 4 min, the 
inflows applied 320 mL m-I. Total inflow, outflow, and soil loss were recorded for 
every minute of flow. 

The second stage of the experiment started immediately at the end of the 4 rnin 
flow in the control or after completion of four cycles of interrupted flow treatment. 
Again in order to maintain similar flow and shear force in the rills, a continuous flow 
of 100 mL min-' was maintained for 6 min Total inflow, outflow and soil loss, were 
recorded every minute for each soil. 

The effect of water concentration, ESP and flow type was studied separately. 
Three replicates were performed for each treatment. 

RESULTS 
Effect of water quality and type of irrigation on rill erosion 

The effect of interrupted flow on rill erosion rate for serozem-medow and 
kastanosems soils are presented in figures 1 and 2 and tables 2-5. For both soils, most 
of the erosion process took place during the first 4 min (stage 1 of the experiment), 
when hlgh flow rates exerting high shear stresses were used. No significant effect of 
interrupted flow on rill erosion in the ESP 5.67% was observed in this experiment, 
although the trends were in the same direction as those noted in the ESP 0.39%. 

The effect of water quality (O.Ol[DW], 0.95[TW], 2.O[SW-21 and 4.O[SW-41 
dS m-I) on rill erosion by the surge and continuous flow were studied. When ESP was 
5.67% increasing the electrolyte concentration from 0.01 to 0.95 dS m-', unchanged 
the erosion process for continuous and interrupted flow, and was slightly increased by 
continuous flow when electrolyte concentration ~ncreased to 2.0 and 4.0 dS m" Fig (1 
and 5). However, in the interrupted flow with the same ESP effect of electrolyte 
concentration had conversely action on the same range Fig 5. The increase of the 
electrolyte concentration in the ESP 0.39%, increased the rill erosion for interrupted 
flow, and not affect on the soil in the continuous flow. 
The results with low ESP soils are explained by following observations. At low ESP 
levels for continuous and interrupted flow, spontaneous dispersion dos not occur 
(Rengassamy et al, 1984) and, hence, mechanical dispersion of clay is the main 
mechanism. Therefore increasing the electrolyte concentration of the eroding water 
had no effect on preventing rill erosion process for both flow type of irrigation 

Effect of sodicity on rill erosion 



The effect of ESP on the soil erodibility is presented in Fig. 5. It is evident that rill 
erosion decreased with an increase in soil ESP for both type of flow. Our results are 
explained by following observations. Gerard (1965) found that increasing Na 
saturation of the exchange complex of a fine sandy loam from 1.2 to 13.5% increased 
the tensile strength of the soil by 50%. Dowdy and Larson (1971) and Warkentin 
Yong (1962) showed that shear strength of Na-montmorolonite was greater than 
comparable Ca-saturated cores. Soil structure research by Kemper and Koch (1966) 
and many others have shown that aggregate stability is directly related to soil clay 
content and increasing clay content increases the strength by which soil particles are 
bonded into aggregates. Soil strength and aggregate stability increase with better 
mineral to mineral contact, facilitating fusion-type mineral bonding in low organic 
matter soils (Kemper et al., 1987). Increases in soil ESP in the range between 0 and 
10% apparently increases clay dispersion and improves the contacts between clay 
particles, sufficient to increase the soil tensile strength. It was noted in the continuous 
and surge irrigation at the ESP5.67%. 

Effect of water quality and flow type on intake rate 
The data &om all experiments are given in tables 6-9. The effect of electrolyte 

concentration (O.Ol[DW], 0.95[TW], 2.O[SW-21 and 4.O[SW-41 dS m-' on intake rate 
under the interrupted and continuous flow were studied. When ESP of the soils was 
0.39% increasing electrolyte concentration from 0.01 to 2.0 dS m-I increased IR of the 
soil for continuous flow and was unchanged when water concentration was 4.0 dS m-' 
Fig. Interrupted flow had the same tends but it stopped an increase of IR in range 
from 0.95 to 2.0 dS m-' (Fig.4 and 6) continued increase to 4.0 dS m-'. The electrolyte 
concentration had small conversely action in ESP 5.67% for continuous and 
interrupted flow. Type of irrigation for both ESP had small effect in decreasing IR. It 
is evident that IR was not pronounced dependence of the electrolyte concentration and 
flow type. 

Effect of sodicity on Intake rate 
Comparing action of ESP on the intake rate we observed following data When 

ESP of the soil was 0.39% its IR for all water qualities and flow type except for DW 
was high if compare with ESP 5.67% (fig. 6). When distilled water is applied to a soil, 
even with levels of exchangeable sodium, chemical dispersion of the soil clay also 
occurs, the dispersed clay particles are washed into the soil with the infiltrating water, 
and the pores immediately beneath the surface become clogged. It explains why IR by 
distilled water was independent of the ESP of the soil. The effect of interaction 
between the electrolyte concentration and the ESP is also seen when salinity waters 
are used (Fig. 6). A concentration of 0.95 dS m-' is enough to decrease the chemical 
dispersion in soil with ESP 0.39% for all water type of irrigation. For ESP 5.67% 
responded to the electrolyte concentration of the applied water, as expected, however, 
soil with ESP 0.39% was more responsive to the electrolyte concentration of the 
applied water than soil with ESP 5.67%. The presence of electrolytes in the solution 
prevented the chemical dispersion of the soil aggregates, and IR was maintaining at 
high values. 

SUMMARY 
The effects of ESP, water quality and interrupted flow on intake rate and rill 

erosion in serozem-meadow and kastanosem soils were studied, using miniflumes.IR 



reduced when ESP was increasing by interrupted and continue flow. The increasing 
the electrolyte concentration of water had small effect on the intake rate and soil 
erosion. Type of imgation for both ESP had small effect in decreasing IR. However, 
interrupted flow reduced rill erosion for both ESP compared with continuous. This 
reduction was more effective in the 0.39%ESP than in the ESP 5.67%. 
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Soil IOU 

Kastnnoacm soil 

lime. 
min 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Total 

Table3 

- - - -  

SURGE 
IRRIGATION 

lime. 
min 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Total 

0.01 dSm 
ESP 0.39 STDV 

4.85 t.12 
2.05 0.73 
0.89 0.39 
0.60 0.31 
0.03 0.02 
0.03 0.03 
0.05 0.05 
0.08 0.07 
0.08 0.06 
0.07 0.03 
8.70 2.44 

CONTINUE IRRIGATION 

0.95 dSm 
ESP 0.39 STDV 

3.58 0.69 
2.03 0.54 
1.06 0.55 
0.82 0.49 
0,08 0.03 
0,11 0.06 
0;lO 0.06 
0.06 0.03 
0.07 0,05 
0.06 0.03 
8.09 1.64 

0.01 dSm 
ESP0.39 STDV 

4.70 0.53 
3.19 1.72 
3,19 1.07 
2.57 0.50 
0.12 0.09 
0.07 0.06 
0.10 0.10 
0.14 0.10 
0.14 0.13 
0.12 0.10 

14.34 270 

2.00 dSrn 
ESP 0.39 STDV 

3.09 0.49 
248 0.82 
1.25 0.67 
0.81 0.51 
0.10 0.06 
0.10 0.W 
0.12 0.05 
0.10 0.02 
0.79 1.08 
0.13 0.09 
8.94 1.76 

4.00 dSm 
ESP0.39 STDV 

4.70 121 
255 0.31 
1.60 0.13 
1.57 0.59 
0.W 0.01 
0.15 0.03 
0.14 0.03 
0.28 0 . S  
0.23 0.10 
0.42 0.13 
11.73 2.61 

4.W dSlm 
ESP0.39 STOV 

2.98 0.34 
4.77 0.81 
5.01 0.87 
6.02 0.65 
1.18 0.91 
0.20 0.05 
0.15 0.07 
0.21 0.11 
027 0.16 
0.19 0.09 

20.97 1.U 

0.95 dSm 
ESP 0.39 STDV 

4.52 0.76 
4.70 0.97 
4.99 1.29 
4.42 0.32 
0.37 0.10 
0.17 0.01 
0.25 0.09 
0,15 0.05 
0.37 0.20 
0.41 0.28 

20.36 2.63 

2.00 dSm 
ESP 0.39 STDV 

4.23 0.22 
3.08 0.74 
3.81 0.94 
4.05 1.51 
0.45 0.42 
0.31 0.31 
0.21 0.08 
0.30 0.30 
0.48 0.40 
0.50 0.37 

17.42 4.37 



Soil loss 

Serosem-meadow soil 

T.hld 

Time. 
mln 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Total 

Time, 
rnin 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Total 

SURGE 
IRRIGATION 

0.01 dS1m 
ESP567 STDV 

2.86 0.75 
0.36 0.24 
0.13 0,08 
0.10 0.05 
0.01 0.01 
0.01 0.01 
0.01 0,oo 
0.01 0.01 
0.01 0.01 
0.01 0.01 
3,50 0.36 

."".-" 
CONTINUE IRRIGATION 

0.01 dS1rn 
ESP 5.67 STDV 

2.22 0.19 
0,24 0,18 
0.09 0.03 
0,18 0.16 
0.03 0.02 
0.01 0.01 
0.00 0.01 
0.00 0.01 
0.00 0.00 
0.00 0,Ol 
2.78 0.34 

0.95 dSlm 
ESP 5 67 STDV 

2,80 0.74 
0.18 0.09 
0.09 0,03 
0.07 0,03 
0.01 0,Ol 
0.02 0.01 
0.02 0.02 
0.02 0,Ol 
0.01 0.01 
0,02 0.01 
3.24 0.76 

0.95 dSlm 
ESP 5.67 STDV 

2.34 0,30 
0.37 0.10 
0.19 0.09 
0.21 0.08 
0.06 0.02 
0.02 0.01 
0.02 0.01 
0.01 0.01 
0.01 0.02 
0.02 I 
3.25 0.13 

2.00 dS/m 
ESP5.67 STDV 

2.31 0.69 
0.33 0.23 
0.09 0,03 
0,05 0.05 
0,Ol 0.01 
0,OO 0,Ol 
0.02 0.02 
0.02 0.01 
0.02 0.01 
0.01 0.01 
2.85 0.34 

4.00 dSlrn 
ESP5 67 STDV 

2,46 0.20 
0.15 0.06 
0.11 0.03 
0.09 0.03 
0.03 0.03 
0.02 0.03 
0.03 0,03 
0.03 0.02 
0.03 0.03 
0.02 0.02 
2.97 0.45 

2.00 dSlm 
ESP 5.67 STDV 

2.69 0.50 
0.43 0,05 
0.26 0.09 
0.20 0.10 
0.09 0.09 
0.03 0.01 
0,03 0.01 
0.03 0.01 
0.02 0,02 
0.05 0.02 
3.82 0.46 

4.00 dSlm 
ESP5.67 STDV 

2.60 0.05 
0.27 0,lO 
0.34 0.05 
0.32 0.04 
0.11 0.02 
0.09 0,03 
0.09 0,03 
0.09 0.03 
0.08 0.01 
0.29 0.27 
4.27 0.36 



Intake rate 

fitanozem soil 

Tme. 
mm 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Total 

TaMe 7 

T a w  6 
SURGE IRRIGATION 

Time. 
min 
1 
2 
3 
4 
5 
6 
7 

0.01 dSlm 
ESP0.39 STDV 

125.26 12.26 
34.32 3.11 
26.08 4.47 
22.87 1-06 
21.06 3.W 
6.08 1.52 
8.32 2.09 
6.69 2.90 
5.23 1.66 
4.52 1.16 

260.45 25.0 

CONTINUE IRRIGATION 1 

0.95 dSlm 
ESP 0.39 STOV 

162.20 17.73 
47.61 2.82 
39.65 4.87 
39.53 2.55 
32-71 3.43 
16.89 1.56 
16.79 4.86 
13.76 1.52 
12.22 2.67 

0.01 dYm 
ESP 0.39 STDV 

135.30 22.52 
37.89 2.70 
30.42 5.75 
14.07 4.73 
16.50 12.15 
26.07 11.13 
12.17 2.28 
16.33 3.25 
13.02 1.67 

10 8.79 2.54 
310.58 18.15 

10.81 1.21 7.60 3.53 11.97 0.03 , 
392,17 3 1 . 2 0  7.11 448.55 17.10 

2.W dSlm 
ESP0.39 STDV 
203.46 8.12 
53.79 2.53 
46.93 1.76 
47.81 2.09 
37.33 0.70 
16.35 3.61 
15.22 2-73 
16.83 3.24 
15.88 1.73 

0.95 dYm 
ESP 0.39 STDV 

165.12 4.66 
60.50 1.44 
34.15 1.38 
30.19 2.14 
24.57 6.18 
27.73 2.26 
25.37 1.91 

124.45 1.63 
23.33 1.75 
18.83 3.89 

434.24 18.09 

4.M d y m  
ESP0.39 STDV 

179.52 23.12 
52.31 4.51 
48.34 1.75 
42.78 1.43 
42.54 1.40 
16.68 1.29 
19.04 1.87 
16.79 3.97 ' 
18.58 2.29 

2.W dYm 
ESP 0.39 STDV 

163.43 23.62 
55.64 2.98 
36.33 9.50 
32.81 9.82 
26.87 7.24 
27.31 3.99 
24.52 2.76 
22.59 2.16 
23.85 0.87 
15.73 1.18 

4.00 dYm 
ESP 0.39 STDV 
219.66 27.61 
62.60 3.86 
47.63 3.75 
38.17 8.40 
29.91 629 
33.59 3.14 
30.57 0.60 
29.93 1.53 
29.45 2.72 
21.87 1.41 

429.08 43.73 543.38 35.30 



Intake rate 

Serosem-meadow soil 

SURGE IF 

103.90 10.51 

9 13.07 0.46 14,14 2.79 
10 10.09 6.37 9,93 1.13 

Total 331.81 27.07 314.86 32.31 

Table 8 
UGATION 

2.00 dSlm 1 4.00 dSlm 
ESP5.67 STDV I ESP 567 STDV 
129 11 36.91 1 87 89 15.93 

Table 9 

Tune, 
mm 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Tatal 

.. 

CONTINUE IRRIGATION 
4.00 dSlm 

ESP 567 STDV 
74.72 8.31 
30.18 1.35 
24.65 3.46 
23.11 4.75 
19.20 5.87 
15.38 4.88 
15.45 0,87 
12.60 0.93 
13.94 2.64 
10.21 1.47 

239.43 7.21 

2.00 dSlm 
ESP 5 67 STDV 

126.99 9.38 
31.44 4.66 
24,54 5,16 
19.99 6.34 
11.99 3.63 
15,14 2.16 
13.48 3.75 
12.02 0,87 
12.38 3,46 
5-12 2.90 

273.10 17.14 

0.01 dSlm 
ESP 567 STDV 

118,69 17.21 
40.52 5.62 
25.56 8.99 
23.27 9.24 
11.68 2.52 
1550 1.97 
15\31 0.37 
14.12 1.55 
13.82 0.85 
8.39 039 

286,66 12.68 

0.95 dSlm 
ESP 567 STDV 

96.08 3.96 
36.88 5.44 
24.19 1,95 
25.42 2.70 
8.72 3.48 
16.26 0,73 
14.09 2.12 
14.67 2.55 
12.62 1,02 
6.23 1.44 

255.17 13,27 













Intake rate 
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The question application of polyacrylamide (P~AY)  in 

an agriculture is not new. The first researches on application P>&f 

for formation of soil structural were conducted in USA in 40 years 

of the last century. Then was marked, that PAM is most often csed 

preparation in foreign researches for these purposes. Later N. A. 

Kachinski /1/ confirms, that PAM gives strongest structure forming 
effect. Applying artificial the structure formational for 

saturation of natural particles, he has received a increase of 

quantity steady for water of particles on 67 %. 

Data received by E .  A. Aripov /2/ K. C. hhmedov / 3  /, V .  P. 

Batuk/4 /, D. Icmatov / 5  /, I. V. Matosnko / 6 /  T. B. Hahlin /7 /, 
I. A. Romanov /8 ,9  /, L. H. Taimurzaev /10 /, I. Eshanov /Il/ and 
many others, showed, that with PAM application in soil the 

quantity of a firm for water of particles is increased and a 

resistance of soil to erosion, are increased an infitrability of 
soil and, due to improvement of water-physical properties it, the 

productivity of agricultural cultures raises. In all described 

cases, PAM has improved conditions for growth of plants: density 
of soil has decreased, the soil structure, water and thermal modes 
of soil were improved, more favorable became conditions for 

development of microbiological activicy and education of 
nutritious substances accessible to plants. On words of 

Academician D. L. Turin, the effective use of the artificial the 
structure - formational in an agriculture, would be the same 

revolutionary achievement, as opening of mineral fertilizers by 

Libih. 

However, recommended for formation of the structcral arable 
layer a doze PAM reached 1-1,5 t/hec /12/ and there was no less 
than 0,015 % from weights of air-dry soil. That is for formation 
of the structural only top 10-cm layer in irrigated area is 

required not less than 250 kg / hec, thar: is equivalenr: to a doze 
of used fertilizers. 

The new Israeli technology differs by Pam's doze: 

the polyacrylamide at concentration of 10 9/m3 moves w i t h  

irrigation water at first irrigation and only unril the ectire 
furrow is wetted. The expenditure of P.W has made 2 kg or. 1 

hectare of irrigated area in the researched us conditions. As have 
shown our researches during last of five years, srrucccre - 
forming the effect of PAM was preserved to the end izr:gac:on 

period, the efficiency of application of polymer ~mplifled at 

surge technology of irrigation and disappeared at rnachinir.9 to 

soil. 



The field experiments 2002 were conducted at the upper part 
plot for field experiments 2001. We realized the one irrigation for 
a moistening and the four experimental irrigation. Making use of 
PAM that will in stock from last year, we did not receive of 
PAM'S effect in period the first irrigation. Therefore we repeated 
an use of other PAM for fhe second irrigation. This other PAM was 
in concentrated solution. 

The results that we received in 2001 and 2002, do not 
complement each other. Practically we had the other conditions in 
2002 for soil (HC), a weather and a sort of maize even. Twice a 
rain was watering together with us (the second and the fourth 
irrigation). Only the third irrigation went without problems and 
calm1 y . 

We were studying: 
1. The effect of surge irrigation on furrow erosion and 

infiltration raters (IR) . 
2. The effect of PAM on furrow erosion and IR. 
3. The interaction between surge irrigation and PAM in their 

effects on erosion and IR. 
4. The effect of surge irrigation and PAM treatment on water , 

content in the profile along thefurrows. 
A depth of soil moistening was determined before the first 

-irrigation, after the first irrigation, before the second 
irrigation and after the second irrigation at the variants of 
experience and on distance 20 m, 75 m, 130 m from beginning of 
furrow. 

1.1. General conditions for realization of the field 
experiments in 2001 and 2002. 

1. The field experiments were made on peasant farm "Ulan". 
2. Experimental area had thickness soils; underlying bed 

consists of gravel and course gravel from a depth more 3 m. 
3. Experiments were conducted with an agricultural culture. 
4. The maize were sowed very densely and the space between 

furrows was made 60 cm. 
5. We could determine a productivity of the green mass and the 

marze on graln. 

1.2. Distinctive features of conditions for realization 
of the field experiments in 2002. 

1. The maize for popcorn were sowed of June 4. The sowing 
will be made late, as April and May 2002 were rainy very. 

2. June, was rainy also, July and August stood out by 
unsettled weather and were characterized with rare precipitation 
and 40"s heat. 

2. The first wetting irrigation was made of July 16 and 17. 
Then the weeds have went rn active growth but a new plants of the 
maize appeared also, The weeding of the sowing was conducted two 
times by hand. 

3. The cutting of the furrows was made on July 31 for 
experimental irrigation. 

4. We conducted the first experimental irrigation of the maize 
on July 31 and August 1. 



5. Length of an irrigated furrow was 150 m. 
6. The sediment concentration in the irrigation water, which 

is given to the furrow, was not a constant value during vegetative 
period. It changed during the first irrigation, at cke variarts of 
experiment and from irrigation to irrigation. 

7. The interruption at the water application was given after 
wetting by a jet of the entire furrow for two varianzs of surqe 
irrigation (surge irrigation and surge irrigation i P-+9. After 
the interruption at the water application, the irrigation was 
applied continuously with decreasing an inflow race a5ter 30 
minutes. 

The field experiments were finished October 20, 20C2. 

2 .  THE PREPARATORY WORKS AND THEM RESULTS 

The preparatory works included: 
1.The leveling of the area with the purpose to make more 

precise of the surface slope in the direction of the irriga" LLOR. 
2.The determination of some physical and chemical properties 

of the irrigation water and irrigated soils of experimental ploz. 
3.The determination of the soil infiltration capacity. 
4.The determination of the soil moisture content. 
5.The conducting of test irrigation for more precise of the 

inflow rates value. However we did not realized che test 
irrigation. We accepted a results of test irrigation 2001. 

2.1. Geodetic leveling of the area showed that a surface slops 
of a field fluctuated from 2,2% to 3,7% in the direction of the 
irrigation (Fig.1) . 

The mean the surface slops of the field was equal 3 . 0 % .  The 
mean slope for 2001 was 2.7%. 

Slope of ground surface 
in plot for field experiments 

6 

1 
0 50 100 i5Cl 

Length in irrigation direction im) 

-2001 -2002 

Fig. 1 



2.2. Some physical and chemical properties of the irrigation 
water and soil of irrigated plot. 

The soil of plot belongs to light-chestnut mountain-flat of 
type. This type of old-irrigated soils characterized by rather 
high values of a close packing, an apparent density and maximum 
field carrying capacity. We determined maximum field carrying 
capacity in soil profile to depth 150 cm. The maximum field 
carrying capacity (this is the quantity of water what a soilcan 
contain on the third day after copious moistening) was determined 
for establishment date of regular irrigation. Method was used a 
coated lot .with water. The experiment was repeated three times. 
The results are presented on Table 1. The maximum field carrying 
capacity changes from 21,99% to 24,80% on the average for the soil' 
stratum 0 ... 150 cm. This is more high value than in 2001. The 
apparent density changes on the average from 1.40 g/cm3 to 1.56 
g/cm3 and increases with depth [13]. 

Table 1 

THE VALUES OF APPARENT DENSITY AND MAXIMUM FIELD CARRYING CAPACITY IN SOIL 
PROFILE OF FIELD PLOT 

* This is took conditionally 

The soil of the plot were selected, were dried, were crushed 
and sifted through a sieve with diameter of the orifice 2 mm and 
were deliver to special chemical laboratory for more detailed 
study. Soil was characterized for their the basic chemical 
properties and soil texture. The irrigation water was selected and 
was deliver also to special chemical laboratory for the study. The 
results of these analyses are presented bellow (Tab.2, Tab.3). The 
soils of plot are not salinized. They are contained small number 
of soil particles with size less 0.01 (28.8%). Content of sand 
composed 35.20 %, clay is 41.1 % and silt is 23.7 %. 

The irrigation water has a sulfate-hydrocarbonate-calcium- 
sodium composition and contains much of solid particles. 

The maximum fleld 

carrying capacrty, % 

(to welght) 

24.34 

21.99 

24.08 

24.74 

24.80 

23.99 

The depth of soil 

stratum, cm 

0-30 

30-60 

60-90 

90-120 

120-150 

0-150 

The apparent 

density, g/cm3 

1.40 

1.48 

1.52 

1.56 

1 . 5 5 *  

1.50 



Table 2 

CHEMICAL COMPOSITION OF A IRRIGATION WATER IN VEGETATXZ PZRIOD 
(The river Alamedin) 

Table 3 

THE SOIL CHEMICAL COMPOSITION OF THE PLOTS 
(Name for nomenclature is the light kastanozem, 

classification is loam) 

Table 3a 

THE SOIL PHYSICAL COMPOSiTION OF THE ?LOTS 
(Name for nomenclature is the light kastanozernl 

Classification of 
N. A. Kachinski 

siltv clay 
The year 
2000 
2001 

Physical composition, % 
sand 
15.70 

slim 
18.10 

34.64 1 sandy loan 

silt 
66.20 

13.16 52.20 
2002 i 23.70 41.10 35.20 silry loam 



2.3. Method for determination of a soil infiltration capacity. 

We make more precise the soil infiltration capacity every 
year. For this, the circle metallic frames drove into soil, the 
water poured and measured the intensity of water imbibition under 
pressure H=8 cm (in the corresponding intervals of the time). The 
application of the water and a maintenance of the determinate 
level its was accomplished by hand with help of the beaker. 

The two frames were used for determination of the soil 
infiltration capacity in every variant: 

1) a big frame is outward, protective frame, restricting 
spreading of the water from inward frame, its the diameter is 
70 cm; 

2) a small frame is inward, register frame, the diameter of 
the inward frame is 30 cm. 

The determination of the infiltration capacity of the soil 
made with double control. The distance between control circles was 
equal 0.7 m. 

At the first, we installed the big circle, then the small 
circle. The soil was press well from outward side of the circle. 
Into every circle installed a ruled line, with which took into 
account the level of the water for maintenance of the constant 
pressure its on surface of the soil. The pressure of the water was. 
equal 8 cm. The protective and register circles poured 
simultaneously. With this moment we began to measure the water, 
which adds in the register circles from beakers during all period 
of the observation. We measured the water, which is poured out in 
inward circle, and maintained on constant level (8 cm) of the 
water into outward circle. The counting of the time made when the 
infiltration the volumes of water composed 1000 milliliters. The 
soil infiltration capacity computed for every interval of the time 
on formula: 

Vt = AQ*60/ (S*At) , (1) 

where Vt is the soil infiltration capacity, cm/h; 
AQ is a quantity poured out water, cm3; 
60 are a conversion factor from min to hour; 
S is a area of the register circle, 706,s cm2; 
At is a interval of tune between the measurements 

of water volumes, min. 

The value of the soil infiltration capacity and the intervals 
of time written down in the table and design in diagram form. 
Duration of the every experiment was equal in total 480 min 
(approximately). The experiment was repeated four times. The 
results are presented on the Fig.2. The data of the figure 
testified the mean soil infiltration capacity of irrigated land, a 
stage of filtration came at the first 100 min, steady the soil 
infiltration capacity composed 5 , 8 5  cm/h on the average. Local 
factors (for example, of consolidation, of soil moisture content), 
as showed a field experiments then, influenced on value of the 
soil infiltration capacity at experiments version. 
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2.4. Soil moisture content. The sample soil collection on the 
moisture content and the data processing showed that the plot had 
not uniform water distribution along the contour lines and had 
uniform water distribution in the depth profile along furrow of 
July 30 (Fig. 3). Irrigation for a moistening, that will be 
conducted July 16 and 17 with beg depth, was a cause for uniform 
the soil moisture content at stratum 45 ... 150 cm and uneven the 
water distribution along a contour line to start of main field 
works. 

The sol1 moisture content reduced to 57 % from maxlmum field 
carrylng capacity in upper stratum 0...30 cm and approached to 85% 
from maximum field carrying capacity in stratum 80 ... 150 cm. The 
disparity at the soil moisture content composed less 10 % along a 
contour line and it composed less 30% along vertical. 

July 30 and August 1 was conducted the first experimental 
irrigation. 

2.5. Inflow rate 

We did not conducted test irrigation in 2002. The results of 
test irrigation 2001 were accepted for base. Water was applied at 
inflow rate of 30 L/min. Continued the flow at 30 L/min for 
additional 30 min after water to reach the end of the furrow. Then 
reduced inflow to 16.8 L/min and continuous irrigation for 5 h. 
Thus ql=30 L/min for period (Tct30 min) and q2=16.8 L/min for 5 h. 

Conclusions 

1.The surface slope of this area is typical for conditions use 
of the surface irrigation (on the average slope had composed 
3,0%) . 

2. Experiments were conducted with an agricultural culture on 
the maize silage and the maize on grain, in spite of a hard 
weather conditions. 

3. The maximum field carrying capacity changes on the average 
from 21.99% to 24,80 for soil stratum from 0 to 150 cm. The 
apparent density changes on the average from 1.48 g/cm3 to 
1.56 g/cm3 and increases with depth that is typical for a light- 
kastanozem type loam and old-irrigated soils of Chui valley. 

4. The soils of plot are not salinized. They are contained 
much clay (41.1%). In conformity with classification of N. A. 
Kachinski (I], they belong to silty loam. 

5. The irrigation water has a sulfate-hydro-carbonate-calcium- 
sodium composition. 

6. The infiltration capacity of the soil had composed 
5,85 cm/h on an average for 8 hour (it had changed from 
8.73 cm/h to 2.44 cm/h in repetitions). This is typical for loam 
soil with infiltration coefficient 5...10 cm/h [141. 

7. The inflow rate was taken ql=30 L/min (0.50 L/s) in 
experiment version for the wetting period and q2=16.8 L/min 
(0.28 L/s) for the after wetting period (at results of test 
irrigation 2001). 
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Were determined: 
- the depth and the uniformity of soil moistening after 

second irrigation, the water distribution in soil on versions; 
- the water losses lengthways of a furrow for each version of 

the experiments; 
- the furrow erosion; 
-an yield of a maize on variants of experience. 

3.1. Method of experiments 

3 .l. 1. continuous irrigation with ql (Control) . 
a. Furrows of 150 m long. Water was applied at inflow rate of 

ql=30 L/min. We were measuring the time (Tc) for water to reach 
the end of the furrow. 

b. Continued irrigation for 5 h at ql=30 L/min to end 
irrigation, and took samples of water with sediments from the 
furrows at distances of 150 m. Dried the water samples to measure 
sediment concentration. Repeated the measurement of sediment 
concentration (at the 150 m )  at 10, 20, 30, 60, 90, 120, 150, 210, 
270 and 330 min after the water reached of the furrow end. 

c. Measured inflow and outflow rates during these 5 h at 30 
or 60 min intervals. Calculated the change in average IR with time 
and the total volume of water that infiltrated the furrows. 

d. We repeated the above measurements in 4 furrows. 
e. When irrigation is completed measure the water content in 

the profile along the furrows at 20, 75 and 130 m. Determined the 
uniformity of water distribution in the field after the second 
irrigation. 

3.1.2. Continuous irrigation with ql and q2. 
a. Furrows of 150 m long. Water was applied at inflow rate of 

ql=30 L/min. We were measuring the time (Tc) for water to reach 
the end of the furrow. 

b. Continued the flow at ql=30 L/min for additional 30 min, 
and took samples of water with sediments from the furrows at 
distances of 20, 75 and 130 m. Dried the water samples to measure 
sediment concentration. Repeated the measurement of sediment 
concentration (at the 3 locations) at 10, 20, and 30 min after the 
water reached the end of the furrow. 

c. After measuring sediment concentration, reduced inflow to 
q2=16,8 L/min.and continued irrigation for 5 h. Measured inflow 
and outflow rates during these 5 h at 60, 90, 120, 150, 210, 270 
and 330 min after the water reached the end of the furrow. 
Repeated the measurement of sediment concentration at 60, 90, 120, 
150, 210, 270 and 330 rnin after the water reached the end of the 
furrow. Calculated the change in average IR with time and the 
total volume of water that infiltrated the furrows. 

d. We repeated the above measurements in 4 furrows. 
e. When irrigation is completed measure the water content in 

the profile along the furrows at 20, 75 and 130 m. Determined the 
uniformity of water distribution in the field after the second 
irrigation. 



3.1.3. Surge irrigation with ql and q2. 
a. Divided the time it took for conrinuous water flow 

ql=30 L/min to reach the end of the furrow (Tc) inro 3 equal cime 
intervals (Tc/3). Applied surge irrigation of Tc/3 ON, and Tc/3 
O F F  with inflow rate of ql=30 L/min until the surges reach ihe end 
of the furrow. Recorded the ON time it took to wet the encire 
furrow. When the water reaches the end of the furrow continued 
with continuous flow of ql=30 L/min for additional 30 min and 
repeated steps "b" through "e" in the continuous flow wizh ql and 
q2 procedure. 

3.1.4. Continuous irrigation with PAM application and 
ql and q2. 

Mixed PAM, 10 mg/L, with the irrigation water and follow step 
"a" in 3.1.2., but the Phi is mixed with the irrigation water only 
until the entire furrow was wetted e . ,  the advancene~t stage 
was completed). Recorded the advancement time (Tc). Then continued 
with steps "b" through "e"' in 3.1.2., using PM-free water. 

3.1.5. Surge flow with Phi application and q1 and q2. 
The same as 3.1.3. - surge irrigation in convenrional wacer 

except that PAM in concentration of 10 mg/L was mixed with 
irrigation water during the surges e . ,  the advancement stage) 
using Tcp/3 time intervals for the ON and O F F  periods. 

The balance method was used for determination of water losses 
lengthways of a furrow. Static head measured with a portable water 
meter(Photo 1). Employment of the weir particularly is efficient 
for realization technology of a surge irrigation: orifice in 
diaphragm is easily re-cover with blind diaphragm in period of the 
interruption at the water application. Support a constant pressure 
h=4 cm. Inflow rate changed with an orifice in diaphragm. 

Furrow erosion was studied by the standard mechoa with a 
sample collection of water in glasses (Photo 2 ) .  The metallic 
chute exploited for those purposes (Photo 3). The me~allic chute 
has a parabolic form and very well establishing in a transverse 
section of a furrow. 

We researched the five versions in field experiments and 
conducted the four experimental irrigation. The each of the four 
irrigation had a duration: 

Ti,, = T, + 30 min + 5 h, (2) 

where "Tc" is the time to reach the end of the furrow. 
Time to reach the end of the furrow is for a version 

with surge irrigation: 
T,, = (T,*n + At), (3) 

T, = T,/3 (the duration of ON and O F F  periods), 
n is the number of ON or O F F  periods, 
At is the time for water to reach the end of che wet 

furrow when inflow rate is 30 L/min. 
The some conditions and indexes of the field experiments are 

presented in the Table 4. The scheme of the versions in the field 
experiment is presented in Fig.5. 



Table 4 

SOME CONDITIONS AND INDEXES OF A FIELD EXPERIMENTS 
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The water meter for the water application 

Photo 1 

The metallic chute 

Photo 2 
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Scheme arrangement of plots for field experiments 

Fig. 4 

Table 5 

THE TIME FOR WATER TO REACH THE END OF THE FURROW AND THE ON (OFF) PERIOD 
IN THE SURGE IRRIGATION 

The version of 
the irrigation 

*it is raining 
**it is after raining 





3.2. Selected mode of irrigation 

The maize strongly differs from others agricultural plants. It 
has a large over ground weight and arrangement of a root system in 
high layers of soil. According to data of V. V. Kolpakov [161, the 
maize has 65 % of the root zone in the upper 20-cm layer, 29 % has 
in a layer 20-80 cm and only 6 % has in a layer more than 80 cm. 
By it the maize differs from other plants, for example, from sugar 
beet which has, on the one hand, less over ground weight is 

-significant, and with another hand, in the upper 20-cm layer it 
has only 20 % of root weight, 50 % of the root weight has in a 
layer 20-80 cm and 30% has of the root weight are deeper than 
80 cm [17]. It provides to sugar beet a capability to use a 
moisture of more steep layers of soil. The maize almost 
dispossessed of such capability. The sufficient the moisture 
content of the upper 30 cm layer in critical periods its 
vegetation (ejection of the sultan, beginning of formation of a 
grain) is optimal variant of the irrigation. Therefore, in 
conditions, when we irrigate maize by furrow irrigation, a problem 
to come to maintenance of a high moisture in the upper layer of 
the soil. This problem may be solved with big amounts of 
irrigation and small irrigation rate. 

But maize that was showed on plot was earmark for popcorn. 
She has a thin stem and a weak root system. The maize was falling 
with winds and from supermoistening. Thus we watered our maize 
with the four experimental irrigation and the one irrigation were 
given for moistening too. On an output of green weight and grain 
it is visible that the moisture content of the soil was 
sufficient. The rains helped us for this. 

The field experiments did not go off smoothly. It is visible 
from results of Table 5. The advanced time of furrows (Ts) was 
less of norm during the first irrigation (we did not receive of 
PAM'S effect). The advanced time of furrows (Tc) was increased 
considerably during the .second irrigation because of a rain and 
has increased during the fourth irrigation (a rain went at night). 
The data of the third experimental irrigation will the most 
objective. The intervals for ON and OFF periods are presented in 
Table 5. 

The first irrigation 



3.3. Effect of Pam on depth and uniformity of soil moistening 

The depth and the uniformity of soil moistening at irrigation 
was determined with method of a sample collection from different 
depths of soil stratum. Was used a following formula ac psocessing 
of results: 

where p is the soil moisture content, % to weight of absoluce 
dry soil; 

Vl is the weight of sample before drying, g; 
Vz is the weight of sample after drying, g. 

The average geometrical for the increment of soil noiscure 
content was determined on formula: 

where A p t ,  APz, A03 are increment of the soil moisture content 
at distances of furrow 20, 75 and 130 m accordance; 

150 is the length of furrow in experiments, m. 

The samples of soil. were collected before and after the first 
irrigation, before and after the second irrigation. The results 
for the second irrigation will be subjected to the further 
analyse how having a science interest. The results of the second 
irrigation are presented in Annex 1 and Fig. 6 and 7. 

The increment of the soil moisture content for 
experimental version (the second irrigation) 

The increase of a soil 

irrigation technology distribution 



The results for the first irrigation will not be subjected to 
the further analyse for reason: 

1. The sediment concentration of irrigation water greatly 
differed on version experiments. 

2.We did not receive of PAM'S effect for erosion. Making use 
of PAM that will in stock from last year. 

The increment of the soil moisture content was determined as a. 
difference between the soil moisture content before and after 
second irrigation (Please see Table 6). We had not oi uniform 
distribution along furrow and on depth (Annex 1). But we had a 
deep percolation for all versions of the second irrigation. 
On the average the increment of a soil moisture content had 
composed from 1.29 to 2.15 % in a stratum 0-150 cm. At the most 
value is related to version continuous irrigation with ql (it is 
raining) and at least value is related to version continuous 
irrigation + PAM with ql and q2 (it does not raining). The 
reduced infiltration rates are the result of reduced an advanced 
times in this version. The reduced the irrigation water 
distribution uniformity in version surge irrigation are the result 
of increased an advanced times (the advancement stage was a large: 
Ts=148/3=45 min). The uniformity of soil moistening at irrigation 
was determined on formula: K= AP3/AP1. 

The uniformity for the water distribution in the soil along 
furrow > 1 points to more a high the increment of the soil 
moisture content to end furrow. Was the two reason for this: 

1. The products of erosion was depositing to end furrow and 
formed a wide shallow water. The perimeter of imbibition and 
infiltration rates increased. 

2. PAM, moving with sediments, participated in a forming of 
the more permeable bed. 

Rain did not influence on improves uniformity of distribution 
irrigation water along furrow. But the rain influenced on an 
increase of the soil moisture content. 

Polyacrylamide (PAM) at concentration of 10 g/l in irrigation 
water was demonstrated to increase IR. The rain reinforced this. 

The second irrigation 
(it is raining) 
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The increase of soil moisture content 
after second irrigation 
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The water meter i s  a t  the furrow end 

( the  first irrigation) 

The metal l ic  shut i s  a t  the one of the measuring points 



3.4. Effect of surge flow and Pam on water infiltration 
and water management 

The balance method was used for determination of the water 
losses to infiltration lengthways of a furrow. Following formulae 
were used: 

W=Wapp.- W o.f. r (6) 

where W,,,. is the volume of water application for the one 
irriaation ~eriod, m3/hec; 

2 

Mapp. = Wapp . I + Wapp.2; 
Wapp,l is the water application with flow rate ql=30 L/min for 

the one irriaation ueriod; 
W,pp.l =- 30* (~,;30) *~/1000, m3/hec; 
W,p,.2 is the water application with flow rate q2=16.8 L/mln 

for the one irrigation period; 
Wapp.2 = 16.8*300*N/1000, m3/hec; 
N is number of furrows for the one hectare; 
N=10000/ (b*L) ; 
b is a space between furrows (b=0.60 m); 
L is a length of an experimental furrow (L=150 m); 
300 is duration of the one irrigation with a flow rate q2=16.8 

L/min, min; 
W o.f  .is a outflow volume ln a furrow end, m3/hec; 

- W .  -o,.f. *N/1000, m3/hec; 
is a outflow volume from one furrow in an observed 

period, 
U0.f. =C(qavr* At), L. 
q,,, is the average value of outflow rate from one furrow 

between the two measurements, L/min; 
At is a time interval between these two measurements, min; 
q,,, = (q,+q,+l) /2, L/min; 
q, is an outflow rate from the one furrow in a moment of time 

t,, L/min; 
q2 =f(h,,t,), 
h, is an observed value of a water head at water meter in a 

moment of time t,, cm; 

We used following formulae too: 

91 =0. 254* (h,) 0.5 , L/s and ql =0. 139* (h,)0.5 , L/s. 

The every irrigation had their particularities. 
The first irrigation. We bring in soil a PAM that will in 

stock from last year, we did not receive of PAM'S effect in 
period the first irrigation. 

The second irrigation. We bring in soil a PAM for the second 
time. It is raining in the first day of irrigation. We continue 
the irrigation across four days. 

The third irrigation has went calmly. 
The fourth irrigation. Weak rain has went between the first 

and the second days of irrigation. 
Therefore the results is impossible to summarizing. They will 

be discerned the every individually. The methods calculations has 
presented at Annex 2, 3 and 4, the results calculations has 
presented Table 7, Fig. 8. 



Table 7 
THE WATER APPLICATION AND WATER INFILTaTION ?OR 

IRRIGATION PERIOD 

The version of the 
irrigation technology 

q2 (it does not 506 1 380 

* t h e  r a i n  had an i n f l u e n c e  on t h e s e  results 



The data of Table 5 were used for calculations of the water 
application (Annex 2). 

The irrigation application efficiency was rather high for the 
four version, if shall not take into consideration the results of 
version Cont. irr. with ql . The value 0.36 of this efficiency 
is ordinary for conditions of Kyrgyzstan. In the whole, a size of 
the irrigation application efficiency decreases from irrigation to 
irrigation, as decreases total volume of water that infiltrated 
furrows: by the end irrigation period the soil is condensed, the 
roughness surface of a furrow decreases, time (Tc and Ts) for 
water to reach end of the furrow decreases and outflow rates is 
increased. 

The results that were received in 2002 essentially differ from 
results 2001 (please, look the table 8). This distinction 
consists, first of all, in volumes of the water application on 
irrigation. The time for water to reach end of the and total time 
for irrigation has changed little with reduction length of furrow 
from 200 M in 2001 up to 150 M in 2002. Obviously, configuration 
furrow has affected it: she was deeper and wide in 2002. But the 
number furrow in one hectare has increased with reduction length 
of furrow in 2002. In this connection volume of water that 
application and outflow has increased from unit of the area in the 
period after the water reached the end of the furrow and for 
everybody irrigation. In second, if to compare the results of 
first irrigation, the total volume infiltration practically has 
not changed in 2002 for the appropriate variants of experiments 
including for PAN'S of versions. Last year's PAM, brought in soil 
with irrigation water at first irrigation, has given small effect 
for increase infiltration capacity of soil and increape of the 
irrigation application efficiency. 

We have not received expected effect from surge irrigation in 
PAM treatment: Surge irrigation in PAM treatment will not be 
effective in consolidation of soil surface and reducing IR. The 
surge irrigation in PAM treatment will be effective in increase 
infiltration rate during all irrigation. 

Table 8 

THE WATER APPLICATION AND WATER INFILTRATION FOR IRRIGATION PERIOD 
2001 

The first irriqation 
Cont. irr. +PAM with ql 
and q2 783 280 502 0.64 
Cont. ~ r r .  with q 1 
and q2 680 307 373 0.55 
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The losses on deep percolation (more 150 cm) are not taken 
into account in the above given results. But we could appreciate 
a size those water losses for second irrigation as we have 
dispose by soil descriptions in vertical profile (please look 
the Tables 1 and 7) . 

The water content of soil will be defined on formula for 
conditional the second irrigation this year: 

W d.p.=W in£. + Wrain - W w.c., m3/hec, ( 8 )  

where H is a soil stratum (H=1,50 m); 
y is the weight apparent density (y=1.50 g/cm3 on the average 

for soil stratum 0...150 cm); 
Ap is the increment of soil moisture content, % to weight of 

absolute dry soil; 
W rain is the additional moistening by rain, m3/hec. 
The calculation results of the water content in soil and the 

water losses on deep percolation are presented in Table 9. 

Table 9 

THE WATER CONTENT OF SOIL AND THE WATER LOSSES TO DEEP PERCOLATION 
(the second irrigation) 

The index of 

losses on deep 
percolation, 

The method used by us for an estimation of water losses on 
deep percolation, does not differ by sufficient accuracy and first 
of all the method of definition water moisture content in soil by 
drilling, selection of soil sample from different depth, drying 
and weighing is not exact. But this method has allowed us to make 
the important conclusions: 



Efficiency a washing irrigation, an irrigation for 
accumulation moisture in soil and an irrigation for reple~ishment 
of stored soil moisture raise in some, if them to conduct during a 
rain. Use PAM will strengthen this efficiency. 

. - The surge irrigation is effective for these purposes too, rr 
time intervals for the ON and OFF periods will be large enough. 

Bring the results 2001 for firs irrigation (Table 10). 

THE WATER CONTENT OF SOIL AND THE WATER LOSSES TO DEZP PZRCOL~.TICS 
(the first irrigation, 2001) 

The index of 
irrigation 

The water 
I ql and s2 I a1 and q2 I I al and 02 1 c l  and a2 
I I I I I 

The version of the irriqation technolcqv 
cont. irr.  
+ PAM with 

application, 
m3/hec 

The water 

cont. irr.  
with 

infiltration, 
m3/hec 1 502 

The water 

The given results 2001 do not contradict resulcs 2002. The 
general tendency is saved of influence PAM and surge irrigarrion on 
water losses and on deep percolation (more 150 cm): the smaller 
size of these losses took place at a conducting with variable 
inflow rite, more took place at surge irrigation with F.&'-: 
application. 

We shall not compare results others irrigation, izhere were 
their features (or there was an additional moistening by rain, or 
the weed vegetation has increased a roughness of furrow suzface). 

783 

! 
373 1 490 ! 473 1 559 

1 1 
content in soil 1 I 

I 
I I 

stratum 0...150 j i I 
cm, m3/hec 409 : 335 389 391 534 
The water 

The t h i r d  i r r i g a t i o n  
(PAM'S version) 

cont. irr.  
w i t h  ql 

losses in deep 
percolation, 

m3/hec 
% 

680 

surge irr. 
with 

93 1 3 8 11.9 5.6 

scrqe irr. 
+ ?.%.! Nizh 

1110 

101 82 1 125 
10.0 10.9 13.9 

755 1 891 



3.5. Effect of Pam and of surge irrigation on furrow erosion 

Furrow erosion, the concentration of sediments in the furrow 
water, were studied as a function of the following variables: 

a) flow rates (30.0 and 16.8 L/min) ; 
b) slope of furrow (on the average 0.03 m/m); 
C) irrigation method (continuous irrigation and surge 

irrigation) ; 
d) water quality (without PAM and with PAM 10 g/m3). 

Following formulae were used: 

where pli and p2i are the sediments concentration in furrow 
water at the moment time ti, % to weight of absolute dry soil; 

Gs is the weight of the sample after drying, g; 
G is the weight of the sample before drying, g; 
Wi is the water volume at the moment time ti that contents the 

sediments, L; 
P,i is the weight of the sediments in this volume of water at 

the moment time ti, kg. 
We have for the observed period: 

The sediment concentration in the irrigation water, that gave 
to the furrows, was not a constant value during vegetative period. 
It changed during one irrigation, at the variants of experiment 
and from irrigation to irrigation (Fig 9...11). The variable the 
sediment concentration in the irrigation water was reflected on 
the results of our experiments. Every experimental irrigation was 
conducted durlng 2 days: all the technology versions wrth 
continuous irrigation were in first day and the versions with 
surge irrigation were in second day (please, look Table 4). In 
connection with, an analysis of results was carried out on each 
day of irrigation and not for all versions of experiments. For 
reception of reliable conclusions, the results of experiments were 
united to a value of sedlment concentration in irrigation water. 
They are shown in the Table 11 and are selected with identical 
colour. 

The conclusions received as a result of the carried out 
analysis are come down to the following (Table 11, Flg. 9...11, 
Annex 3 and 5) : 

content of the sediments in furrow water for our conditions 

- decreases from irrigation to irrigation at versions a 
continuous irrigation and a surge irrigation and increase from 
irrigation to irrigation in Pam's versions (Annex 3); 
- decreases with increase of the observed time (Annex 3); 
- increases with length of a furrow to the appointed bounds: 

the dependence E=f (L) has a polnt of inflection after 150 m 
(Frg. 12) . 



Table I1 
BALANCE OF THE SEDIMENTS. 
The summary data 

The version of the 
irrigation technology 

The first irrigation 
Cont. irr. + PAM with ql 

The third irriqation 
Cont. irr. + PAM with 01 I 1 

irriqation wacer, % 

Balance of the 
sediments, kg 

The second irrigation 

Weighted averaee 
sediment 

concen:racion of 

0.954 and q2 

Cont. irr. + PAM with ql 
and q2 

Cont. irr. with ql and I I 
-40,07 

The fourth irrigation I 

46.12 

Cont. irr. + PAM with 
a1 and q2 
Cont. irr. with ql and 
92 

Cont. irr. with ql 

0 .794  

-25.35 

-57.27 

-120.02 

0.179 

0.179 

0.178 
Surge irr. with ql and 
a2 I 

1 
-13.75 0.151 

Surge irr. + PAM with ql ; 
and q2 i -2.77 I 0.155 



the technology of irrigation in a continuous mode is more 
preferable at irrigation by muddy water (Table 11, Fig. 10, 
the third irrigation); 

the technologies irrigation in a surge mode should be given 
back the preference at irrigation by bright water (Table 
11, Fig. 11, the fourth irrigation) ; 

the balance of sediments develops for the benefit of 
irrigation by the variable inflow rite at irrigation in a 
continuous mode (Table 11, Fig. 10, the third irrigation); 

the PAM application strengthens efficiency irrigation by 
the variable inflow rite (Table 11, Fig. 10 and 11, the 
third and the fourth irrigation); 

the positive effect is received at irrigation in ralny 
weather, the balance of sediments has developed as for the 
benefit of PAM'S version and irrigation by the varlable 
inflow rite (Table 11, Fig. 10, the second irrigation). 

Balance of the sediments for one furrow 

The sediment concentrationsof irrigation water 

a -----.- - - - - - -  - - - - - - - - - -  
I.., - - - -  - - - -  - - -  - - - - - - - - - -  
" . - -  ...---- .- - - - - - - - -  
: , !k - -  -.--.--..---- - - - - - - -  

" . .. .. 6. .. LO. 1.. 3.0 >*o .a. ..o 3,. 
Th- *A".. -s---.ci*" <a", 

Fig. 9 
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Balance of the sediments for one furrow 

The sediment concentration of irrigation water 

Balance of the sediments for one furrow 

Fig. 10 

The sediment concentrations of irrigation water 

;. ., - -  - - - - - -  

a ]  

8 .  - - - -  - -  - _ _ _ _ _ _ _ _ _ _ _ _  

.%. - - - - - _ - _ _ _ _ _ _  - - - - - - - - - 

. a  
f, 9 %, -5 3 s  

I-- IY. .I -.-..... ,-"1 
.= i ' .. .. - . . . . . . a  " 2 . .  ,,,...., - - -c --a%... --, 
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Balance of the sediments for one furrow 

The sediment concentration of irrigation water 

- co"*a *=Sze-=A- mi i . . .  - - - - - - - - - - - - - - -  - - - - - -  

:*., - - - - - - - - - - - - - - -  - - - - -  
- -  --- . .----------- - - -  

a s.. - - - - - - - - - - - - - - - - - - -  
* . a, ., * .* .. ", .U 230 I.. a.3 1.1 

m. *LI -* .D..I...-. I d . ,  

Fig. 11 

Let's compare the results 2001 and 2002 for finding - out of 
influence of furrow length on furrow erosion (Table 12). 

Table 12 

RESULTS INFLUENCE OF FURROW LENGTH ON FURROW EROSION 
(version: continuous irrigation with ql) 

it is raining 

Thus, the reduction of length furrow increased the volumes 
sediments, carried out the bounds of furrow. The results of the 
last researches showed that the intensive sedimentation was 
observed on distance more 150 M from a beginning furrow 
(fig. 12). The increased outflow rite too had a meaning in it. 



The content of sediments in irrigation water 

v e r s i o n :  cont. irr. w i t h  q l  and q2 - .. 2001 
- 7 ,  I 

100 200 

The furrow length L-I 

. - V P ~ P ~ O ~ :  cent. irr. w i t h  ql and 9 2  
2002 

the fvrror l-ngth (-1 

H-r o< i.rr.Z.uon 

E l 1  m2Ea3a4 

Fig. 12 



3 . 6 .  E f f e c t  of Pam and surge irrigation 
on maize y i e l d  

Malze yield was determined for silage and grain individually 
at norm 30 thousand plants at hectare. 

Distinctive features 2002, influenced on an output of a maize: * 
* other grades of maize was sown; 
* the attention to a leaving of crops (weeding was made 

tw~ce, carrying of fertilization was made insoil also twice. 

The data for a yield are presented in Annex 6, Tables 13 and 
14. 

The results showed: 
Pam's addition in irrigation water was effected an increase 

of maize yield on silage and grain at her combination with 
technology irrigation in a continuos mode for all furrow length. 

Surge irrigation has ensured a accelerated promotion of 
fertilizers to the furrow end and increase of yield in her end. 

Surge irrigation in PAM treatment was be effective in 
consolidation of soil surface and reducing IR (and absorbing 
fertilization by soil) in the furrow beginning. Permeable layer of 
sediment, mixed with PAM and fertilizers, was formed in the furrow 
end (PAM and fertilization were inserted at the same time). This 
permeable and good fertilized layer has ensured increase of yield 
maize silage and grain in the end of a irrigation plot. The same 
effect was received on version continuos irrigation. t PAM but 
less pronounced. 

Surge irrigation without PAM treatment gave a high unevenness 
distribution of crop along furrow length. 

The calculations of the water application on creation of the 
unit crop, as a complex parameter of influence set of the factors, 
and, first of all, technologies of irrigation, on yield of maize, 
showed (Table 13 and 14) that the highest water expenditure on 
creation of a maize silage and amaize grain took place in version 
continuous irrigation with ql (control). The version surge 
irrigation had the most low the indexes of the water expenditure 
on creation of a crop. 

The high value of water infiltration for creation of unit of a 
maize crop took place in version continuous irrigation with ql and 
92 t PAM. The high value of the water expenditure indicates on the 
large losses to deep percolation to soil (please look Table 9). 

The results of field experiments 2002 and 2001 differed by 
yield of maize (especially. grains) a little, but differed by value 
of water expenditure on creation of a crop unit and uniformity of 
distribution of a crop on furrow length (Table 13 ... 15). Took place 
a water deficit for furrow end in 2001 and, in connection with 
this, high unevenness distribution of crop along 200 m furrow 
length. Coefficient K, which was received as quotient from 
division of yield in furrow end and furrow beginning, did not 
exceed 0.79 for maize silage and maize grain in 2001. These the 
low indexes were by result of a big furrow length. Reduction of 
furrow length to 150 m in 2002 was reflected effectively on maize 
yield. 



WATER APPLICATION ON CREATION OF CROP 

Version of 
irrigation 
technology 

C o n t .  i r r .  w i t h  ql 
a n d  q2 + PAM 
C o n t ,  i r r .  w i t h  q l  
a n d  q2 

C o n t .  i r r .  w i t h  ql 

S u r g e  i r r .  w i t h  ql 
a n d  q2 

S u r g e  i r r .  w i t h  ql 
a n d  q2 + PAM 

- ~~ 

Water 
applica- 
tion for 
4 irriga- 
tions, 
m3/hec 

4554 

3756 

5360 

3610 

-- 3798 - 

Water 
infiltra- 
tion for 
4 irriga- 
tions, 
m3/hec 

3036 

1759 

1938 

1836 

2074 

Yield of the maize silage 
(cen/hec) 

on the 

Water 
application 
on the one 
center of a 
crop (on the 
average), 
m3/cen 

Water 
infiltration 
on the one 
center of a 
crop (on the 
average) , 
m3/cen 
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MAIZE YIELD IN 2001 
Table 15 

Version of 

Conclusions 

The results- 2002 showed that the experiments conditions 2002 
has some difference from conditions 2001. This difference was: 

- surface slop of a plot increased from 2.7 % to 3.0 %; 
- maximum field carrying capacity increase from 20.74% to 

24%; 
- chemical and physical compositions of soil changed a 

little; 
- infiltration capacity of soil reduced; 
- a furrow length reduced from 200 m to 150 m; 
- mode of irrigation changed. 

However, some general conclusions can are made for field 
researches 2001 and 2002. They consist in the following: 

1. The PAM, is mixed with irrigation water in concentra:ion 
of 10 g/m3 and given with the irrigation water only ur.til the 
entire furrow is wetted, increased an infiltration capacizy ihe 
soil, reduced an advancement speed of stream at furrow, iilcreased 
a resistance of a surface furrow to erosion and mads 10~i field 
uniformity of the water distribution along furrow. 

2. Surge irrigation was not effective at condicions a kign 
infiltration capacity the soil of plot and big furrow length in 
2001. The improvement of quality irrigation was reached ~ i r h  
diminution of furrow length in 2002. This technoloqy irrisar-ior., 
in comparison with continuous irrigation, is low effective becacse 
take place higher intake at upstream end and low intake at che end 



of the field. Surge irrigation generally reduced soil intake rate, 
reduced value of irrigation application efficiency, improved 
moisture uniformity over the entire field, and is heavy in 
performance. However, the technologies irrigation in a surge mode 
gave positive effect for uniformity distribution of crop along 
furrow length and should be given an other effects at irrigation 
by bright water. 

3 .  Surge flow with PAM application (PAM in concentration of 
10 g/m3 is mixed with irrigation water during the surges) was be 
effective in consolidation of soil surface and reducing I R  in the 
furrow beginning. Intermittent flow could increase aggregate 
breakdown and sediment erosion and deposition, thus the formation 
of depositional surface seals in the furrow beginning. Sediment, 
PAM and fertilizers were moved to furrow end. Permeable layer of 
sediment, mixed with PAM and fertilizers, which was formed near to 
.the furrow end, increased an infiltration capacity the soil, 
decreased an outflow volume, increased the irrigation application 
efficiency, increased a resistance of a surface furrow to erosion 
and increase of productivity maize silage and grain in the end of 
a irrigation plot. At the same time, surge irrigation in PAM 
treatment made worse an uniformity of the water distribution and 
maize crop along furrow. 

Discrepancy an inflow rite to furrow length and the other 
conditions of plot field experiment brought to increased a 
sediment concentration in furrow end and the other negative 
effects in 2002. But did not influenced on content of' basic 
conclusions. 
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Annex 1 

Soil 
stratum. 

cm 

Before irrigation 2 

Point 1 

The increase of soil moisture content 

After irrigation 2 
The soil 
moisture 

content, 

13.37 
14.08 
12.82 
13.40 
19.25 
18.19 
17.27 
18.18 
21.70 
20.18 
20.99 
20.88 
21.27 
20.84 
19.86 
20.70 
20.38 
19.13 
20.12 
19.86 

The soil 
moisture 

content, 
% 

6.57 19.08 
5.37 19.66 
5.28 19.41 

17.22 19.36 

5.54 22.16 
5.94 21.57 
5.42 22.29 
16.90 21.99 
7.75 23.28 
6.52 22.80 
6.42 23.22 
20.69 23.08 
7.57 21.54 
5.78 22.52 
8.60 21.53 
21.95 21.79 
5.69 20.73 
7.92 21.05 
4.59 20.35 
18.20 20.77 

on the average 1 

Increase 
of moisture 

content. 
% 



Soil 

stratum. 
crn 

0-30 

30-60 

60-90 

90-120 

120-150 

point 2 
017 
020 
032 

023 
024 
019 

038 
026 
018 

029 
02 1 
030 

036 
034 
037 

Before irrigation 2 

August 13 
20 26 56.65 52.03 4.62 
21.24 57.13 52.83 4.30 
21.89 67.37 61.50 5.87 
63.39 181.15 166.36 14.79 
22.73 61.74 55.48 6.26 
23.04 53.66 48.72 4.94 
19.83 51.97 47.24 4.73 
65.60 167.37 151.44 15.93 
22.15 48.90 44.06 4.84 
22.36 48.25 43.63 4.62 
21.28 68.18 59.82 8.36 
65.79 165.33 147.51 17.82 
22.58 44.93 40.92 4.01 
21.48 35.28 32.87 2.41 
21.74 57.82 51.27 6.55 
65.80 138.03 125.06 12.97 
22.48 53.77 47.81 5.96 
22.80 44.72 40.52 4.20 
21.55 53.32 47.36 5 96 

66.83 151.81 135.69 16.12 

The soil 
moisture 

content. 
% 

14.54 
13.61 
14.82 
14.36 
19.11 
19.24 
17.26 
18.56 
22.09 
21.72 
21.69 
21.81 
21.86 
21.16 
22.1 8 
21.89 
23.53 
23.70 
23.09 

23.41 

point 2 
034 
021 
017 

024 
036 
019 

023 
029 
037 

030 
038 
026 

018 
020 
032 

After trrlgatlon 2 

August 18 
22.80 
21.48 
20.26 
64.54 
23.04 
22.48 
19.83 
65.35 
22.73 
22.58 
21.55 
66.86 
21.74 
22.15 
22.36 
66.25 
21.28 
21.24 
21.89 

64.41 

Continuation Annex 1 

The soil 
moisture 
content. 

Yo 

8.43 18.15 
6.08 19.04 
5.69 18.34 
20.20 18.46 
6.39 22.09 
6.78 21.83 
7.02 22.90 
20.19 22.27 
9.15 22.77 
6.40 23.96 
7.98 23.80 
23.53 23.43 
6.98 22.96 
7.15 22.78 
7.41 22.54 
21.54 22.76 
9.33 23.70 
5.47 23.59 
8.38 24.22 
23.18 23.86 

on the average 2 

Increase 
of moisture 

content, 
Ya 

4.1 0 

3.71 

1.62 

0.87 

0.45 
2.1 5 



Before irrigation 2 After irrigation 2 
Continuation Annex 1 

Soil 
stralum, 

cm 
point 3 

0-30 053 
048 
055 

August 13 
21.64 40.32 
22.68 48.45 
23.11 46.94 
67.43 135.71 
20.60 51.65 
22.25 66.39 
21.66 61.29 
64.51 179.33 

20.96 61.05 
22.60 57.35 
22.80 58.94 
66.36 177.34 
21.58 66.07 
23.25 69.53 
22.50 69.92 
67.33 205.52 
20.48 70.41 
22.72 70.34 
22.53 75.29 
65.73 216.04 

The soil 
moisture 
content. 

% 
16.02 
16.87 
16.53 
16.52 
20.02 
18.08 
18.97 
18.91 

21.89 
22.32 
22.67 
22.28 
23.93 
23.18 
23.17 
23.42 
23.90 
23.95 
23.21 
23.67 

point 3 
044 
043 
04 5 

August 18 
20.96 55.43 49.91 
22.72 65.66 58.18 
21.58 61.00 54.62 
65.26 182.09 162.71 
21.66 51.90 46.42 
23.1 1 71.89 63.14 
20.48 49.87 44.66 
65.25 173.66 154.22 
22.68 60.31 53.26 
22.80 58.33 51.64 
22.25 55.14 49.09 
67.73 173.78 153.99 
22.60 59.23 52.09 
20.60 59.30 51.85 
21.64 48.47 43.29 
64.84 167.00 147.23 
22.50 65.85 57.58 
22.53 56.83 50.19 
23.25 63.48 55.78 
68.28 186.16 163.55 

The soil 
moisture 
content. 

Oh 
5.52 19.07 
7.48 21.09 
6.38 19.31 
19.38 19.89 
5.48 22.13 
8.75 21.86 
5.21 21.55 
19.44 21.85 

7.05 23.05 
6.69 23.20 
6.05 22.54 
19.79 22.94 
7.14 24.21 
7.45 23.84 
5.18 23.93 
19.77 24.00 
8.27 23.57 
6.64 24.01 
7.70 23.67 
22.61 23.73 

on the average 3 

The increas 
of moisture 

content. 
Oh 



Continuation Annex 1 
Before irrigation 2 Afler irrigation 2 

Soil 
stratum., 

cm 
point 4 

056 
063 
060 

August 13 
22.80 
21.51 
21.09 
65.40 
22.54 
22.99 
22.69 
68.22 
21.92 
21.85 
22.39 
66.16 
22.85 
20.98 
22.72 
66.55 
22.55 
22.82 
21.60 
66.97 

The so11 

moisture 

content. 

% 
4.63 11.40 
2.49 10.41 
4.79 10 89 
11.91 10.98 
3.16 16.36 
4.90 16.19 
4.41 16.12 
12.47 16.21 
4.50 20.29 
3.83 20.04 
6.30 20.41 
14.63 20.27 
4.64 20.18 
6.32 20.40 
4.48 19.31 
15.44 20.01 
6.74 21.49 
7.52 20.99 
5.88 20.59 

20.14 21.03 

point 4 
056 
071 
069 

August 18 

22.80 
22.82 
22.72 
68.34 
21.85 
22.39 
22.54 

66.78 
22.99 
20.98 
21.51 
65.48 
22.69 
22.55 
21.09 
66.33 
22.85 
21.92 
21.60 
66.37 

The so11 

motsture 

content. 

Oh 
5.39 16.53 
4.14 17.49 
3.90 15.70 

13.43 16.56 
3.43 19.37 
4.83 18.48 
5 00 18.93 

13.26 18.87 
4.47 21.71 
7.12 22.09 
4.37 21.87 
15.96 21.92 
4.60 20.32 
5.92 20.85 
4.67 20.70 
15.19 20.64 
5.91 20 69 
4.61 20.80 
7.06 21.54 

17.58 21.05 

on the average 4 

Increase 
of moisture 

content. 

Oh 



Continuation Annex 1 

Before irrigation 2 After irrigation 2 
Soil 

stratum. 
cm 

0-30 

30-60 

60-90 

90-120 

120-150 

point 5 
073 
075 
08 1 

091 
093 
087 

090 
084 
078 

094 
082 
085 

086 
095 
092 

August 13 
22.48 51.39 
21.89 56.74 
22.56 53.50 
66.93 161.63 
20.88 47.27 
20.42 57.25 
20.57 52.88 
61.87 157.40 
21.83 48.28 
22.43 52.29 
22.20 61.29 
66.46 161.86 
21.49 49.80 
22.68 60.84 
21.16 44.68 
65.33 155.32 
22.67 54.93 
21.34 68.89 
21.05 59.11 
65.06 182.93 

The soil 
moisture 
content, 

Oh 

47.59 3.80 15.13 
52.92 3.82 12.31 
50.51 2.99 10.70 
151.02 10.61 12.62 
43.26 4.01 17.92 
51.45 5.80 18.69 
47.92 4.96 18.14 
142.63 14.77 18.29 
43.94 4.34 19.63 
47.36 4.93 19.78 
54.83 6.46 19.80 
146.13 15.73 19.74 
44.75 5.05 21.71 
54.15 6.69 21.26 
40.44 4.24 21.99 
139.34 15.98 21.59 
48.78 6.15 23.55 
60.32 8.57 21.99 
51.86 7.25 23.53 
160.96 21.97 22.91 

point 5 
086 
091 
075 

090 
094 
095 

085 
078 
092 

093 
087 
073 

082 
081 
084 

August 18 
22.67 57.53 
20.88 52.64 
21.89 59.80 
65.44 169.97 
21.83 63.76 
21.49 75.90 
21.34 60.97 
64.66 200.63 
21.16 54.11 
22.20 55.24 
21.05 59.12 
64.42 168.47 
20.42 50.45 
20.57 63.91 
22.48 66.27 
63.47 180.63 
22.68 61.48 
22.56 60.92 
22.43 68.80 
67.67 191.20 

The soil 
moisture 
content, 

Ye 
4.98 16.67 
4.96 18.51 
5.20 15.90 
15.14 16.94 
7.26 20.94 
9.28 20.56 
6.62 20.05 
23.16 20.53 
5.76 21.18 
5.73 20.98 
6.69 21.32 
18.18 21.17 
5.49 22.37 
7.77 21.84 
7.99 22.32 
21.25 22.16 
7.25 22.98 
7.10 22.71 
8.76 23.29 
23.11 23.01 

on the average 5 

Increase 
of moisture 

content. 
% 

4.32 

2.24 

1.43 

0.56 

0.10 
1.73 



Continuation Annex 1 

Before irrigation 2 Aner irrigation 2 
Soil 

stratum. 
cm 

0-30 

30-60 

60-90 

90-120 

120-150 

point 6 
099 
109 

106 

100 
101 
098 

111 
108 
096 

103 
107 
097 

102 
105 
110 

August 13 
22.54 63.69 
21.32 58.12 

22.79 45.45 

66.65 167.26 
23.04 56.81 
22.75 51.56 
21.38 59.80 
67.17 168.17 
22.45 64.90 
23.42 82.46 
21.18 61.75 
67.05 209.1 1 
22.35 54.33 
22.84 58.57 
21.90 63.66 
67.09 176.56 
21.61 54.49 
22.73 54.77 
23.04 60.40 
67.38 169.66 

The soil 
moisture 
content, 

% 
15.98 
15.43 

13.58 
15.23 
19.96 
18.66 
18.25 
18.94 
20.94 
20.93 
20.85 
20.91 
22.67 
22.87 
22.21 
22.56 
24.26 
23.47 
23.63 

23.78 

point 6 
110 
102 

101 

109 
108 
106 

103 
097 
100 

096 
105 
099 

107 
098 
111 

August 18 
23.04 56.20 
21.61 60.52 

22.75 58.15 
67.40 174.87 
21.32 59.23 
23.42 58.82 
22.79 54.38 
67.53 172.43 
22.35 60.69 
21.90 47.06 
23.04 58.10 
67.29 165.85 
21.18 65.72 
22.73 58.78 
22.54 58.12 
66.45 182.62 
22.84 62.40 
21.38 67.87 
22.45 69.56 

66.67 199.83 

The soil 
moisture 
content. 

% 
4.84 17.09 
5.62 16.88 

5.56 18.63 
16.02 17.52 
6.46 20.54 
6.14 20.98 
5.42 20.71 
18.02 20.74 
6.79 21.52 
4.50 21.78 
6.24 21.65 
17.53 21.63 
8.46 23.45 
6.75 23.04 
6.51 22.39 

21.72 23.00 
7.57 23.66 
8.93 23.78 
9.15 24.10 

25.65 23.86 

on the average6 

The increas 
of moisture 

content, 
% 



Soil 
stratum. 

cm 
point 7 
113 
121 
126 

Before irrigation 2 

August 13 
22.64 64.12 
22.71 66.44 
21.99 54.96 
67.34 185.52 
22.18 51.06 
21.89 56.66 
22.91 59.8 
66.98 167.52 
22.13 51.88 
22.95 51.13 
21.53 60.08 
66.61 163.09 
22.86 54.5 
22.49 54.33 
22.28 70.39 
67.63 179.22 
22.24 44.14 
21.91 48.93 
21.66 48.97 
65.81 142.04 

After irrigation 2 

The soil 
moisture 
content. 

% point 7 August 18 
15.19 122 21.66 
13.50 112 22.91 
14.80 119 22.24 
14.45 66.81 
18.41 121 22.71 
18.91 126 21.99 
17.86 127 21.91 
18.38 66.61 
21.08 118 22.18 
20.89 120 22.49 
20.85 125 22.13 
20.93 66.80 
20.99 123 21.53 
20.93 115 22.86 
21.40 124 22.28 
21.15 66.67 
21.20 114 21.89 
21.60 117 22.95 
21.32 113 22.64 
21.39 67.48 

The soil 
moisture 
content, 

% 
4.60 19.74 
5.77 19.45 
6.41 19.58 
16.78 19.58 
4.93 19.44 
5.26 19.65 
4.52 19.14 
14.71 19.42 
6.98 21.64 
7.69 22.23 
8.08 21.77 

22.75 21.88 
6.95 21.54 
6.82 22.13 
7.92 21.45 

21.69 21.69 
9.39 23.36 
5.31 23.14 
6.48 22.64 
21.18 23.08 

on the average 6 

Increase 
of moisture 

content. 
% 

20 m 



Continuation Annex 1 

Before irrigation 2 After irrigation 2 
Soil 

stratum. 
cm 

point 8 August 13 
141 22.60 
139 21.40 
133 20.80 

64.80 
135 22.43 
140 22.91 
137 22.91 

68.25 
142 22.87 
131 21.05 

130 22.76 

66.68 
129 22.81 
134 22.62 
136 23.24 

68.67 
138 21.79 
128 22.82 
132 22.73 

67.34 

The soil 

moisture 

content, 
% point 8 

12.63 134 
13.24 139 
14.29 133 
13.39 
19.17 135 
16.06 137 
14.99 128 

16.95 
20.27 132 
20.41 130 

20.42 131 

20.38 
21.19 136 
21.38 141 
20.62 138 
21.06 
22.58 140 
23.45 129 
24.24 142 

23.40 

August 18 
22.62 
21.40 
20.80 
64.82 
22.43 
22.91 
22.82 
68.16 
22.73 
22.76 

21.05 

66.54 
23.24 
22.60 
21.79 
67.63 
22.91 
22.81 
22.87 

68.59 

The soil 

moisture 
content, 

5.10 18.59 
4 04 17.24 
17.03 18.08 
4.96 19.86 
5.21 20.15 
6.32 20.81 
16.49 20.31 
6.95 21.07 
6.39 21.02 

5.19 20.20 

18.53 20.80 
5.68 21.68 
5.58 21.50 
5.85 21.36 

17.11 21.51 
8.32 24.80 
4.08 22.87 
7.40 23.82 

19.80 24.01 

on the average 8 

Increase 

of moisture 
content. 

% 

75 m 



Continuation Annex 1 

Before irrigation 2 After irrigation 2 
Soil 

stratum. 
cm 

0-30 

30-60 

60-90 

90-120 

120-150 

August 13 
22.90 52.58 
22.25 69.43 
22.84 50.9 
67.99 172.91 
22.44 50.63 
21.39 60.85 
22.75 49.97 
66.58 161.45 
21.80 59.75 
21.73 46.23 
22.47 52.23 
66.00 158.21 
21.16 47.03 
22.69 68.81 
22.06 52.36 
65.91 168.20 
22.17 52.79 
20.64 52.21 
22.49 64.00 
65.30 , 169.00 

The soil 
moisture 
content. 

% 
15.58 
13.50 
13.24 
14.01 
17.65 
18.93 
16.28 
17.78 
20.29 
19.45 
19.37 
19.77 
23.72 
23.35 
22.08 
23.06 
23.77 
23.66 
23.87 
23.78 

point 9 August 18 
146 22.06 
152 21.73 
158 22.84 

66.63 
157 22.44 
147 22.69 
155 22.75 

67.88 
159 20.64 
154 22.49 
149 22.47 

65.60 
143 22.25 
144 21.80 
156 21.16 

65.21 
153 22.17 
145 21.39 
151 22.90 

66.46 

The soil 
moisture 
content. 

% 
5.34 19.21 
7.79 19.39 
6.78 19.31 
19.91 19.31 
4.14 22.15 
8.49 22.10 
4.87 20.96 

17.50 21.78 
7.47 22.39 
7.60 22.25 
5.78 21.14 

20.85 21.98 
8.71 23.87 
6.74 22.79 
9.78 23.43 

25.23 23.40 
9.06 24.22 
8.69 24.37 
10.55 24.56 
28.30 24.39 

on the average 9 

Increase 
of moisture 

content, 
% 

135 rn 

5.31 

4.00 

2.21 

0.34 

0.61 
2.49 



Soil 
stratum. 

cm 
point 10 

167 
171 
173 

174 
165 
168 

169 
166 
164 

160 
170 
161 

172 
163 
175 

Before irrgation 2 

August 18 
21.98 50.39 
21.66 53.57 
22.58 51.92 
66.22 155.88 
22.44 46.58 
22.87 44.84 
21.13 55.1 
66.44 146.52 
22.35 51.54 
21.90 57.94 
22.06 50.15 
66.31 159.63 
21.50 56.78 
21.92 56.38 
23.16 58.54 
66.58 171.70 
22.01 58.93 
23.15 61.68 
22.74 61.74 
67.90 182.35 

The soil 
moisture 
content, 

Oh 
13.91 
14.29 
14.12 
14.11 
.16.73 
15.88 
17.46 
16.80 
21.02 
19.97 
15.12 
18.79 
21.32 
21.17 
21.87 
21.46 
23.40 
23.89 
22.72 
23.33 

point 10 
173 
164 
170 

165 
168 
160 

166 
161 
1 74 

169 
167 
172 

175 
163 
171 

After irrigation 2 

August 22 
22.58 49.61 
22.06 42.44 
21.92 45.58 
66.56 137.63 
22.87 46.14 
21.13 41.11 
21.50 48.50 
65.50 135.75 
21.90 56.37 
23.16 52.29 
22.44 53.93 
67.50 162.59 
22.35 69.09 
21.98 48.36 
22.01 64.32 
66.34 181.77 
22.74 68.15 
23.15 66.29 
21.66 59.35 
67.55 193.79 

Continuation Annex 1 

The soil 
moisture 
content, 

% 
3.63 15.51 
2.62 14.75 
3.02 14.63 
9.27 15.00 
3.63 18.48 
3.01 17.74 
4.37 19.31 

11.01 18.59 
6.25 22.15 
5.13 21.38 
5.58 21.54 
16.96 21.71 
8.30 21.59 
4.62 21.23 
7.51 21.58 

20.43 21.51 
8.53 23.13 
8.14 23.26 
6.86 22.25 

23.53 22.91 

on the average 10 

Increase 
of moisture 

content. 
O h  

20 m 

0.89 

1.78 

2.92 

0.05 

-0.42 
1.04 



Continuation Annex 1 

Soil 
stratum. 

cm 

0-30 

30-60 

60-90 

90-120 

120-150 

Before irrigation 2 

point 11 August 18 

189 21.99 56.67 
179 23.18 74.83 
180 21.94 66.24 

67.1 1 197.74 
176 22.39 67.98 
190 22.84 54.04 
184 22.79 51.11 

68.02 173.13 
183 22.27 60.39 
181 22.58 67.21 
178 22.85 68.93 

67.70 196.53 
177 21.83 54.89 
193 22.99 55.12 
185 22.60 64.43 

67.42 174.44 
188 22.87 53.54 
187 22.70 56.96 
182 22.09 52.64 

67.66 163.14 

After irrigation 2 
The soil 
moisture 

content. 

% point 11 August 22 
3.84 12.45 181 22.58 
5.80 12.65 182 22.09 
4.93 12.52 188 22.87 
14.57 12.55 67.54 
6.01 15.18 190 22.84 
4.03 14.83 176 22.39 
3.75 15.26 187 22.70 
13.79 15.10 67.93 
6.77 21.59 189 21.99 
7.55 20.36 180 21.94 
7.31 18.85 184 22.79 
21.63 20.1 8 66.72 
5.97 22.04 179 23.18 
5.55 20.88 183 22.27 
7.40 21.49 178 22.85 

18.92 21.48 68.30 
5.82 23.42 185 22.60 
6.31 22.58 177 21.83 
5.77 23.28 193 22.99 
17.90 23.07 67.42 

The soil 
moisture 

content, 

% 
4.35 13.59 
4.64 13.58 
3.92 13.25 

12.91 13.48 
5.66 20.16 
5.97 19.36 
6.79 19.58 
18.42 19.68 
6.14 21.04 
7.94 21.63 
6.15 20.53 

20.23 21.11 
6.86 21.57 
8.48 22.57 
5.73 21.83 

21.07 22.03 
6.01 22.46 
5.53 23.19 
9.20 22.79 

20.74 22.80 

on the average 11 

Increase 
of moisture 

content. 

% 

75 rn 

0.93 

4.58 

0.93 

0.56 

-0.27 
I .34 



Continuation Annex 1 

Soil 
stratum. 

cm 
point 12 

208 
210 
209 

207 
203 
195 

201 
202 
196 

197 
194 
205 

206 
204 
199 

Before irrigation 

August 18 
21.83 
22.95 
23.19 
67.97 
21.11 
22.14 
21.03 
64.28 
22.86 
21.84 
21.24 
65.94 
22.55 
22.26 
20.28 
65.09 
21.82 
22.65 
22.26 
66.73 

The soil 
molsture 
content, 
Ye 

13.99 
13.45 
13.75 
13.71 
17.49 
17.48 
19.83 
18.21 
19.76 
20.39 
20.36 
20.15 
20.23 
20.86 
21.36 
20.81 
24.61 
25.84 
24.13 
24.81 

After irrigation 2 

August 22 
22.55 
22.95 
22.65 
68.1 5 
20.28 
21.82 
21.11 
63.21 
22.26 
21.03 
22.14 
65.43 
22.86 
21.83 
23.19 
67.88 
21.84 
21.24 
22.26 
65.34 

The soil 
moisture 
content. 

% 

4.99 16.66 
4.70 15.45 
7.03 16.29 
16.72 16.15 
5.94 20.40 
5.81 21.17 
6.52 20.77 
18.27 20.77 
6.13 20.84 
7.19 21.10 
6.74 . 20.98 
20.06 20.98 
7.15 21.56 
9.27 21.56 
7.05 21.61 

23.47 21.57 
12.87 25.23 
9.35 25.41 
9.43 25.65 

31.65 25.41 

on the average 12 

increase 
of moisture 

content, 
% 

130 m 

2.44 

2.56 

0.83 

0.77 

0.60 
1.44 



Continuation Annex 1 

Soil 
stratum. 

cm 

0-30 

30-60 

60-90 

90-120 

120-150 

point 13 
262 
272 
273 

253 
216 
222 

242 
246 
223 

231 
259 
248 

211 
260 
275 

Before irrigation 

August18 
23.38 
22.59 
22.24 
68.21 
21.28 
21.76 
22.23 
65.27 
22.51 
22.77 
21.97 
67.25 
22.54 
22.83 
22.23 
67.60 
22.12 
22.75 
20.69 
65.56 

The soil 
moisture 
content, 

Oh 
16.13 
16.39 
15.42 
15.98 
19.17 
20.67 
19.03 
19.71 
21.95 
21.10 
21.10 
21.31 
23.06 
22.85 
21.34 
22.49 
25.95 
25.19 
24.36 
25.22 

point 13 
223 
259 
273 

260 
272 
231 

275 
246 
262 

248 
253 
222 

216 
242 
211 

After irrigation 

August 22 
21.97 
22.83 
22.24 
67.04 
22.75 
22.59 
22.54 
67.88 
20.69 
22.77 
23.38 
66.84 
22.23 
21.28 
22.23 
65.74 
21.76 
22.51 
22.12 
66.39 

The soil 
moisture 
content, 

% 

4.60 16.92 
4.70 16.61 
5.38 16.34 

14.68 16.61 
3.40 20.29 
4.92 21.66 
5.01 21.56 
13.33 21.26 
5.76 21.86 
4.67 23.39 
4.08 22.33 
14.51 22.46 
5.72 23.17 
4.72 23.74 
6.11 23.15 
16.55 23.32 
5.82 25.43 
8.67 25.47 
7.12 25.14 

21.61 25.35 

on the average 13 

Increase 
of moisture 

content. 
Oh 

0.63 

1.55 

1.15 

0.84 

0.13 
0.86 



Continuation Annex 1 

Before irrigation 2 Afler irrigation 2 
Soil 

stratum. 
cm 

point 14 

328 
306 
305 

August 18 

22.61 
20.72 
19 66 
62.99 
22.11 
20.49 
19.84 
62.44 
23.24 
21.72 
20.42 
65.38 
22.41 
20.67 
22.98 
66.06 
20.72 
21.51 
22.25 
64.48 

The soil 
molsture 
content. 

% 
12.54 
13.83 
13.81 
13.39 
15.46 
14.71 
15.40 
15.10 
20.39 
19.31 
19.40 
19.73 
21.84 
22.51 
21.86 
22.08 
21.35 
22.77 
22.57 
22.19 

point 14 

307 
300 
292 

August 22 
21.51 
20.72 
22.1 1 
64.34 
20.72 
22.25 
21.72 
64.69 
20.49 
20.67 
20.42 
61.58 
19.66 
22.61 
19.84 
62.1 1 
22.41 
23.24 
22.98 
68.63 

The soil 
moisture 
content, 

Oh 
5.63 14.93 
3.74 14.54 
3.81 15.10 
13.18 14.86 
3.93 17.35 
4.53 17.74 
6.51 17.38 
14.97 17.48 
5.81 21.76 
6.33 21.82 
7.14 21.27 

19.28 21.59 
6.99 22.69 
5.35 23.66 
7.58' 23.28 

19.92 23.17 
5.84 22.30 
9.01' 22.58 
6.25 22.44 
21.10 22.46 

on the average 14 

Increase 
of moisture 

content, 
Yo 

1.48 



Continuation Annex 1 

Before irrigation 2 After irrigation 2 
Soil 

stratum, 
cm 

August 18 
20.07 55.77 
23.30 56.66 
22.73 62.31 
66.10 174.74 
22.93 59.23 
23.04 54.64 
22.48 56.80 
68.45 170.67 
22.39 58.72 
22.53 53.60 
20.49 49.63 
65.41 161.95 
22.98 47.96 
21.60 59.90 
23.14 52.39 
67.72 160.25 
23.10 59.16 
22.85 56.73 
23.09 59.72 
69.04 175.61 

The soil 
moisture 
content. 

% 
51.64 4.13 13.08 
53.04 3.62 12.17 
57.75 4.56 13.02 

162.43 12.31 12.78 
54.27 4.96 15.83 
50.15 4.49 16.56 
52.17 4.63 15.59 
156.59 14.08 15.97 
52.83 5.89 19.35 
48.66 4.94 18.91 
44.91 4.72 19.33 
146.40 15.55 19.20 
43.93 4.03 19.24 
53.41 6.49 20.40 
47.68 4.71 19.19 
145.02 15.23 19.70 
52.00 7.16 24.78 
49.96 6.77 24.97 
52.44 7.28 24.80 

154.40 21.21 24.85 

point 15 
351 
349 
333 

346 
330 
334 

357 
338 
335 

356 
361 
366 

360 
355 
332 

August 22 
22.53 63.98 
23.30 58.01 
22.93 58.37 
68.76 180.36 
20.49 '57.85 
23.10 57.05 
20.07 53.62 
63.66 168.52 
22.98 53.63 
22.93 49.99 
22.39 65.49 
68.30 169.1 1 
23.14 56.35 
22.48 65.64 
23.09 59.70 
68.71 181.69 
21.60 63.91 
22.85 64.32 
22.73 67.08 
67.18 195.31 

The soil 
moisture 
content, 

Oh 
5.75 16.11 
4.65 15.47 
5.02 16.50 

15.42 16.03 
5.69 17.97 
5.31 18.54 
5.28 18.68 
16.28 18.38 
5.18 20.34 
4.61 20.53 
7.19 20.02 

16.98 20.26 
5.71 20.76 
7.37 20.59 
6.27 20.67 
19.35 20.67 
8.72 25.96 
8.30 25.02 
8.66 24.26 

25.68 25.07 
on the average 15 

Increase 
of moisture 

content, 
O h  

3.25 

2.40 

1.06 

0.96 

0.22 
1.58 



55 Annex 2 

The calculation of the water aplication for irrigation period 
Irrigation 1 

irrigation 2 

Duration Duration Durat~on of irrigation The water aplicabon 
V e r s i o n  of furrow of Irnin) with flow rate (rn3hec) with flow rate 

wetting, irrigation, ql=30 q246.8 ql=30 q2=16.8 Total 
Urnin Urnin Urnin Urnin 

Cont irr. +PAM with ql and q2' 301 631 331 300 1103 560 1663 
Cont. irr. with q2 and q2 148 478 178 300 593 560 1153 
Cont. irr. with ql 115 445 445 0 1483 0 1483 
S u r ~ e  irr. with a1 and a2 91 421 121 300 402 560 962 ~ - 

ICont. irr. + PAM with qi and q2" 1 68 / 398 / 98 1 300 1 326 1 560 1 886 
' it is rainning " it does not raining 

lrrigation 3 

Irrigation 4 



Annex 3 
The outflow volume, the sediments 

2002 

Irrigation 1 July 31 

The irrigation tehnology: continuous irrigation + PAM with ql and q2 Furrows 5, 6. 7, 8 

The water 
Out flow rate 

qi q av 
dti,min Us Us 

0.200 
10 0.209 

0.218 
10 0.223 

0.228 
30 0.195 

0.161 
30 0.171 

0.180 
30 0.187 

0.194 
30 0.188 

0.182 
60 0.179 

0.177 
60 0.170 

0.162 
60 0.161 

0.160 

Outflow 
volume. L 

W 0. f. 

The sediments 

m. % m, gll m av, Pmi, kg 

g/L T, min 
10 

330 

TOTAL 

T, min 10 20 
h q h 9 
2 0.197 2.3 0.21 1 

1.9 0.192 2.8 0.233 
2.4 0.21 5 2.8 0.233 
2 0.197 2 0.197 

0.200 0.218 

T, min 120 150 
h 9 h '  9 

4.6 0.206 3.8 0.187 
4.6 0.206 4.4 0.201 
4.2 0.197 3.2 0.172 
3 0.166 3 0.166 

0.194 0.182 



Irrigation 1 July 31 Continuation of Annex 3 

The irrigation tehnology: continuous irrigation with ql and q2 Furrows 1, 2, 3, 4 

The water 
Out flow rate Oufflow 

qi q av volume, L 
Us Us W 0. f. 

0.232 
0.238 142.92 

0.245 
0.250 149.94 

0.255 
0.236 424.83 

0.217 
0.213 383.22 

0.209 
0.213 383.68 

0.217 
0.212 380.94 

0.206 
0.202 727.70 

0.198 
0.198 714.43 

0.199 
0.196 706.55 

0.194 
4014 L 
446 rn3lhec 

The sediments 

rn av. 

!3'- 
Pmi, kg 

T, min 

10 

330 
TOTAL 

T, min 
h 

2.8 
2.1 
3 

3.3 

T, min 



Continuation of Annex 3 

Irrigation 1 August 1 

The irrigation tehnology: continuous irrigation with ql Furrows 17, 18, 19, 20 

T, rnin 
10 

330 
TOTAL 

The water 
Out flow rate Oufflow 

qi q av volume, L 
dti,rnin Us Us W o. f. 

0.379 
10 0.387 232.49 

0.396 
10 0.407 244.33 

0.418 
30 0.416 749.63 

0.415 
30 0.422 759.35 

0.429 
30 0.422 758.85 

0.414 
30 0.415 747.53 

0.416 
60 0.415 1495.13 

0.414 
60 0.416 1498.03 

0.418 
60 0.419 1507.56 

0.420 
7993 
888 

The sediments 

rn av, Prni, kg 
g/L 

T, rnin 10 20 30 60 90 
h 9 h q h 4 h 4 h 4 
2.5 0.402 2.3 0.385 3 0.440 3 0.440 2.9 0.433 
2 0.359 2.3 0.385 2.1 0.368 2.3 0.385 2.8 ' 0.425 
2.3 0.385 3.1 0.447 3.2 0.454 2.8 0.425 2.8 0.425 

2.1 0.368 2.1 0.368 2.6 0.410 2.6 0.410 2.9 0.433 
0.379 0.396 0.418 0.41 5 0.429 

T, min 120 150 210 270 330 
h q h 9 h q h q h 9 
3 0.440 3.2 0.454 3.1 0.447 3.2 0.454 3.3 0.461 
3 0.440 2.7 0.41 7 2.8 0.425 3.1 0.447 3.1 0.447 
2.1 0.368 2.1 0.368 2.1 0.368 2.1 0.368 2.2 0.377 
2.6 0.410 2.8 0.425 2.7 0.417 2.5 0.402 2.4 0.393 

0.414 0.416 0.414 0.418 0.420 



Continuation of Annex 3 
Irrigation 1 August 1 

The irrigation tehnology: surge irrigation with ql and q2 Furrows 13, 14, 15, 16 

The water 
Out flow rate Outflow 

qi q av volume, L 
U s  Us W 0. f. 
0.338 

0.357 214.25 
0.376 

0.383 229.91 
0.390 

0.307 552.47 
0.224 

0.230 413.90 
0.236 

0.237 425.73 
0.237 

0.230 414.19 
0.223 

0.213 765.89 
0.202 

0.201 724.98 
0.201 

0.202 726.01 

0.203 

4467 

496 

The sediments 

m av. Pmi, kg 
glL T, min 

10 

330 
TOTAL 

T, min 10 20 30 60 90 
h 4 h q h 9 h q h q 
1 .8 0.341 2.2 0.377 1.8 0.341 1.6 0.176 1.6 0.176 
1.5 0.31 1 1 -8 0.341 2.8 0.425 1.5 0.311 1.6 0.321 
1.9 0.350 2.4 0.393 2.4 0.393 2.2 0.206 2.4 0.215 
1.9 0.350 2.4 0.393 2.5 0.402 2.1 0.201 2.8 0.233 

0.338 0.376 0.390 0.224 0.236 

T, min 120 150 210 270 330 

h 4 h q h q 9 h 
2.1 0.201 2.2 0.206 1.5 0.170 1.5 0.170 1.6 0.176 
1.5 0.31 1 1.1 0.266 1.7 0.181 1.6 0.176 1.8 0.186 
2.2 0.206 2.1 0.201 2.8 0.233 2.7 0.228 2.7 0.228 

2.7 0.228 2.5 0.220 2.6 0.224 2.7 0.228 2.5 0.220 
0.237 0.223 0.202 0.201 0.203 



Continuation of Annex 3 

Irrigation 1 August 1 

The irrigation tehnology: surge irrigation + PAM wlth ql  and q2 9, 10. 11, 12 

Furrows 

T, min 

10 

20 

30 

60 

90 

120 

150 

210 

270 

330 
TOTAL 

The water 
Out flow rate 

qi q av 
L/s U S  

0.260 
0.240 

0:221 

0.222 
0.223 

0.200 
0.177 

0.179 
0.181 

0.191 
0.202 

0.198 
0.194 

0.196 
0.198 

0.199 
0.200 

0.203 

0.206 

Outflow 
volume, L 

W o  f 

144 28 

133 01 

359 77 

322 03 

344 54 

356.38 

705.43 

716.90 

731 07 

3813 
424 

The sediments 

m av. Pmi, kg 

g/L 

26.81 1 3.87 

23.160 3.08 

18.631 6.70 

12.086 3.89 

18.616 6.41 

20.218 7.21 

9.768 6.89 

5.749 4.12 

3.018 2.21 

44.38 

T, rnin 10 20 30 60 90 
h 9 h 9 h q h 4 h 9 

2.4 0.393 2.8 0.233 2.7 0.228 1.8 0.186 1.8 0.186 
2.3 0.21 1 2.3 0.21 1 2.6 0.224 1.4 0.164 1.5 0.170 
3 0.241 2.8 0.233 2.8 0.233 1.5 0.170 1.5 0.170 

2 0.197 2.2 0.206 2.2 0.206 1.8 0.186 2 0.197 
0.260 0.221 0.223 0.177 0.181 

T, rnin 120 150 210 270 330 
h q h 9 h 4 4 h 9 

1.7 0.181 1.7 0.181 2 0.197 1.9 0.192 1.8 0.186 
2.6 0.224 2.8 0.233 2.8 0.233 3 0.241 2.6 0.224 

1.9 0.192 1.8 0.186 1.8 0.186 2.3 0.21 1 2.2 0.206 

2.3 0.21 1 1.6 0.176 1.6, 0.176 1.3 0.158 2.2 0.206 
0.202 0.194 0.198 0.200 0.206 



Continuation of Annex 3 

The oufflow volume, the sediments 
Irrigation 2 August 14 

The irrigation tehnology: continuous irrigation + PAM with ql and q2 

T, min 
10 

330 
TOTAL 

T, min 
h 
0.3 
0.5 
0.7 
0.6 

T, min 
h 
1 
1.3 
1.1 
1 

The water 
Out flow rate 

qi q av 
dti,min Us Us 

0.100 
10 0.149 

0.199 
10 0.207 

0.215 
30 0.183 

0.150 
30 0.146 

0.142 
30 0.144 

0.146 
30 0.147 

0.149 
60 0.150 

0.152 
60 0.152 

0.152 
60 0.154 

0.157 

ovtilow 
volume, L 

W 0. f. 

Furrows 9, 10, 11, 12 

The sediments 

m av. 

9 / L  

Pmi, kg 



Continuation of Annex 3 

Irrigation 2 August 14 

The irrigation tehnology: continuous irrigation with ql and q2 Furrows 13, 14, 15, 16 

The water 
Out flow rate Outflow 

qi q av volume, L 
Us U S  W 0. f. 

0.323 

The sediments 

m, % rn, g/l m av, 

9/L 
0 99 9.92 

9.477 
0.90 9.03 

8.784 
0.85 8.54 

7.206 
0.59 5.88 

4.967 

Pmi, kg 
T, min 

10 

330 

TOTAL 

T, rnin 10 20 30 
h q h q h 4 

1.3 0.290 1.1 0.266 2.3. 0.385 
1.6 0.321 2.3 0.385 2.7 0.417 
1.9 0.350 2.7 0.417 3.2 0.454 
1.7 0.331 1.9 0.350 1.8 0.341 

0.323 0.355 0.399 

T, min 120 150 210 
h 9 h '7 h 9 

3.8 0.271 6.8 0.362 4 0.278 
2.8 0.233 3.6 0.264 3.3 0.253 
2.9 0.237 2.6 0.224 3.4 0.256 
2.5 0.220 2.1 0.201 1.8 0.186 

0.240 0.263 0.243 



Continuation of Annex 3 

Irrigation 2 August 14 

The irrigation tehnology: continuous irrigation with ql Furrows 17. 18. 19.20 

T, min 
I0 

20 

30 

60 

90 

120 

150 

210 

270 

330 
TOTAL 

The water 
Out flow rate 

qi q av 
dti,min Us Us 

0.325 
10 0.340 

0.354 
10 0.353 

0.352 
30 0.366 

0.380 
30 0.384 

0.388 
30 0.370 

0.352 
30 0.363 

0.374 
60 0.369 

0.363 
60 0.367 

0.370 
60 0.365 

0.361 

Outflow 
volume. L 

W 0. f. 
rn, % rn, gn 

0.88 8.85 

The sediments 

rn av. Prni, kg 
g/L 

T, min 10 20 30 60 90 
h q h 9 h 4 h q h 9 

2 0.359 2.2 0.377 1.9 0.350 2.2 0.377 2.8 0.425 
1.5 0.31 1 1.9 0.350 2.1 0.368 2.5 0.402 2.5 0.402 
1.3 0.290 2 0.359 2 0.359 2.4 0.393 2.4 0.393 
1.8 0.341 1.7 0.331 1.7 0.331 1.9 0.350 1.7 0.331 

0.325 0.354 0.352 0.380 0.388 

T, min 120 150 210 270 330 
h q h 4 h q h q h q 
2.2 0.377 2.5 0.402 2.3 0.385 2.5 0.402 2.2 0.377 
1.8 0.341 2 0.359 1.9 0.350 2 0.359 2.4 0.393 
1.6 0.321 2 0.359 2 0.359 1.8 0.341 1.7 0.331 
2.1 0.368 2.2 0.377 2 0.359 2.2 0.377 1.8 0.341 

0.352 0.374 0.363 0.370 0.361 



Continuation of Annex 3 
Irrigation 2 August 19 

The irrigation tehnology: surge irrigation with ql and q2 Furrows 1, 2, 3, 4 

T, min 
10 

330 
TOTAL 

The water 
Out flow rate Oufflow 

qf q av volume, L 
dti.rnin Lls Us W o. f. 

0.397 
10 0.397 237.91 

0.396 
10 0.387 232.25 

0.378 
30 0.296 532.67 

0.214 
30 0.216 388.26 

0.218 

rn, % rn, g/l 

The sediments 

m av, Prni, kg 
g/L 

32.050 7.63 

30.334 7.05 

T, rnin l o  20 30 60 90 
h 4 h 9 h 4 h q h q 

2.8 0.425 2.9 0.433 2.5 0.402 2.7 0.228 2.6 0.224 
2.6 0.410 2.8 0.425 3 0.440 2 0.197 2.4 0.215 
2 0.359 2.1 0.368 1.5 0.311 2.3 0.21 1 2.5 0.220 

2.4 0.393 2 0.359 2 0.359 2.5 0.220 2.3 0.211 
0.397 0.396 0.378 0.214 0.218 

T, rnin 120 150 21 0 270 330 
h q h 9 h q q h 9 
3 0.241 3.1 0.245 3 0.241 3 0.241 2.9 0.237 

2.5 0.220 2.5 0.220 2.5 0.220 2.2 0.206 2.2 0.206 
2.1 0.201 2.9 0.237 .3 0.241 3.1 0.245 2.9 0.237 
2.1 0.201 1.5 0.170 1.7 0 181 1.7 0.181 1.8 0.186 

0.216 0.218 0.221 0.218 0.217 



Continuation of Annex 3 
Irrigation 2 August 19 

The irrigation tehnology: continuous irrigation + PAM with ql and q2 Furrows 5.6.7.8 

T, min 
10 

20 

30 

60 

90 

330 
TOTAL 

The water 
Out flow rate 

qi =I av 
dti-min Us Us 

0.361 
10 0.370 

0.379 
10 0.386 

0.392 
30 0.309 

0.226 
30 0.222 

0.219 
30 0.216 

0.213 
30 0.215 

0.217 
60 0.218 

0.220 
60 0.220 

0.220 
60 0.221 

0.222 

oufflow 
volume, L 

W 0. f. 

The sediments 

m av. Pmi. kg 
9JL 

T, min 10 20 30 60 90 
h q h 4 h q h 9 h '4 
1.8 0.341 2 0.359 2.2 0.377 2.5 0.220 2.2 0.206 
2 0.359 2.4 0.393 2.3 0.385 2.6 0.224 2.6 0.224 
2.2 0.377 2.4 0.393 3 0.440 2.7 0.228 2.5 0.220 
2.1 0.368 2.1 0.368 2.1 0.368 2.8 0.233 2.6 0.224 

0.361 0.379 0.392 0.226 0.219 

T, min 120 150 210 270 330 
h q h 9 h 9 h 9 h q 
2.4 0.21 5 2.4 0.215 2.5 0.220 2.4 0.215 2.5 0.220 
2.3 0.21 1 3 0.241 2.6 0.224 2.7 0.228 2.7 0.228 
2.4 0.215 2.2 0.206 2.4 0.215 2.5 0.220 2.4 0.215 
2.3 0.21 1 2.2 0.206 2.5 0.220 2.4 0.215 2.6 0.224 

0.21 3 0.217 0.220 0.220 0.222 



Continuation of Annex 3 

The outflow volume, the sediments 
Irrigation 3 September 1 

The irrigation tehnology: continuous irrigation + PAM with q l  and q2 

T, min 
10 

330 
TOTAL 

The water 
Out flow rate 

qi q av 
dti,m~n Us U s  

0.191 
10 0.223 

0.255 
10 0.265 

0.276 
30 0.228 

0 179 
30 0.185 

0.191 
30 0.192 

0.193 
30 0.189 

0 186 
60 0.187 

0.188 
60 0.200 

0.213 
60 0.203 

0.193 

Outflow 
volume, L 

W 0. f. 

T, min 10 20 30 
h q h 9 h 4 h 

1.3 0.290 1.9 0.336 1.6 0.321 1.3 
1 0.139 1.2 0.152 1.5 0.170 2.5 
2 0.197 2.3 0.385 2.5 0.402 1.7 
1 0.139 1.1 0.146 2.3 0.21 1 1.3 

0.191 0.255 0.276 

T, min 120 150 210 
h 4 h q h 4 h 

1.2 0.152 1 0.139 0.7 0 116 0.5 
1.1 0.146 1.1 0.146 1.3 0.158 4.1 
3.2 0.249 3.3 0.253 3.9 0.275 3.3 
2.6 0.224 2.2 0.206 2.1 0.201 2.5 

0.193 0.186 0.188 

Furrows 

The sediments 

m av, Pmi, kg 

glL 



Continuation of Annex 3 
Irrigation 3 September 1 

The irrigation tehnology: continuous irrigation with q l  and 42 Furrows 13.14,15.16 

T, min 
10 

20 

30 

60 

90 

120 

150 

21 0 

270 

330 
TOTAL 

The water 
Out flow rate 

4i 4 av 
dti.min Us Us 

0.336 
10 0.339 

0.341 
10 0.352 

0.362 
30 0.279 

0.196 
30 0.202 

0.207 
30 0.219 

0.231 
30 0.229 

0.227 
60 0.228 

0.229 
60 0.237 

0.244 
60 0.245 

0.246 

oufflow 
volume, L 

W 0. f. 

The sediments 

m av. Pmi, kg 
9/L 

23.087 4.69 

24.609 5.19 

23.896 12.00 

23.013 8.35 

20.738 8.17 

17.172 7.08 

16.483 13.54 

14.496 12.35 

12.228 10.80 

82.17 

T, min 10 20 30 60 90 
h 4 h 9 h 4 h q h 4 

1.6 0.321 1.3 0.290 1.1 0.266 2.5 0.220 2.3 0.21 1 
1.7 0.331 2.2 0.377 2.3 0.385 1.5 0.170 2.8 0.233 
1.8 0.341 2.1 0.368 2.5 0.402 2.5 0.220 1.8 0.186 
1.9 0.350 1.7 0.331 2.4 0.393 1.6 0.176 2 0.197 

0.336 0.341 0.362 0.196 0.207 

T, min 120 150 210 270 330 
h 4 h q h 4 h q h 4 

3.2 0.249 2.8 0.233 3.8 0.271 3.3 0.253 3.8 0.271 
3.1 0.245 3 0.241 3.9 0.275 3.7 0.267 4.1 0.281 
2.5 0.220 2.6 0.224 1.5 0.170 2.7 0.228 2 0.197 
2.3 0.21 1 2.3 0.211 2.1 0.201 2.7 0.228 2.9 0.237 

0.231 0.227 0.229 0.244 0.246 



Irrigation 3 September 1 
Continuation of Annex 3 

The irrigation tehnology: continuous irrigation with ql 

T, min 
10 

20 

30 

60 

90 

330 
TOTAL 

The water 
Out flow rate Outflow 

ai a av volume. L 

T, min 10 20 
h q h q h 

1.8 0.341 2.1 0.368 2.5 
2.3 0.385 2.4 0.393 2.5 
2.3 0.385 2.1 0.368 1.7 
2.1 0.368 2.3 0.385 2.3 

0.370 0.379 

T, min 120 150 
h 4 h q h 

2.7 0.417 2.8 0.425 2.3 
2.8 0.425 3 0.440 3 
2.6 0.410 3 0.440 2.8 
2.6 0.410 2.1 0.368 2.7 

0.415 0.418 

Furrows 1 

m, % m, gll 

2.57 25.71 

2.95 29.47 

2.50 25.03 

2.48 24.84 

2.49 24.87 

2.49 24.86 

2.57 25.71 

2.36 23.59 

2.17 21.72 

2.01 20.12 

The sediments 

m av, 
glL 

27.587 

27.249 

24.933 

24.855 

24.866 

25.287 

24.651 

22.656 

20.924 

Pmi, kg 



Irrigation 3 September 2 
Continuation of Annex 3 

The irrigation tehnology: surge irrigation with ql and q2 Furrows 

T, min 
10 

330 
TOTAL 

The water 
Out flow rate 

qi q av 
dti.min Us Us 

0.377 
10 0.387 

0.397 
10 0.398 

0.399 
30 0.298 

0.198 
30 0.203 

0.208 
30 0.21 1 

0.214 
30 0.214 

0.215 
60 0.214 

0.213 
60 0.213 

0.213 
60 0.2.13 

0.214 

Ournow 
volume. L 

W 0. f. 

T, min 10 20 30 
h q h q h q h 
2.7 0.417 2.8 0.425 2.8 0.425 2.7 
2.7 0.417 2.1 0.368 2.7 0.417 1.5 
2.3 0.385 2.5 0.402 2.3 0.385 2.3 
1.3 0.290 2.4 0.393 2.1 0.368 1.7 

0.377 0.397 0.399 

T, min 120 150 210 
h q h 9 h 9 
2.9 0.237 2.7 0.228 2.5 0.220 2.4 
2.3 0.21 1 2.4 0.215 2.8 0.233 2.8 
2 0.197 1.9 0.192 2 0.197 1.9 
2.3 0.21 1 2.6 0.224 2.1 0.201 2.3 

0.214 0.215 0.213 

The sediments 

m av. 
9/L 

31.450 

30.944 

25.217 

18.314 

18.380 

18.803 

15.906 

12.369 

11.414 



Continuation of Annex 3 
Irrigation 3 September 2 

The irrigation tehnology: surge irrigation + PAM with ql and q2 Furrows 5,6,7,8 

T, min 
10 

330 
TOTAL 

The water 
Out flow rate 

qi q av 
Us u s  
0.354 

0.363 
0.372 

0.375 
0.378 

0.293 
0.207 

0.21 1 
0.21 5 

0.216 
0.217 

0.220 
0.222 

0.219 
0.217 

0.218 
0.219 

0.220 
0.221 

Outflow 
volume, L 

W 0. f. 

The sediments 

m av, Pmi, kg 
g/'- 

T, min 10 20 30 60 90 

T, min 120 150 21 0 270 330 
h q h q h 4 h 4 h 9 
2.3 0.21 1 2.6 0.224 2.5 0.220 2.7 0.228 2.6 0.224 
2.7 0.228 2.6 0.224 2.6 0.224 ' 2.8 0.233 2.8 0.233 
2.5 0.220 2.8 0.233 2.7 0.228 2.4 0.215 2.5 0.220 
2.3 0.211 2.2 0.206 2 0.197 2.1 0.201 2.2 0.206 

0.217 0.222 0.217 0.219 0.221 



Continuation of Annex 3 

The outflow volume, the sediments 
Irrigation 4 September 15 

The irrigation tehnology: continuous irrigation + PAM with ql and q2 Furrows 9.10.11.12 

T, min 
10 

330 
TOTAL 

The water 
Out flow rate 

qi q av 
U s  Us 
0.207 

0.230 
0.253 

0.260 
0.266 

0.232 
0.197 

0.191 
0.185 

0.174 
0.164 

0.165 
0.167 

0.161 
0.155 

0.159 
0.163 

0.164 
0.164 

ournow 
volume, L 

W 0. f. 

The sediments 

m av. Pmi, kg 

9/L 

! 
T, min 10 20 30 60 90 

h q h q h 4 h q h 9 
1.2 0.278 1.3 0.278 1.3 0.290 1 0.139 1 0.139 
1.6 0.176 2 0.197 2.5 0.220 2.7 0.228 3 0.241 
1.9 0.192 1.9 0.350 1.9 0.350 2.8 0.233 2.5 0.220 
1.7 0.181 1.8 0.186 2.2 0.206 1.8 0.186 1 0.139 

0.207 0.253 0.266 0.197 0.185 

T, min 120 150 210 270 330 
h q h 9 h q h q h q 
0.5 0.098 0.5 0.098 0.5 0.098 0.5 0.098 0.5 0.098 
2.6 0.224 2.8 0.233 2.5 0.220 2.1 0.201 1.9 0.192 
1.8 0.186 1.9 0.192 1.6 0.176 2.2 0.206 2 0.197 
1.1 0.146 1.1 0.146 0.8 0.124 1.1 0.146 1.5 0.170 

0.164 0.167 0.155 0.163 0.164 



Continuation of Annex 3 
Irrigation 4 September 15 

The irrigation tehnology: continuous irrigation with ql and q2 Furrows 13, 14, 15, 16 

T, min dti,min 
10 

10 
20 

10 
30 

30 
60 

30 
90 

30 
120 

30 
150 

60 
210 

60 
270 

60 
330 

TOTAL 

The water 
Out flow rate 

qi q av 
L/s Us 
0.352 

0.358 
0.365 

0 364 
0.363 

0.293 
0.223 

0.219 
0.216 

0.217 
0.217 

0.215 
0.213 

0.21 1 
0 209 

0.207 
0.206 

0 208 
0211 

Outflow 
volume, L 

W 0. f. 

The sediments 

m av, Pmi, kg 
glL 

T, min 10 20 30 60 90 
' h  9 h q h q h q h 9 
2.3 0.385 . 2.4 0.393 2 0.359 3.3 0.253 3.3 0.253 
2 0.359 2.2 0.377 2.2 0.377 2.7 0.228 2.5 0.220 
1.8 0.341 1.9 0.350 2.4 0.393 3.1 0.245 2.8 0.233 

. 1.6 0.321 1.8 0.341 1.6 0.321 1.4 0.164 1.3 0.158 
0.352 0.365 0.363 0.223 0.216 

T, min 120 150 210 270 330 
h q h 9 h 9 h 4 h q 
2.8 0.233 2.6 0.224 3 0.241 2.6 0.224 3.2 0.249 
2.7 0.228 2.5 0.220 2.5 0.220 2.6 0.224 2.6 0.224 
2.8 0.233 2.9 0.237 2.4 0.215 2.3 0.21 1 2.8 0.233 
1.6 0.1 76 1.5 0.170 1.3 0.158 1.4 0.,164 1 0.139 

0.217 0.213 0.209 0.206 0.211 



Irrigation 4 September 15 

The irrigation tehnology: continuous irrigation with ql Furrows 17. 18, 19. 20 

T, min 
10 

330 
TOTAL 

T, min 
h 
2.2 
2.7 
2.3 
1.8 

T, min 
h 
2.4 
3.1 
3.3 
2.4 

The water 
Out flow rate 

qi q av 
dti.min Us Us 

0.380 
10 0.401 

0.422 
10 0.424 

0.425 
30 0.419 

0.413 
30 0.414 

0.415 
30 0.419 

0.424 
30 0.426 

0.428 
60 0.426 

0.424 
60 0.400 

0.377 
60 0.378 

0.378 

Oufflow 
volume. L 

W 0. f. 

The sediments 

m av. Pmi, kg 
S/L 

28.569 6.87 

31.088 7.90 

24.020 18.13 

15.957 11.90 

17.388 13.13 

17.077 13.09 

17.226 26.40 

16.234 23.40 

14.087 19.15 

140 



Continuation of Annex 3 
Irrigation 4 September 16 

The irrigation tehnology: surge irrigation with q l  and q2 Furrows 

The water 
Out flow rate 

qi q av 
Us Us 

0.326 
0.312 

0.298 
0.295 

0.292 
0.214 

0.137 
0.127 

0.118 
0.1 14 

0.111 
0.112 

0.113 
0.109 

0.105 
0.103 

0.101 
0.106 

0.111 

The sediments 
oufflow 

volume, L 
W 0. f. 

m, gll m av, 
91'- 

23.0 
21.695 

20.4 
18.752 

17.1 
12.943 

8.8 
7.941 

Pmi, kg 
T, min 

10 

330 
TOTAL 

T, min 

T, min 
h 

0.2 
0.9 
0.8 
0.8 



Irrigation 4 September 16 Continuation of Annex 3 

The irrigation tehnology: surge irrigation + PAM with q l  and q2 Furrows 5. 6, 7. 8 

T, min 
10 

20 

30 

60 

90 

120 

150 

210 

270 

330 
TOTAL 

The water 
Out flow rate 

qi q av 
u s  u s  

0.277 
0.278 

0.279 
0.275 

0.272 
0.206 

0.141 
0.137 

0.134 
0.123 

0.113 
0.113 

0.112 
0.112 

0.112 
0.116 

0.119 
0.119 

0.120 

oufflow 
volume, L 

W 0. f. 

166.76 

165.27 

371.36 

247.1 3 

222.21 

202.50 

403.63 

416.00 

429.79 

2625 
292 

The sediments 

m av. Pmi, kg 
fl 

10.085 1.68 

10.595 1.75 

9.710 3.61 

7.969 1.97 

5.682 . 1.26 

4.021 0.81 

3.323 1.34 

3.276 1.36 

3.208 1.38 

15.17 

T, min 10 20 30 60 90 
h 4 h 9 h q h q h q 

0.6 0.197 0.8 0.227 0.7 0.213 0.7 0.116 0.8 0.124 
1.7 0.331 1.6 0.321 1.3 0.290 1.9 0.192 1.5 0.170 
1.3 0.290 1.2 0.276 1 0.254 0.7 0.116 0.7 0.116 
1.3 0.290 1.3 0.290 1.7 0.331 1 0.139 0.8 0.124 

0.277 0.279 0.272 0.141 0.134 

T, min 120 150 210 270 330 
h 9 h q h q h q h 9 

0.8 0.124 0.7 0.116 0.6 0.108 0.6 0.108 0.5 0.098 
1.6 0.176 1.7 0.181 1.7 0.181 1.7 0.181 1.7 0.181 
0.3 0.076 0.2 0.062 0.2 0.062 0.4 0.088 0.3 0.076 
0.3 0.076 0.4 0.068 0.5 0.096 0.5 0.098 0.8 0.124 

0.113 0.112 0.1 12 0.119 0.120 



7 6 

Annex 4 

The calculation of the water infiltration for irrigation period 
lrrigation 1 

Irrigation 
application 
efficiency 

0.58 
0.49 
0.33 
0.46 
0.59 

Version 

Cont. irr. +PAM with q l  and q2 
Cont. irr. with q2 and q2 
Cont. irr. with q l  
Surge irr. with q l  and q2 
Surge irr. + PAM with q l  'and q2 

lrrigation 2 

/ I ~ o n t  irr + PAM with q l  and q2'( 886 1 506 1 380 1 0 43 
" it IS ralnnlng " ~t does not raining 

Cont. irr. +PAM with q l  and q2' 
Cont. irr. with q2 and q2 
Cont. irr. with q l  
Surge irr. with q l  and q2 

lrrigation 3 

Water 
application, 

m3Ihec 

898 
875 
1321 
924 
1046 

Irrigation 
application 
efficiency 

Version 

1663 
1153 
1483 
962 

lrrigation 4 

Outflow 
volume, 
m3Ihec 

381 
446 
888 
496 
424 

Water 
application, 

m3Ihec 

Water 
infiltration, 

m3Ihec 

51 7 
429 
433 
428 
622 

330 
548 
783 
504 

lrrigation 
application 
efficiency 

0.62 
0.43 
0.33 
0.43 
0.46 

Version 

Cont. irr. +PAM with q l  and q2 
Cont. irr. with q2 and q2 
Cont. irr. with q l  
Surge irr. with q l  and q2 
Surge irr. + PAM with q l  and q2 

Outflow 
volume, 
m3Ihec 

Version 

Water 
infiltration, 

m3Ihec 

1333 
605 
700 
458 

Water 
applicatio 
m3Ihec 

1113 
904 
1313 
863 
923 

Cont. irr. +PAM with q l  and q2 
Cont. irr. with q2 and q2 
Cont. irr. with q l  

0.80 
0.52 
0.47 
0.48 

'Water 
application, 

m3Ihec 

Surge irr. with q l  and q2' 
Surqe irr. + PAM with q l  and q2' 

Outflow 
volume, 
rn3Ihec 

427 
516 
878 
493 
500 

880 
824 
1243 

Water 
infiltration, 

m3lhec 

686 
388 
435 
370 
423 

Outflow 
volume, 
m3Ihec 

*it is after raining 

861 
943 

378 
487 
872 

Water 
infiltration, 

m3Ihec 

281 
292 

Irrigation 
application 
efficiency 

502 
337 
371 

0.57 
0.41 
0.30 

580 
651 

0.67 
0.69 



Annex 5 

Balance of sediments for one furrow 
Irrigation 1 

Irrigation 2 

Cont. irr. with q2 and q2 

M with ql and q2 

Surge irr. with ql and q2 
79 

116 
Surge irr. + PAM with ql and q2 

109 

146 
300 0.986 

300 

5040 

1.214 
1.129 

1.105 
49.64 

11880 
3270 
5040 

1 

8310 
4380 

130.56 
39.70 
56.99 
96.69 
48.40 

315.27 -184.71 

152.28 -55.59 



Irrigation 3 

Continuation of Annex 5 
Balance of sediments for one furrow 

Cont. irr. with q2 and q2 

Surge irr. with q l  and q2 

Irrigation 4 



Annex 6 

Yield capacity of maize silage 




